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SUMMARY

Definitive identification of Treponema pallidum (Tp) rare outer membrane proteins (OMPs) has
long eluded researchers. TP0326, the sole protein in Tp with sequence homology to a Gram-
negative OMP, belongs to the BamA family of proteins essential for OM biogenesis. Structural
modeling predicted that five polypeptide transport-associated (POTRA) domains comprise the N-
terminus of TP0326, while the C-terminus forms an 18-stranded amphipathic p-barrel. Circular
dichroism, heat-modifiability by SDS-PAGE, Triton X-114 phase partitioning and liposome
incorporation supported these topological predictions and confirmed that the -barrel is
responsible for the native protein's amphiphilicity. Expression analyses revealed that native
TP0326 is expressed at low abundance, while a protease-surface accessibility assay confirmed
surface exposure. Size-exclusion chromatography and blue native polyacrylamide gel
electrophoresis revealed a modular Bam complex in Tp considerably larger than that of E. coli.
Non-orthologous ancillary factors and self-association of TP0326 via its B-barrel may both
contribute to the Bam complex. Tp-infected rabbits mount a vigorous antibody response to both
POTRA and B-barrel portions of TP0326, whereas humans with secondary syphilis respond
predominantly to POTRA. The syphilis spirochete appears to have devised a stratagem for
harnessing the Bam pathway while satisfying its need to limit surface antigenicity.
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INTRODUCTION

The cell envelope of Gram-negative bacteria is composed of outer and inner membranes
(OM and IM, respectively) which demarcate the intervening periplasmic space and
peptidoglycan (PG) layer (Silhavy et al., 2010). While the IM is a phospholipid bilayer
composed entirely of glycerophospholipids, the prototypical OM is an asymmetrical bilayer
with lipopolysaccharide (LPS) in the outer leaflet and glycerophospholipids in the inner. The
general topologies of IM and OM integral membrane proteins differ markedly. Integral
membrane proteins span the IM via one or more hydrophaobic a-helices, whereas OM-
spanning proteins generally are B-barrels consisting of anti-parallel amphipathic p-strands
(Schulz, 2002; Wimley, 2003). The OM functions as a permeability barrier, protecting the
bacterium against noxious environmental compounds, such as antibiotics and bile salts
(Nikaido, 2003; Delcour, 2009), its numerous B-barrel outer membrane proteins (OMPs)
forming aqueous channels for the passive or selective uptake of nutrients (Pages et al., 2008;
Silhavy et al., 2010). Little was understood about the process by which Gram-negative
bacteria assemble B-barrel OMPs into the OM until the discoveries of Omp85 of Neisseria
meningitidis and YaeT of Escherichia coli (Voulhoux et al., 2003; Wu et al., 2005). These
OMPs, since renamed BamA (B-barrel assembly machinery protein A), represent a family of
highly conserved proteins essential for OM biogenesis (Knowles et al., 2009; Silhavy et al.,
2010; Tommassen, 2010). Members of the BamA family also are required for insertion of p-
barrel precursors into the OMs of mitochondria and chloroplasts, eukaryotic organelles
derived from ancestral proto-bacterial and cyanobacterial endosymbionts, respectively
(Walther et al., 2009; Tommassen, 2010). Bacterial BamA orthologs have a bipartite
structure comprised of a periplasmic N-terminal region with five polypeptide-transport-
associated (POTRA) domains and a C-terminal OM spanning B-barrel region (Knowles et
al., 2009; Silhavy et al., 2010; Tommassen, 2010). In E. coli, BamA is the central
component of a multi-protein complex consisting of four ancillary factors (BamB-E) which
function collectively in OM biogenesis (Silhavy et al., 2010; Tommassen, 2010).
Comparative studies of the Bam ancillary factors have demonstrated varying degrees of
conservation across bacterial species (Gatsos et al., 2008; Tommassen, 2010; Silhavy et al.,
2010; Volokhina et al., 2009; Anwari et al., 2010). Current thinking holds that, as nascent
OMPs exit from the Sec translocon, the principal periplasmic chaperone SurA ferries them
to the Bam complex, which promotes proper folding into the OM (Sklar et al., 2007; Silhavy
etal., 2010; Tommassen, 2010). This is believed to occur via a two-step process in which
individual B-strands form alongside the B-sheets of POTRA segments (B-augmentation)
while bending of the POTRA arm assists in the creation of B-hairpins that can then insert
into the bilayer (Tamm et al., 2004; Kim et al., 2007; Gatzeva-Topalova et al., 2008;
Knowles et al., 2008).

Syphilis is a multistage, sexually transmitted disease caused by the spirochetal pathogen
Treponema pallidum. Although T. pallidum is often analogized to Gram-negative bacteria,
the structure, composition, and physical properties of its cell envelope diverge markedly
from those of Gram-negative bacteria. For example, the OM of T. pallidum is a fluid and
fragile lipid bilayer devoid of LPS (Belisle et al., 1994; Fraser et al., 1998). Whereas in
Gram-negative bacteria the peptidoglycan (PG) layer is affixed to the underside of the OM,
enhancing its rigidity, in T. pallidum the PG resides approximately midway within the
periplasmic space and lacks biochemical linkage with the OM; above the treponemal PG
layer are soluble proteins and flagella, while below are lipoproteins and integral IM proteins
(Izard et al., 2009; Liu et al., 2010). In contrast to the canonical protein-rich Gram-negative
OM, the T. pallidum OM contains a paucity of membrane-spanning proteins; freeze-fracture
electron microscopy studies estimate that the OMPs of T. pallidum total <1% of those found
in E. coli (Walker et al., 1989; Radolf et al., 1989). The dearth of surface antigens is the
ultrastructural basis for the syphilis spirochete's impressive capacity to evade the robust
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immune responses it elicits within its obligate human host and its well earned reputation as a
stealth pathogen (Radolf, 1995; Lafond & Lukehart, 2006; Radolf & Lukehart, 2006).
Definitive identification of these so-called rare OMPs has eluded investigators for nearly
three decades due to a variety of factors, most notably their extremely low abundance, their
lack of sequence relatedness to known OMPs of Gram-negative bacteria, and the fragility of
the spirochete's OM, all set against the backdrop of the bacterium's recalcitrance to in vitro
cultivation (Radolf, 1995; Fraser et al., 1998; Lafond & Lukehart, 2006; Cameron, 2006).

In 2000, Cameron et al. (2000) discovered the BamA ortholog TP0326 (Tp92) using a
differential screening strategy to identify E. coli clones expressing T. pallidum opsonic
targets. At that time, virtually nothing was known about the Bam complex so the potential
contribution of TP0326 to maintenance of the syphilis spirochete's OM was not appreciated
for several years (Gentle et al., 2005). In a recent report (Cox et al., 2010), we employed a
battery of cellular localization and topological prediction tools to generate ranked clusters of
candidate rare OMPs, collectively referred to as the putative T. pallidum OMPeome.
TP0326, the only protein encoded by the T. pallidum genome with sequence homology to a
known Gram-negative B-barrel OMP (Fraser et al., 1998), emerged from this analysis as one
of our two top-ranked candidates; attention also was called to its sequence and predicted
structural relatedness to BamA. The function of TP0326 as the central component of an
OMP assembly platform also finds support in the report by Lenhart and Akins (2010) who
showed that the related protein BB0795 is essential for the assembly of OMPs in Borrelia
burgdorferi, the Lyme disease spirochete. The work reported herein demonstrates not only
that TP0326 possesses the hallmark bipartite topology of a BamA, but that it also possesses
the key properties required to establish it as a bona fide rare OMP (Radolf, 1995; Nikaido,
2003; Silhavy et al., 2010): low abundance, amphiphilicity, surface-exposure, and p-barrel
structure. Our studies, therefore, represent a major step in the longstanding quest for T.
pallidum OMPs in addition to advancing our primitive understanding of OM biogenesis in
the syphilis spirochete (Radolf, 1995). Interestingly, in contrast to T. pallidum-infected
rabbits, which produce antibodies against both the POTRA and B-barrel regions of TP0326,
humans with syphilis appear to direct their humoral responses only against the antibody-
inaccessible portion of the molecule (i.e., POTRA domains). Thus, the syphilis spirochete
appears to have devised a stratagem for harnessing the Bam pathway while satisfying its
need to limit surface antigenicity, a prerequisite for stealth pathogenicity.

Genetic organization of the bamA locus in T. pallidum

More than ten years ago, it was reported that TP0326 (Tp92) is orthologous to several
Gram-negative OMPs of then unknown function (Cameron et al., 2000), two of which are
the now well characterized BamAs of N. meningitidis and E. coli. Analysis using the most
recent version of the BLAST algorithm (Altschul et al., 1990) confirmed these relationships
with high probability values as well as the relatedness of TP0326 to the BamA orthologs of
T. denticola (Jun et al., 2008), L. interrogans (Haake & Matsunaga, 2010), and B.
burgdorferi (Lenhart & Akins, 2010). Of note, recent experimental evidence has confirmed
that BB0795 is required for biogenesis of the B. burgdorferi OM (Lenhart & Akins, 2010).
In many Gram-negative bacteria, bamA is flanked upstream by rseP, which encodes an IM
zinc-metalloprotease that cleaves the anti-oF factor RseA in response to misfolded OMPs in
the periplasm (Li et al., 2009), and downstream by skp, which encodes a periplasmic OMP
chaperone (Fig. S1). In T. pallidum, skp (tp0327) is immediately downstream of tp0326,
while rseP (tp0600) is remotely downstream (Fig. S1). As in T. pallidum, the skp orthologs
of T. denticola (Seshadri et al., 2004) and B. burgdorferi (Fraser et al., 1997) are
immediately downstream of bamA while L. interrogans (Nascimento et al., 2004) lacks this
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gene. In contrast to T. pallidum, in the other spirochetes the rseP genes are upstream and
quite distant from bamA.

BamAs have a characteristic bipartite architecture consisting of a C-terminal p-barrel and
one or more POTRA domains at the N-terminus (Tommassen, 2010; Silhavy et al., 2010).
The SMART (Schultz et al., 1998) and Pfam (Finn et al., 2010) databases predict the N-
terminal half of TP0326 contains five POTRA domains, while the C-terminal half consists
of a “bacterial surface antigen” domain belonging to the OMP B-barrel superfamily (Fig.
1A). There are no solved structures containing all 5 POTRA domains, but there are,
however, two structures representing flexed and extended POTRA1-4 (Kim et al., 2007;
Gatzeva-Topalova et al., 2008) and a recently solved structure of POTRAA4-5 (Gatzeva-
Topalova et al., 2010) of the E. coli BamA. By aligning all three structures centered on
POTRA4, Gatzeva-Topalova et al. (2010) generated spliced models depicting the 5 POTRA
domains in both extended and flexed conformations. To create a structural representation of
all 5 POTRA domains of TP0326, we modeled POTRA1-5 using the SWISS-MODEL
server (Arnold et al., 2006) and the combined E. coli structures. The root mean square
deviation (RMSD) values of the predicted structures of the T. pallidum proteins (flexed and
extended POTRA1-4 and POTRAA45) are all < 0.1 A with respect to the corresponding E.
coli structures. In addition, the RMSD values of the T. pallidum spliced flexed and extended
models containing POTRA1-5, both aligned to POTRA4 of the POTRA45 model, are 0.896
and 1.135 A, respectively, which are in-line with those reported for the E. coli spliced
models (Gatzeva-Topalova et al., 2010). As shown in Fig. 1B, all five domains are predicted
to contain the hallmark POTRA fold consisting of a three-stranded B-sheet overlaid by a pair
of anti-parallel a-helices (Kim et al., 2007; Gatzeva-Topalova et al., 2008). Furthermore, the
edge of each POTRA domain is predicted to form a groove between a2 and 2 lined with
hydrophobic residues (data not shown). In E. coli, these grooves are thought to bind and fold
individual B-strands by B-augmentation (Kim et al., 2007; Gatzeva-Topalova et al., 2008;
Knowles et al., 2008). Also noteworthy is the B-bulge unique to POTRAS, which consists of
V225 and E226 (data not shown) (Kim et al., 2007). In tandem, the five domains can assume
either flexed or extended conformations with the hinge located at the interface between
POTRAZ and 3. Depending on its overall orientation in relation to the plane of the OM
(Gatzeva-Topalova et al., 2010), the extended POTRA arm could extend as much as 10 nm
into the periplasm.

Currently, there are no structural templates that can be utilized to generate a three
dimensional representation of the putative TP0326 B-barrel. The ThbPred (Natt et al., 2004)
and PRED-TMBB (Bagos et al., 2004) servers predicted, however, that the B-barrel contains
an even number (18) of OM-spanning, anti-parallel segments with both N- and C-termini
within the periplasm, short periplasmic turns, and long extracellular loops (Fig. 1C), all
attributes shared by Gram-negative OMPs (Schulz, 2002; Wimley, 2003). Moreover, the
ClustalW alignment of the B-barrel domains from geographically diverse strains of T.
pallidum indicates a high degree of conservation, including the predicted surface-exposed
loops (Fig. S2). A serine-rich tract extending from residues 763 to 786, a unique feature of
TP0326, is predicted to reside on 1 of the 9 extracellular loops (Fig. 1C).

The C-terminal portion of TP0326 forms a B-barrel

Previous studies revealed that full-length recombinant TP0326 lacking a signal sequence is
partially degraded when expressed in E. coli (Cameron et al., 2000; Tomson et al., 2007). In
our hands as well, full-length recombinant TP0326 both expressed poorly and appeared to
be truncated in E. coli lysates (data not shown). To circumvent this problem, we generated
separate POTRA and B-barrel constructs (Fig. 1A and Table 1). Both 326P1-5 and 326P14
expressed well but exhibited some degradation (data not shown). During the course of our
studies, Kim et al. (2007) reported that addition of several residues from the 51" POTRA
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domain greatly enhanced the stability of the E. coli BamA POTRA1-4. Similarly, a
POTRA1-4 construct containing 14 residues from the 5" POTRA domain (326F14*, Table
1) was stable throughout purification (Fig. S3A). A B-barrel construct with a C-terminal His-
tag (326PP) expressed in E. coli and was stable during purification (Fig. S3B).

Upon folding, the fluorescence emission maximum of tryptophan-containing integral
membrane proteins “blue-shifts” as the tryptophan residues move from an aqueous to a
hydrophobic environment (Heuck & Johnson, 2002). We, therefore, used tryptophan
fluorescence to monitor folding of 326P° and a control B-barrel, E. coli OmpG, which have
ten and 12 tryptophans, respectively. Fig. 2A shows that unfolded 326PB and OmpG had
emission maxima at 346 nm as compared to the maxima of 337 nm for the folded proteins in
detergent buffers; the folded proteins also displayed increased emission intensity. We next
employed circular dichroism (CD) spectroscopy to assess the B-sheet content of the two
folded proteins. Both 326PB and OmpG displayed broad minima centering on 218 nm (Fig.
2B), indicating a predominance of p-structure. Deconvolution of the spectra (Whitmore &
Wallace, 2004) calculated B-structure contents of 48 % for both proteins. The spectrum of
326P1-4* in contrast, indicated a mixed o/p fold with a distinct minimum at 208 nm
followed by a broad shoulder ranging from 215-222 nm (Fig. S3C). Deconvolution
calculated a-helical (24%) and B-sheet (28%) contents similar to those reported for E. coli
POTRA (Kim et al., 2007; Gatzeva-Topalova et al., 2008; Knowles et al., 2008).

B-barrel forming proteins characteristically retain a high degree of B-sheet content when
solubilized in SDS at room temperature and, consequently, run with lower apparent
molecular masses by SDS-PAGE than when denatured by boiling; this property, termed
heat-modifiability, has often been used to distinguish folded from unfolded populations of
OMPs and assess their structural stability (Conlan & Bayley, 2003; Burgess et al., 2008). As
expected, boiling did not affect the electrophoretic mobility of 326P1-4* (Fig. 2C). Folded
326PB, in contrast, displayed heat-modifiability comparable to that of the E. coli BamA and
OmpG controls (Fig. 2C). Surprisingly, given the results for 326PB and recombinant E. coli
BamA, immunoblot analysis of T. pallidum lysates failed to reveal heat modifiability of
native TP0326 (Fig. 2D). The immunoblot studies (included the stacking gels) also revealed
that a substantial amount of the native protein is lost (presumably degraded) during heating
even in the presence of protease inhibitors; this odd but highly reproducible phenomenon
could be prevented by addition of 8M urea to the sample buffer (Fig. 2D). Lastly, we
confirmed the native protein's lack of heat modifiability by immunoblotting equal amounts
of boiled and unboiled TP0326 in lysates that had been electrophoresed side by side (data
not shown). Of note, all subsequent immunoblot analyses requiring denaturing conditions
were performed using sample buffer containing 8M urea.

Membrane insertion of TP0326 occurs via the B-barrel

The bioinformatics and structural analyses described earlier predicted that TP0326 consists
of an OM-spanning B-barrel and tandem POTRA domains forming a distensible arm within
the periplasm. Experiments were conducted to evaluate this topological model. We first
determined by Triton X-114 phase-partitioning (Brusca & Radolf, 1994) that native TP0326
possesses the amphiphilic character expected of a polypeptide containing an OM-spanning
B-barrel domain (Fig. 3A). As shown in Fig. 3B, 326P14* and 326PB partitioned exclusively
into the aqueous and detergent-enriched phases, respectively. These results imply that the -
barrel domain is solely responsible for the amphiphilicity of the native protein. To extend
these findings, we compared the abilities of 326P1-4* and 326PB to incorporate into
liposomes that simulate the phospholipid composition of the T. pallidum OM (Belisle et al.,
1994; Rigaud & Lévy, 2003; Hazlett et al., 2005); following incorporation, proteoliposomes
and unincoporated proteins were separated on discontinuous sucrose gradients. Fig. 3C
shows that 326PB, as well as the OmpG and bacteriorhodopsin controls, representing both an
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OMP and an IMP, respectively, were recovered only from the top (liposome containing, TF)
fractions, whereas 326P1-4* was detected in the heavier bottom and middle fractions (BF and
TF, respectively) containing unincorporated material.

Native TP0326 is expressed at extremely low levels and is surface-exposed

To further the characterization of TP0326 as a potential rare OMP, we examined its
expression in T. pallidum at both the transcriptional (Fig. 4A) and translational (Fig. 4B)
levels. The number of tp0326 transcripts was miniscule (approx. 0.05%) compared to that of
flaA and was significantly lower than those encoding either TP0117/TP0131 (TprC/D), a
prime candidate OMP (Cox et al., 2010), or the OM-associated lipoprotein TP0453 (Hazlett
et al., 2005). The copy numbers for all three transcripts were markedly lower than that
determined for tp0574, which encodes the abundant lipoprotein carboxypeptidase Tp47
(Deka et al., 2002). Expression of native TP0326 on a per cell basis was determined by
quantitative immunoblot analysis. As shown in Fig. 4B, the anti-POTRA antiserum proved
to be exquisitely sensitive, capable of detecting sub-nanogram amounts of 326°1-4*, The
mean copy number (141 + 52) calculated from two independent experiments agrees well
with the above qRT-PCR data and our previous determination that treponemes express
approximately 15,000 copies of FlaA protein per cell (Parsonage et al., 2010).

We examined the surface accessibility of TP0326 by proteinase K (PK) treatment in freshly
harvested treponemes, an approach which could be combined with immunoblot analysis and
the use of our ultra-sensitive POTRA antiserum. In light of the well recognized fragility of
the T. pallidum OM, we monitored the motility of organisms by darkfield microscopy and
live-imaging as a means of confirming that their OMs remained intact. p-barrels OMPs are
known to be resistant to proteolysis when properly folded (Hoenger et al., 1993; Werner et
al., 2003); as a further precaution to minimize inadvertent damage to the bacteria, we first
determined the lowest concentration of PK required for surface proteolysis. As shown in
Fig. 5A, with intact organisms, TP0326 was resistant to concentrations of PK up to 1 ug/ml
but was degraded at 10 pg/ml. Figure 5B shows that PK treatment (10 pg/ml) of intact
organisms degraded TP0326 but not the periplasmic controls TP0453 and TP0163 (TroA).
TP0453 and TP0163 were degraded in treponemes treated with Triton X-100 and lysozyme,
confirming that these two periplasmic proteins are, in fact, intracellular and not intrinsically
protease-resistant. The lack of degradation of TP0453 in intact organisms is particularly
noteworthy because this polypeptide is lipid-anchored to the inner leaflet of the OM and is
susceptible to proteolysis following minor perturbations of this bilayer (Hazlett et al., 2005).
Treponemes become non-motile upon minor disruption of their OMs. Fig. 5C (also see
Supplemental Videos 1-3) shows that PK treatment alone had no discernible effect on the
motility of freshly harvested organisms, whereas detergent-lysozyme treated organisms
exposed to the same concentration of PK were non-motile and noticeably thinner.

Native TP0326 forms part of a high molecular mass complex

In Gram-negative bacteria, BamA functions as the central component of a complex with
ancillary factors which collectively promote OM biogenesis (Wu et al., 2005; Gatsos et al.,
2008; Tommassen, 2010; Silhavy et al., 2010). To determine whether TP0326 forms
complexes, we used size-exclusion chromatography (SEC) to examine the oligomerization
state of the native protein in T. pallidum lysates solubilized with 2% DDM. As shown in Fig.
6A, immunoblot analysis revealed that TP0326 eluted with a broad profile spanning
~100-440 kDa by SEC. Densitometry indicated that the immunoreactive material containing
TP0326 appears to consist of sub-complexes with MWs of ~289 kDa and ~214 kDa and a
presumptive monomer centered about 150 kDa (the MW of a DDM micelle ~50 kDa).
Recent studies in Caulobacter crescentus showing that high concentrations of DDM caused
dissociation of the Bam complex (Anwari et al., 2010), raised the possibility that a similar
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phenomenon might have occurred with TP0326. We, therefore, utilized blue native
polyacrylamide gel electrophoresis (BN-PAGE), shown in Fig. 6B, to further characterize
the TP0326 complex and evaluate its stability in graded concentrations of DDM under non-
denaturing conditions. In 0.5% DDM, native TP0326 formed a discrete complex of
~300-400 kDa. Partial dissociation occurred at higher detergent concentrations, although a
substantial amount of the high MW complex remained even in 4% DDM. Mass
spectrometric analysis was performed on the un-dissociated complex resolved by BN-PAGE
(0.5% DDM) in an attempt to identify the components of the native complex; the results
were inconclusive because the samples did not contain enough material to detect TP0326
(data not shown).

Bioinformatic analysis revealed that T. pallidum does not encode recognizable orthologs for
the Bam ancillary factors of E. coli, N. meningitidis, or C. crescentus (Table 2). By
searching the T. pallidum genome for the B-propeller (Jawad & Paoli, 2002) and
tetratricopeptide repeat (TPR) (D'Andrea & Regan, 2003) protein-protein interaction motifs
characteristic of BamB and BamD (Gatsos et al., 2008), respectively, we discovered three
possible ancillary factors (Table 2). TP0629 contains at least 1 B-propeller repeat but,
because it lacks an N-terminal signal sequence, seems an unlikely BamB candidate. TP0622
(MW = 66.7 kDa) and TP0954 (MW = 54.6 kDa) are both predicted to be lipoproteins with
7 and 9 TPRs, respectively (Fig. 6C). Of note, BamD is the only ancillary factor essential for
cell viability and OMP assembly in E. coli (Onufryk et al., 2005; Malinverni et al., 2006).
Strengthening the argument for TP0622 as the authentic BamD is the finding that tp0622
lies immediately upstream of tp0620 and tp0621, which encode candidate OMPs Tprl and
TprJ, respectively (Cox et al., 2010; Cameron, 2006). Not surprisingly, these possible T.
pallidum ancillary factors have orthologs in T. denticola. TDE2565 is predicted to have at
least 1 B-propeller motif and, unlike TP0629, an N-terminal signal sequence. TDE1053 and
TDEQ993, homologs of TP0622 and TP0954, respectively, are both putative lipoproteins
and predicted to have 9 and 10 TPRs, respectively (data not shown). Neither B. burgdorferi
nor L. interrogans encode recognizable orthologs to the Bam ancillary factors, although
non-orthologous proteins with B-propeller and TPR motifs were indentified (Table 2).

Studies of BamA superfamily members have noted varying degrees of homo-
oligomerization of the recombinant proteins mediated by POTRA and/or p-barrel (Surana et
al., 2004; Robert et al., 2006; Bredemeier et al., 2007; Nesper et al., 2008; Meng et al.,
2009). We, therefore, used the recombinant constructs to examine whether self-association
of native TP0326 could contribute to complex formation. As reported by Kim et al. (Kim et
al., 2007) for the comparable E. coli construct, SEC analysis of 326P1-4* (Fig. S3A) shows a
single peak representing a calculated MW of a monomer (~40 kDa). BN-PAGE also showed
that 326°1-4* is monomeric (Fig. 6D). In contrast, folded 326PB migrated in BN-PAGE
predominantly with a calculated molecular mass in the vicinity of 200-kDA (Fig. 6D), most
consistent with a trimer after correcting for the approximate 50-kDa size of the DDM
micelles.

Identification of potential C-terminal recognition sequences for TP0326

Recognition of the C-terminus of a precursor B-barrel polypeptide by BamA, recently shown
to occur via POTRAL in E. coli (Bennion et al., 2010), is an important determinant of the
efficiency of folding and OM insertion (Robert et al., 2006; Walther et al., 2009;
Tommassen, 2010). For many Gram-negative OMPs, the C-terminal signature sequence
ends with an aromatic residue preceded by hydrophobic residues at alternating positions (-3,
-5, -7, and -9) (Struyve et al., 1991; Robert et al., 2006) (Fig. 7). For mitochondrial p-barrel
OMPs (e.g., Tob55 and VDAC), the recently identified C-terminal signature sequence,
referred to as the B-signal, is highly similar to that of Gram-negative bacteria but need not be
at the extreme C-terminus (i.e., it can be followed by up to 28 residues) (Kutik et al., 2008;
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Tommassen, 2010). When we aligned the C-termini of the in silico-derived T. pallidum
OMPeome (Cox et al., 2010) to identify potential signature sequences, quite interestingly,
we found evidence that T. pallidum may utilize both types of recognition motifs (Fig. 7).
With the exception of TP0325, the candidates with bacterial-type signature sequences are
members of the Tpr family without frameshifts, while TP0326 and TP0865, our other top-
ranked candidate, contain mitochondrial-type signatures. Also noteworthy is that a number
of the proteins without matches for either motif are lower-ranked candidates. Bennion et al.
(Bennion et al., 2010) showed that self-recognition of E. coli BamA is SurA-independent
and occurs via POTRAL. The result for TP0326 implies that it too self-recognizes via a
signature sequence.

T. pallidum-infected rabbits, but not humans, mount a vigorous antibody response against
the TP0326 B-barrel

TP0326 induces a surprisingly robust antibody response in humans and rabbits with
syphilitic infection (Van Voorhis et al., 2003; McKaevitt et al., 2005; Brinkman et al., 2006)
despite its extremely low level of expression. To gain insights into the potential relationship
of TP0326-specific antibodies to both immune evasion and protective immunity during
syphilitic infection, we used 326P14* and 326PB to examine antibody responses of T.
pallidum-infected rabbits and humans to the molecule's periplasmic and OM-associated
domains. The results are presented in Fig. 8. Whereas sera from three different animals
reacted strongly with both 326P1-4* and 326PB, pooled secondary human syphilitic sera
(HSS) reacted only with 326P1-4*, We expanded these analyses by separately examining the
reactivities of the six sera used to form the pool. Of the six, three individuals did not respond
to either construct. Three individuals responded strongly to POTRA while one (#40)
mounted a barely detectable response to the B-barrel. Particularly noteworthy, identical
results were obtained when the patient sera were immunoblotted against folded 326PB,
arguing against the possibility that humans respond exclusively to conformational epitopes
not detected by conventional immunoblotting. Heterogeneity of surface-exposed epitopes
could explain the lack of reactivity of human syphilitic sera with the B-barrel construct
derived from the Nichols-Farmington strain. This is unlikely, however, given the high
degree of sequence conservation among the predicted extracellular loops of TP0326 proteins
in geographically diverse T. pallidum strains (Fig. S2)

DISCUSSION

More than five decades have elapsed since syphilis researchers first noted the poor surface
immunoreactivity of live T. pallidum (Nelson & Mayer, 1949; Hardy & Nell, 1957; Metzger
et al., 1961). Beginning in the late 1980s, there emerged a steady stream of evidence
revealing that the spirochete's OM contains an extraordinarily low density of integral
membrane proteins which present few surface antigenic targets to its obligate human host
(Radolf, 1995; Cameron, 2006; Lafond & Lukehart, 2006; Izard et al., 2009; Cox et al.,
2010; Liu et al., 2010). Understandably, past efforts to characterize the T. pallidum OM have
underscored the structure's many physical, compositional, and ultrastructural differences
from its Gram-negative counterparts (Fraser et al., 1998; Radolf, 1995; Hazlett et al., 2005;
Cameron, 2006). The discovery of the BamA family provides an avenue for delineating the
distinctive features and biogenesis of the T. pallidum OM, as well as their relationship to
syphilis pathogenesis (Cruz et al., 2010), within a mechanistic framework more closely
aligned with the experimental microbiology of prototypical diderm organisms.

Full-length TP0326 expressed in E. coli is unstable, as shown here and elsewhere (Cameron
et al., 2000; Tomson et al., 2007). The strategy adopted to circumvent this problem, separate
expression of N- and C-terminal segments, enabled us to demonstrate unequivocally, in
combination with structural modeling, that native TP0326 possesses the dual domain
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architecture characteristic of BamA proteins (Knowles et al., 2009; Silhavy et al., 2010;
Tommassen, 2010). The N-terminal segment not only contains five predicted POTRA motifs
with a mixture of a-helical and B-structure, it completely lacks amphiphilic character based
on both Triton X-114 phase partitioning and liposome incorporation studies. Consistent with
the “construction rules” enumerated for p-barrels (Schulz, 2000), the C-terminal segment is
predicted to contain (i) an even number (18) of anti-parallel, amphipathic -strands, (ii) N-
and C-termini within the periplasm, (iii) short periplasmic turns, and (iv) large, extracellular
loops, one of which contains a polyserine tract not present in other members of the BamA
family (Cameron et al., 2000). Experimental analysis fulfilled these predictions to the extent
that the folded C-terminal fragment of TP0326 was shown to be rich in B-sheet content,
heat-modifiable, and capable of inserting into a lipid bilayer. Native TP0326 is amphiphilic
and surface-exposed based on surface proteolysis, as shown herein, and opsonophagocytosis
(Cameron et al., 2000). The only membrane topology compatible with our experimental and
in silico results is one in which the N-terminal POTRA domains are periplasmic and the C-
terminal p-barrel resides within the OM. The extraordinarily low abundance of TP0326
based on both qRT-PCR and quantitative immunoblotting analysis is consistent with the
very low particle densities in T. pallidum OMs revealed by freeze-fracture EM (Radolf et al.,
1989; Walker et al., 1989) and justifies the conclusion that it is a true rare OMP.

In E. coli, the POTRA arm of BamA provides docking sites for four lipoproteins, designated
BamB-E, forming the macromolecular machine that catalyzes the folding and membrane
insertion of newly exported OMP precursors (Wu et al., 2005; Gatsos et al., 2008;
Tommassen, 2010; Silhavy et al., 2010). Other than BamA, the Bam complex is not well
conserved in Gram-negative bacteria (Gatsos et al., 2008; Tommassen, 2010; Silhavy et al.,
2010; Volokhina et al., 2009; Anwari et al., 2010), suggesting that bacterial species have
tailored the OM assembly process to meet the specialized requirements of their OMs and
OMP repertoires. The syphilis spirochete appears to have taken this phylogenetic diversity
to an extreme by dispensing with readily identifiable orthologs of the known ancillary
factors. Nevertheless, fractionation of detergent-solubilized T. pallidum by SEC and BN-
PAGE vyielded unequivocal evidence that native TP0326 exists as part of higher order
complexes. Moreover, both methods revealed that the complexes contain labile components
that dissociate from a putative TP0326-based ‘core’ with increasing detergent concentration,
a result reminiscent of the ‘modular’ Bam complex described for Caulobacter crescentus
(Anwari et al., 2010). Using bioinformatics, we were able to identify two candidate BamD
lipoproteins based on the presence of hallmark TPR motifs. As noted earlier, we prefer
TP0622 for the sole reason that its encoding gene resides upstream of genes for two OMP
candidates (Cox et al., 2010). Binding of BamB to BamA is theorized to involve an induced
fit mechanism of B-augmentation between the eight-bladed B-propeller fold of BamB and f-
strands on one or more of BamA's five POTRA domains (Gatsos et al., 2008; Kim &
Paetzel, 2011). The prediction that POTRA3 contains a ‘B-bulge’ (Kim et al., 2007) suggests
the existence of a functional BamB ortholog. Investigators have reported varying degrees of
homo-oligomerization of BamA proteins, either by the POTRA domain or B-barrel (Surana
et al., 2004; Robert et al., 2006; Bredemeier et al., 2007; Nesper et al., 2008; Meng et al.,
2009). BN-PAGE of the recombinant constructs raised the possibility that self-association of
TP0326 via the B-barrel also contributes to complex formation.

Two explanations, both likely consequences of the spirochete's unorthodox cell envelope
ultrastructure (Cameron, 2006; Izard et al., 2009; Liu et al., 2010), can be envisioned to
explain the divergence of the T. pallidum Bam complex. First, ancillary factors containing
OmpA-like PG binding motifs are thought to play a generalized role in anchoring the Bam
complex to the closely apposed PG layer in Gram-negative bacteria, perhaps helping to
guide strands of nascent OMPs through the murein meshwork as they insert into the OM
(Walther et al., 2009; Anwari et al., 2010). T. pallidum presumably would have no need for
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such functions because its PG layer has no covalent linkage with the OM (Cameron, 2006;
Izard et al., 2009; Liu et al., 2010). The other could reflect the spirochete’s distinctive
mechanism for chaperoning nascent OMPs across the periplasm. E. coli utilizes two
pathways, SurA and Skp/DegP, for chaperoning OMP precursors within the periplasm
(Mogensen & Otzen, 2005), with the former considered predominant and known to interact
with POTRA domains (Sklar et al., 2007; Bennion et al., 2010). That T. pallidum appears to
lack SurA, relying instead upon Skp and DegP to ferry nascent OMPs to the assembly
machinery. If so, one would anticipate that the components and interactivity of its OM
assembly platform would differ fundamentally from those of E. coli and closely related
Gram-negatives.

For T. pallidum, an extracellular bacterium, stealth pathogenicity hinges on maintaining a
sufficient density of OM proteins to meet physiological and virulence-related needs, while
minimizing the number of surface antigenic targets that render the bacterium vulnerable to
antibody-dependent clearance mechanisms (Lukehart, 2008). Indications are emerging as to
how the syphilis spirochete maintains this delicate balance. The Sec system of Gram-
negative bacteria includes a soluble cytoplasmic chaperone, SecB, that captures
polypeptides destined for export and directs them to the Sec translocon (Bechtluft et al.,
2010). T. pallidum's lack of SecB could create a natural bottleneck to export of OM
precursors across the IM, while exclusive reliance on the Skp/DegP pathway could limit the
efficiency with which substrates are delivered to the POTRA arm of TP0326. The nature of
the C-terminal recognition sequence is an important determinant of substrate recognition by
the POTRA arm that also affects the conformational state of the B-barrel, as measured by
pore formation, and presumably its catalytic function (Robert et al., 2006). Diversity of C-
terminal sequences, or even lack thereof, represents an additional mechanism for fine tuning
the kinetics of folding and assembly of individual OMPs (Walther et al., 2009; Tommassen,
2010).

A number of years ago, we predicted that rare OMPs would be poorly immunogenic because
they are nonlipidated and expressed at extremely low levels (Radolf, 1995). Serologic
studies using full-length TP0326 disproved this idea (Van Voorhis et al., 2003; McKevitt et
al., 2005; Brinkman et al., 2006), suggesting that the spirochete employs an alternative
stratagem to harness the Bam pathway while avoiding the deleterious consequences of the
antibody responses TP0326 elicits. Immunoblot analysis with the POTRA and B-barrel
constructs revealed what appears to be the spirochete's solution to this dilemma and an
ostensibly striking dichotomy in the antibody responses to TP0326 elicited in humans and
rabbits. Anti-TP0326 antibodies generated by humans, the pathogen's natural host, appear to
be directed primarily against the periplasmic portion of the molecule, while T. pallidum-
infected rabbits generate antibodies against both antibody-inaccessible and accessible
regions of the protein. These results support our longstanding contention of a direct linkage
between lack of antibody binding by the pathogen and immune evasion during the secondary
stage of human syphilis (Radolf, 1995), a notion receiving clinical support from PCR-based
assessments of spirochetal burdens in the blood of patients with secondary syphilis (Gayet-
Ageron et al., 2009; Martin et al., 2009; Cruz et al., 2010). They also suggest that the
antibodies in human secondary syphilitic sera that surface label or promote
opsonophagocytosis of subpopulations of treponemes (Cox et al., 2010; Cruz et al., 2008;
Moore et al., 2007) are directed against other, as yet unidentified, rare OMPs. Finally, our
findings raise the exciting and testable possibility that antibodies against surface-exposed
determinants of TP0326 contribute to bacterial clearance and protective immunity in the
experimental rabbit model (Radolf & Lukehart, 2006).
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EXPERIMENTAL PROCEDURES

Propagation and harvesting of Treponema pallidum

Animal protocols described in this work strictly follow the recommendations of the Guide
for Care and Use of Laboratory Animals of the National Institutes of Health and were
approved by the University of Connecticut Health Center Animal Care Committee under the
auspices of Animal Welfare Assurance A347-01. The Nichols-Farmington strains of T.
pallidum subspecies pallidum was propagated by intratesticular inoculation of adult New
Zealand White rabbits with 1 x 108 treponemes per testis and harvested approximately 10
days later (Hazlett et al., 2001). To extract the treponemes, the testes were surgically
removed, minced, and subsequently incubated on a rotator for 45-60 min in a 50-ml conical
tube at room temperature in 5 ml of CMRL medium (Invitrogen, Carlsbad, CA)
supplemented with 100 pl of protease inhibitor cocktail (PIC) (Sigma-Aldrich, St. Louis,
MO). For the OMP surface accessibility and motility assays (below), PIC was not added to
the extraction media. To remove rabbit testicular debris, the treponemal suspension was
transferred to a sterile tube and centrifuged for 10 min at 500 x g. T. pallidum was
enumerated using a Petroff-Hausser counting chamber (Hausser Scientific Company,
Horsham, PA). The treponemes were harvested by centrifugation for 20 min at 10,000 x g at
4°C and the pellet was washed with ice-cold PBS prior to processing for experiments
described below.

Immunologic reagents

Rat polyclonal antiserum directed against the POTRA domains of TP0326 (Cox et al.), TroA
(TPO163) (Akins et al., 1997), p30.5 (TP0453) (Hazlett et al., 2005), thioredoxin (Trx,
TP0919) (Parsonage et al., 2010), and Helicobacterium salinarium bacteriorhodopsin (Br)
(Hazlett et al., 2005) were described previously. The mouse monoclonal antibody
(hybridoma clone HIS-1) specific for polyhistidine tags was purchased from Sigma-Aldrich.
Immune rabbit serum (IRS) was described previously (Hazlett et al., 2001; Cox et al., 2010);
normal rabbit serum (NRS) was obtained from healthy, uninfected animals. Normal human
serum (NHS) was obtained from a healthy volunteer without a history of syphilis and
confirmed to be nonreactive by rapid plasma reagent testing. Sera from HIV-seronegative
persons with secondary syphilis were obtained from individuals enrolled at a study site
located in Cali, Colombia (Cruz et al., 2010). Serum specimens were obtained following
informed consent in protocols approved by the human subjects boards at the Connecticut
Children's Medical Center, the University of Connecticut Health Center (UCHC), and
Centro Internacional de Entrenamiento e Investigaciones Médicas (CIDEIM).

Bioinformatics and in silico structural analysis

Sequence analysis was performed using BLASTp (Altschul et al., 1990), which compared
TP0326 to other bacterial proteins, and the SMART (Schultz et al., 1998) and Pfam (Finn et
al., 2010) databases, which identified the POTRA and B-barrel domains of TP0326.
ClustalW alignments of the -barrel of TP0326 from various strains of T. pallidum were
performed in MacVector (Cary, NC, v 11.1.0) using sequences in the NCBI database. To
predict 3D models of the POTRA domains, the amino acid sequence of the 5 domains was
submitted to the SWISS-MODEL server (Arnold et al., 2006). Three structures of the E. coli
BamA POTRA domains solved by X-ray crystallography served as a templates (PDB IDs:
2QCZ, 3EFC, and 30G5) (Kim et al., 2007; Gatzeva-Topalova et al., 2008; Gatzeva-
Topalova et al., 2010). The program PyMOL (Schrédinger, LLC, New York, NY, v. 1.3)
was used to create a model of all 5 POTRA domains aligning all three models centered on
POTRAA4 as recently described (Gatzeva-Topalova et al., 2010), calculate RMSD values,
and generate the structural representations shown in Fig. 1.. The TbbPred (Natt et al., 2004)
and PRED-TMBB (Bagos et al., 2004) servers were used to generate a topological model of
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the B-barrel domain of TP0326, while the TPRpred server
(http://toolkit.tuebingen.mpg.de/tprpred/) identified tetratricopeptide repeats (TPR) in
TP0622 and TP0954.

The TP0326 POTRA (326P1-5, 326P14 and 326P14*) and B-barrel (326PB) constructs were
PCR-amplified from T. pallidum DNA using the primers listed in Table 1. POTRA
constructs, all with N-terminal histidine tags cleavable with thrombin, were cloned into the
Ndel (5’-end) and EcoRI (3’-end) restriction sites of expression vector pET28a (Novagen,
San Diego, CA). 326PB, which contains a C-terminal His-tag, was cloned into the Nhel (5’-
end) and Xhol (3’-end) restriction sites of pET23b (Novagen, San Diego, CA). Nucleotide
sequencing was performed to confirm that the sequences of the protein constructs were
correct.

purification and folding of the TP0326 B-barrel, E. coli BamA, and E. coli

POTRA constructs were expressed and purified as previously described (Cox et al., 2010).
326PB was expressed in the BL21(DE3) Rosetta-gami strain (Agilent Technologies, Inc.,
Santa Clara, CA). For each batch purification, 1 | of LB was inoculated with 50 ml of
overnight culture grown at 37°C; IPTG (final concentration 0.1 mM) was added when the
culture reached an optical density (600 nm) between 0.2 and 0.3. Cells were grown for an
additional 3 h and then harvested by centrifugation at 6,000 x g for 15 min at 4°C. The
pellets were resuspended with 20 ml of 50 mM Tris (pH 7.5), 100 pg of lysozyme, and 100
ul of PIC and stored at -20°C. After thawing, the bacterial suspension was lysed by
sonication for three 30 s pulses interspersed with 30 s of rest on ice. The pellet was
recovered by centrifugation at 20,000 x g for 30 min at 4°C and then incubated in
solubilization buffer [L00mM NaH,POy; pH 8.0, 10mM Tris, 8M urea] for 30min at 4°C;
the remaining insoluble material was removed by centrifugation at 20,0009 for 30 min at 4
°C. The supernatant was added to Ni-NTA agarose matrix (Qiagen) that had been
equilibrated in Solubilization Buffer and incubated with shaking at room temperature for 30
min. The matrix was washed with Wash Buffer (100mM NaH,POy4; pH 6.3, 10mM Tris, 8
M urea) and subsequently eluted with elution buffer (L00mM NaH,PQOy; pH 4.5, 10mM
Tris, 8 M urea). SDS-PAGE and immunoblot analysis using the poly-histidine tag antibody
were employed to identify the protein during purification and assess its purity (Fig. S1B).
The purified protein was incubated in folding buffer (2% DDM, 100mM NaCl, 50mM Tris)
for 24 h at 4°C to ensure complete folding of the protein. The samples were centrifuged at
20,000 x g for 30 min at 4°C to remove misfolded aggregates.

The expression vectors containing the E. coli ompGm2 (pET29A:OmpGm2) and E. coli
bamA (pET15b::Ec-yaeT) genes were generous gifts from Jorg Kleinschmidt (Universitat
Konstanz). Both proteins were expressed, purified and folded as previously described (Qu et
al., 2007; Cox et al., 2010). The Halobacterium salinarium membrane protein
bacteriorhodopsin (Br) (Sigma-Aldrich) was resuspended in 50 mM HEPES (pH 7.5), 50
mM NacCl, and 2% OG (Anatrace).

Protein concentration was determined by measuring A,gg in 20 mM sodium phosphate (pH
6.5) and 6 M guanidine hydrochloride (Edelhoch, 1967). The ProtParam tool provided by
the EXPASY proteomics server (Gasteiger et al., 2003) was used to calculate the molar
extinction coefficients (M1 cm™1) of 326P14* 326PB, E. coli BamA and OmpG,
respectively.
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Tryptophan fluorescence to monitor folding of 326PB and OmpG

Spectra were obtained using a Hitachi F-2500 fluorescence spectrophotometer with samples
placed in a 5-mm path length quartz cell at 25 °C. The excitation wavelength was 295nm,
and the bandwidth of the excitation monochromator was 2.5 nm. The folding buffers for
326PB and OmpG were 50mM Tris (pH7.5), 50mM NaCl, 0.5% DDM (DDM buffer) and
50mM Tris (pH7.5), 50mM NacCl, 2% OG, (OG buffer) respectively. Tryptophan emission
spectra were recorded between 300 and 400 nm. Background spectra without 326PB and
OmpG were subtracted to obtain the final emission curves.

Circular dichroism spectroscopy

CD analyses were performed using a Jasco J-715 spectropolarimeter (Jasco, Easton, MD).
Far-UV CD spectra were acquired at 20°C in a 1 mm path-length cuvette, with a 1 nm
bandwidth, 8 s response time, and a scan rate of 20 nm/min. Each protein spectra,
representing the average of nine scans, were baseline corrected by subtracting the spectral
attributes of the buffer. The DICHROWERB server was utilized to assess the secondary
structure contents of the proteins from their spectra (Whitmore & Wallace, 2004).

Heat-modifiability

Recombinant proteins solubilized in SB were subjected to SDS-PAGE with or without
boiling (10 min) followed by staining with GelCode® Blue. To generate native or denatured
lysates from freshly harvested T. pallidum, respectively, samples were either incubated
overnight at 4°C with 50 mM Tris (pH 7.0), 0.5% DDM, and 5% PIC (native lysis buffer) or
incubated for 30 min at 25°C with SB+8M. Insoluble material was removed from the sample
lysed with native lysis buffer by centrifugation at 20,000 g for 20 min at 4 °C. To examine
the heat-modifiability of native TP0326, lysates solubilized in SB (native) or SB+8M
(denatured) were split in half and one aliquot was boiled for 10 min. Subsequently, the
lysates were resolved by SDS-PAGE and the gel including the stack was transferred to
nitrocellulose membranes (0.45 uM pore size, GE Healthcare) at 25 V for 25 min using a
semi-dry apparatus (Bio-Rad). Membranes were blocked for 1 h with PBS, 5% non-fat dry
milk, 5% fetal bovine serum, and 0.1% Tween-20 and probed overnight at 4°C with primary
antibodies directed against the POTRA domains or TroA at a dilution of 1:1,000 or 1:3,000,
respectively. After washing with PBS and 0.05% Tween-20 (PBST), the membranes were
incubated for 1 h at 4°C with a HRP-conjugated goat anti-rat antibody (Southern Biotech,
Birmingham, AL) at dilutions of 1:30,000. Following washes with PBST, the immunoblots
were developed using the SuperSignal West Pico chemiluminescent substrate (Thermo
Fisher Scientific).

Triton X-114 phase-partitioning

Phase-partitioning of T. pallidum proteins with Triton X-114 has been described previously
(Cox et al., 2010). Recombinant E. coli BamA (10 ug), OmpG (10 pg), 326P1-4* (10 ng),
and 326PB (1 pg) were added to 2% Triton X-114 in PBS supplemented with 0.5% PIC and
incubated overnight at 4°C. The partitioned materials were phase-separated, and the
detergent-enriched and aqueous phases were washed five times. All samples were
precipitated with 10 volumes of acetone overnight at -80°C for subsequent SDS-PAGE
analysis and staining with GelCode® Blue.

Incorporation into liposomes

All phospholipids were purchased from Avanti Polar Lipids (Alabaster, AL) dissolved in

chloroform. To simulate the OM lipid composition of T. pallidum, the lipids 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (PC), 1-palmitoyl-2-oleoyl-sn-glycero-3-[phosphor-L-
serine] (PS), 1-palmitoyl-2-oleoyl-sn-glycero-3-[phosphor-rac-(1-glycerol)] (PG), and 1,2-
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dioleoyl-sn-glycero-3-phosphoethanolamine (PE) were mixed at a ratio of 69.3:17:13:0.7,
respectively, dried at room temperature under argon, and placed in a vacuum for ~6 h. The
lipids were rehydrated with 350 pl of 50mM HEPES (pH 7.5) and 50 mM NaCl (HEPES
buffer), incubated at 37°C for 30 min, and resuspended by vortexing. To generate large
unilamellar vesicles (LUV), the rehydrated lipid suspension was frozen in liquid N, and then
thawed at 37°C. After 5 freeze-thaw cycles, the sample was passed 21 times through a mini-
extruder (Avanti Polar Lipids) equipped with a polycarbonate filter having a pore size of 0.1
uM. The resulting LUVs were stored at 4°C.

To incorporate OmpG and Br into liposomes, the proteins (1 ug each) were diluted in half to
a 200 pl volume, mixed with 2 mg of LUVs, rapidly diluted to 4 ml with HEPES buffer, and
subsequently dialyzed overnight at 4°C against 2 liters of HEPES buffer and 5 g of BIO-
BEADS SM-2 (Bio-Rad). For the incorporation of 326PB into liposomes, 50 pl of a purified
sample in 100mM NaH,PO,4 (pH 4.5), 50 Tris and 8 M urea was diluted into 150 pl of 25
mM MES (pH 5.5), 0.1% B-mercaptoethanol, 0.03% DDM. LUVs (2 mg) were added to the
sample, which was incubated on ice for 6 h and then diluted to 4 ml with 25 mM MES (pH
5.5). Following overnight incubations, the samples were cleared of precipitated material by
centrifugation at 20,000 x g for 25 min at 4°C. Proteoliposomes were harvested by
centrifugation at 125,000 x g for 30 min at 4°C and resuspended to remove residual
detergent with either 200 pl of 25 mM Tris (pH 7.0), for OmpG and Br, or 200 ul of 25 mM
MES (pH 5.5), for 326PB. A total of 5 ug of 326P14* in 200 pul was mixed and incubated
with LUVSs, as described for 326PB: the LUV-protein mixture was neither diluted nor
harvested. Sucrose gradient ultracentrifugation was employed to separate the
proteoliposomes from un-incorporated material. Sucrose was added to the proteoliposomes
to yield a 50% concentration. On top of this layer, two successive layers of 40 and 6%
sucrose, in the corresponding resuspension buffer (above), were added and subsequently
centrifuged at 300,000 x g for 1 h at 4 C. For Br, 326PB, and 326P14*, the proteoliposome
and non-liposome fractions were assessed for protein content by immunoblotting (above).
For OmpG, the fractions were precipitated with 10 volumes of ice-cold acetone overnight at
-80°C for subsequent SDS-PAGE analysis and staining with GelCode® Blue.

Quantitative real-time reverse transcription (QRT)-PCR

Small pieces (approximately 1-2 mm3) of testicular tissue, freshly isolated from infected
rabbits, were placed in a 500 pl aliquot of TRIzol (Invitrogen) immediately following
extraction and homogenized using silicon carbide beads (Beadbeater; Biocore, MD). The
TRizol-tissue suspension was transferred to a new microfuge tube. The beads then were
washed with an additional 500 pl aliquot of TRIzol that was combined with the Trizol-tissue
suspension. RNA was isolated according to the manufacturer's instructions. Contaminating
genomic DNA was removed from RNA samples by treatment with 10 U of TurboDNA-free
(Ambion, Austin, TX), followed by phenol-chloroform extraction and ethanol precipitation.
DNA-free RNAs were stored at -80°C.

Total RNA (2 ng) was converted to cDNA in the presence and absence of reverse
transcriptase using the Superscript 11 First-strand synthesis for RT-PCR kit (Invitrogen)
with random hexamer primers according to the manufacturer's instructions. The resulting
cDNA was amplified in an iCycler thermal cycler (Bio-Rad) using the gene-specific primer
pairs listed in Table 1. Amplification of cDNAs was carried out in quadruplicate using 1 x
iQ SYBR Green Supermix (Bio-Rad) according to the manufacturer's instructions with the
annealing temperature and concentration of MgCl, optimized for each primer pair.
Amplicons corresponding to each gene target were cloned into pPCR®2.1-TOPO®
(Invitrogen) and purified recombinant plasmid DNAs were diluted (10 to 102 copies/pl) to
generate standard curves. Transcript copy numbers were calculated using the iCycler post-
run analysis software based on internal standard curves. Values were background-subtracted
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using “No RT” and “No template” control reactions prior to being normalized against copies
of flaA (tp0249) present in the same cDNA. To determine the statistical significance of
observed differences between tp0326 and tp0117/tp0131 and tp0326 and tp0453, data points
were compared within GraphPad Prism v. 5.00 (GraphPad Software, San Diego,CA) using
an unpaired t-test with two-tailed P-values and a 95% confidence interval.

Quantitative immunoblot analysis

Freshly harvested treponemes (see above) were lysed with SB+8M, at a concentration of 5 x
107 T. pallidum per pl, and incubated at room temperature for 30 min. To quantitate the level
of TP0326 in T. pallidum, lysates from 1.25 x 108 treponemes and graded amounts of
recombinant 326714+ were electrophoresed on 10% SDS polyacrylamide gels and
transferred to nitrocellulose membranes as described above. Standard curves of 326P1-4*
were generated by densitometric analysis of the scanned immunoblots using ImageJ (NIH,
v. 1.44c). The standard curve was used to calculate the total amount of native TP0326 in the
resolved treponemal lysates. The amount of TP0326 per T. pallidum cell was determined by
dividing the corresponding densitometrically derived value in the lysates by 1.25 x 108 T.
pallidum. Copy numbers were determined by the molecular mass (MW pg326 = 92,039 Da).

Surface accessibility of TP0326 to proteinase K (PK) digestion

To determine the lowest concentration of PK (Invitrogen) required to achieve surface
proteolysis of TP0326, freshly isolated organisms (5 x 108 / ml of CMRL), representing
intact treponemes, were subjected to digestion with graded concentrations (0.1-10 ug) of PK
for 1 h. All steps were performed at room temperature unless stated otherwise. For
proteolysis of periplasmic controls, spirochetes were harvested by centrifugation at 10,000 x
g for 20 min, resuspended with 200 pl of PK lysis buffer [50 mM Tris (pH 7.0), 0.5% Triton
X-100, 0.1% B-mercaptoethanol, and 50 ug of lysozyme (Sigma-Aldrich)], incubated for 1
h, and then treated with 10 ug of PK for 1 h. The breakdown of the PG layer by lysozyme
was found to be necessary for the complete disruption of the periplasmic compartment
(Izard et al., 2009; Liu et al., 2010). The activity of the protease was stopped upon the
addition of phenylmethylsulfonyl fluoride (PMSF) to 1 mg / ml. Intact treponemes were
pelleted by centrifugation at 20,000 x g for 20 min and subsequently resuspended with SB
+8M, while detergent-lysozyme treated organisms were resuspended with SB+8M.
Immunoblotting was performed as described above.

To assess motility, aliquots (10 ul) of each sample immediately following PK treatment (1 h
incubation) were transferred onto a glass microscope slide and gently overlaid with
coverglass, and then viewed by darkfield on an Olympus BX41 microscope (Center Valley,
PA) using a 100 x (1.4 NA) oil immersion objective. The motility of the organisms was
observed visually and recorded using a Retiga Exi CCD camera (QImaging, Surrey, BC,
Canada) and StreamPix (NorPix, Montreal, QC, Canada) software. ImageJ was used to
adjust the brightness and contrast of the images. Images were converted into movies using
QuickTime Pro (Apple Inc., Cupertino, CA, v. 7.0).

Size exclusion chromatography (SEC) of native TP0326

Approximately 2.5 x 109 of freshly harvested spirochetes were lysed with 50 mM Tris (pH
7.0), 2.0% DDM, and 5% PIC, cleared of insoluble material by centrifugation at 20,000 x g
for 20 min, and subsequently loaded onto an Superdex™ 200 10/300 analytical grade size-
exclusion column (GE Healthcare BioSciences) that had been equilibrated with 50 mM Tris
(pH 7.0) and 2% DDM. Fractions of 100 ul were collected, resolved on a 10% SDS-
polyacrylamide gel, and then transferred onto a nitrocellulose membrane for immunoblotting
(above).
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Blue native polyacrylamide gel electrophoresis (BN-PAGE) analysis of native and
recombinant BamA complexes

To determine the appropriate detergent concentration for lysing T. pallidum under native
conditions, freshly harvested treponemes were solubilized overnight at 4°C with 50 mM Tris
(pH 7.0), 0.5-4.0% DDM, and 5% PIC. Prior to electrophoresis, lysates were cleared of
detergent insoluble material by centrifugation at 20,000 x g for 20 min at 4°C. Native
lysates consisting of 5.0 x 108 to 1.0 x 10° spirochetes were resolved in a 4-12% Bis-Tris
acrylamide gel (Bio-Rad) at 4°C using the BN-PAGE method (Schagger & von Jagow,
1991; Wittig et al., 2006). The cathode buffer [50 mM tricine (pH 7.0) and 15 mM bis-tris]
contained 0.02% Coomassie brilliant blue G-250 (CBB-G250) for the first 1/3 of the run,
after which the gel was run with fresh cathode buffer without CBB-G250. For the duration
of the run, the anode buffer consisted of 50 mM bis-tris (pH 7.0). Resolved lysates were
transferred to a nitrocellulose membrane in 50 mM tricine (pH 7.0) followed by
immunoblotting using POTRA antiserum. Samples containing 326PB were diluted to reduce
the concentration of DDM to 0.5 % or 1% and incubated on ice for 30 min prior to BN-
PAGE. The resolved samples were transferred as above to nitrocellulose followed by
immunoblotting using poly-histidine tag antiserum.

Mass-spectrometry of TP0326 complexes

For mass-spectrometry analysis, native lysates in 0.5% DDM were subjected to BN-PAGE
and half of the gel was used for immunoblotting (see above) which served as a guide to
localize TP0326 within the gel. The region of the gel containing the un-dissociated complex
was divided into 4 slices, and all were submitted to the University of Victoria Genome BC
Proteomics Centre (Victoria, BC, Canada) for in-gel trypsin digestion and liquid
chromatography-electrospray ionization tandem mass spectrometry (LC-MS/MS) analysis.
Briefly, protein bands were de-stained in a solution of 1M ammonium bicarbonate (Sigma-
Aldrich) and 20% acetonitrile (Thermo Fisher Scientific) followed by a solution of 50%
methanol (Thermo Fisher Scientific) and 5% acetic acid (Anachemia, Montreal, QC,
Canada). Proteins were reduced using 10mM DTT (dithiothreitol; Fluka Chemical
Company, Ronkonkoma, NY, USA) and alkylated using 100mM iodoacetamide (Fluka).
Proteins were digested overnight using a 20ng/pul solution (in 50 mM ammonium
bicarbonate) of porcine modified trypsin (Promega, Madison, W1, USA), and peptides were
extracted with successive washes of 50% acetonitrile (Thermo Fisher Scientific), 10%
formic acid (Sigma-Aldrich), and 50mM ammonium bicarbonate (Sigma-Aldrich). The
resulting peptides were analyzed by LC-MS/MS as previously described (Eshghi et al.,
2009).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Domain architecture and in silico structural analysis of TP0326

(A) Schematic representation of TP0326 and the POTRA and B-barrel constructs utilized in
this study. A putative signal sequence (SS) spans amino acids (aa) 1-21 (Cameron et al.,
2000; Cox et al., 2010) and is followed by 5 POTRA domains (POTRAL aa 22-104,
POTRAZ2 aa 105-181, POTRA3 aa 182-272, POTRA4 aa 273-354, and POTRADS aa
355-430) and a B-barrel (aa 431-837). (B) Spliced model of TP0326 POTRA1-5, represented
as P1-5, shown in flexed and extended conformations compared to those of E. coli
POTRAL-5. (C) Predicted topology of the TP0326 B-barrel. Residues of the 8 short
periplasmic turns and 9 long extracellular loops are indicated, while the poly-serine tract is
highlighted in red.
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Figure 2. The C-terminal portion of TP0326 forms a p-barrel

(A) Tryptophan fluorescence emission spectra of unfolded 326PB and OmpG and folded
forms in 0.5% DDM and 1% OG micelles, respectively. (B) CD spectra of folded 326PB (5
uM) and OmpG (2.6 uM) in DDM and OG buffer, respectively. (C) Heat-modifiability of
folded E. coli BamA, OmpG, 326PB, and 326P1-4*, Proteins were stained with GelCode®
Blue following SDS-PAGE with (+) or without (-) boiling in sample buffer (SB). (D) T.
pallidum samples were dissolved in SB without (SB) or with (SB + U) 8M urea prior to
SDS-PAGE with (+) or without (-) boiling and immunoblotted against POTRA or TroA
(loading control) antiserum. MW standards (kDA) for SDS-PAGE and immunoblot analyses
are on the left of each panel.
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Figure 3. The p-barrel is responsible for the amphiphilicity of TP0326

(A) Freshly harvested T. pallidum, solubilized in 2% Triton X-114, was phase-partitioned
and subjected to immunoblot analysis with monospecific antisera directed against 326°1-4*,
TP0453, and thioredoxin (Trx). Lanes: whole cells (WC), aqueous phase (Aq), and
detergent-enriched phase (Det). (B) Purified recombinant 32671-4* 326PB, and E. coli
BamA and E. coli OmpG were phase-partitioned in Triton X-114 and stained with
GelCode® Blue following SDS-PAGE. (C) Liposomes were reconstituted with 326P1-4*,
326PB, Br, and OmpG followed by sucrose density gradient ultracentrifugation. Fractions
either were subjected to immunoblotting with monospecific antisera directed against
326P14* the poly-histidine tag (326PB), or Br or stained with GelCode® Blue (OmpG)
following SDS-PAGE. Lanes: bottom, middle, and top fractions (BF, MF, and TF,
respectively).
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Figure 4. TP0326 is expressed at extremely low levels

(A) Copy numbers of tp0326, tp0117/tp0131, tp0453, and tp0574 transcripts, normalized to
flaA. Bars represent the means + SEM. The asterisks indicate levels of significance between
tp0326 and both tp0117/tp0131 (P = 0.0049) and tp0453 (P = 0.0194) transcript copy
numbers. (B) Quantitative immunoblot analysis of native TP0326. Immunoblots of the
326P14* and treponemal lysates were subjected to densitometric analysis. Standard curves
were generated from the densitometric values obtained for recombinant 326°1-4*. The
amount of TP0326 per T. pallidum cell was determined by dividing the corresponding
densitometrically-derived value in the lysates by 1.25 x 108 T. pallidum, the amount loaded
per lane. Copy numbers were determined by the molecular mass of TP0326 (MW+pg326=
92,039 Da). MW standards (kDA) are indicated on the left.
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Figure 5. TP0326 is surface-exposed

(A) Immunoblot analysis of TP0326, detected by the POTRA1-5 antiserum, in intact T.
pallidum (1.0 x 108 Tp/lane) treated with graded concentrations (0.1 - 10ug/ml) of
proteinase K (PK). MW standards (kDA) are shown on the left. (B) PK accessibility of
TP0326 and two periplasmic proteins in intact and detergent-lysozyme treated organisms.
Intact spirochetes (5.0 x 108/ml) in a 1ml volume were treated with 10 pg/ml of PK, while
detergent-lysozyme treated spirochetes (5.0 x 108 resuspended in 200pl of PK disruption
buffer) were treated with a total of 10 ug of PK. Each lane represents 1.0 x 108 T. pallidum
immunblotted with antisera to POTRA1-5 of TP0326, TP0453, and TroA. (C) Live imaging
of intact (—PK and +PK) and detergent-lysozyme treated (+PK) organisms. For intact
spirochetes (—PK and +PK), asterisks and arrowheads, respectively, indicate flexing and
waveform propagation, while for detergent-lysozyme treated spirochetes (+PK) identically
positioned arrowheads indicate lack of flexing and waveform propagation. Time scale is
0-0.56s and the scale bar = 5.0uM.
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Figure 6. Native TP0326 forms a complex

(A) A size-exclusion chromatography of freshly harvested T. pallidum (~2.5x10%)
solubilized with 25mM Tris (pH 7.0) and 2% DDM. V indicates the void volume, whereas
arrows with numbers demarcate the elution volumes of the MW (kDa) standards. Above the
chromatogram are immunoblots detecting TP0326 with the POTRA antiserum in fractions
spanning a MW range of 96 to 400 kDa. The left two lanes in the immunoblot image come
from a separate film. MW standards for the immunoblot analysis are shown to the left.
TP0326 was not detected above or below this range. (B) Immunoblot analysis of T. pallidum
lysates solubilized with 25mM Tris (pH 7.0) and graded concentrations of DDM following
separation by BN-PAGE (left panel). A total of 5.0 x 108 T. pallidum was loaded per lane.
(C) Sequence alignments of predicted tetratricopeptide repeat of the potential BamD
candidates of T. pallidum, TP0622 and TP0954, compared to a TPR consensus sequence
(D'Andrea & Regan, 2003). Probability-values (far right column) of being a TPR were
calculated by the TPRpred server (http://toolkit.tuebingen.mpg.de/tprpred/). (D) BN-PAGE
of 326P14* and 326PB. MW standards (kDa) are shown to the left.
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Figure 7. Identification of potential C-terminal signature sequences for POTRA recognition in
candidate T. pallidum OMPs

Above the alignment are the consensus bacterial signature sequence (Struyve et al., 1991;
Robert et al., 2006) and mitochondrial -signal (Kutik et al., 2008; Tommassen, 2010) for
POTRA recognition by OMP precursors. The alignment shows the C-termini of TP0326, the
16 other proteins in the predicted T. pallidum (Tp) OMPeome (Cox et al., 2010), and
representative -barrel OMPs: E. coli (Ec) PhoE and BamA; N. meningitidis (Nm) Omp85;
Saccharomyces cerevisiae (Sc) Tob55; and Neurospora crassa (Nc) VDAC. Accession
numbers of Sc Tob55 and Nc VDAC are DAA10518 and EAA31714, respectively. All other
sequences were obtained from the Comprehensive Microbial Resource database
(http://cmr.jevi.org/). “OMP candidate group numbers” designate the ranked clusters
containing candidate OMPs determined recently by consensus computational framework
(Cox et al., 2010). “+” and “-* designate the presence or absence, respectively, of a C-
terminal sequence that meets either the bacterial or mitochondrial consensus. Single aa
codes are used. X, any aa; ¢, hydrophobic aa; «, polar aa; n, 1 to 28 aa. . The sequences were
aligned manually.
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Figure 8. T. pallidum-infected rabbits, but not humans, mount a vigorous antibody response
against the TP0326 p-barrel

Antibody reactivities of normal rabbit serum, immune rabbit serum (IRS, representative of 3
different animals), normal human serum, pooled and individual sera from six patients with
secondary syphilis (Cruz et al., 2010) against 326714+ (P) and unfolded and folded 326PB
(BU and BF, respectively). Each immunoblot was performed using 100 ng of purified
recombinant protein.
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List of Primers

TABLE 1

Cloning

5’ tp0326™

3’ tp0326™

3’ tp0326 32614
3’ tp0326 326P14+
3’ tp0326 326P1-5
5’ tp0326 326/8
gRT-PCR primers
tp0249 (flaA) fwd
tp0249 (flaA) rev
tp0117/0131 (tprC/D) fwd

Tp0117/0131 (tprC/D) rev

tp0453 (p30.5) fwd
tp0453 (p30.5) rev
tp0574 (tp47) fwd
tp0574 (tpa7) rev
tp0326 fwd

tp0326 rev

Sequence (5" - 3%)
GCCCATATGCAGGCAAACGACAATTGGTACG

GATACTCGAGCTACAAATTATTTACCGTGAACGAC

GGCGAATTCTCACTATTCCACCACAGTGTACGTAAGC
GGCGAATTCTCACTAATTCTTCGTTCCCTTAATGATAAT
GGCGAATTCTTACTAGTTTGCCGTCGACTGCTCCTC
GATAGCTAGCATGGATGTGCGGCCCGGCTCTGAG
Sequence (5" - 3%)

GCGGTTGCACAGTGGGAG

CAGCATGGGCGACAGGAT
CAAGAGAGAGCTATCCTCAAAG

GTTTAGCAGTGACAACTCTTGG

TCTACGAAAACGGAACACGGAATC
CAAAGCGAGGCGGTAACTGC
GCAGGAGACCGAAGACAGCAG
GCACGCACCATCTTAGTAACGC
ACGAGGTTATCCTGCGTGAAATG
CTTCCCACTGACAAAAGAGCGAA

Coordinates

344387-344408
346834-346813

345139-345118
345430-345407
345625-345605
345599-345619
Coordinates

261664-261681
261724-261707
135833-135812

152033-152012"
135545-135566

151745-151766"
482639-482620
482639-482620
623271623251
623194-623215
345438-345460
345701-345679

*
Underlined sequence indicates a restriction site:

N
Coordinates for tprD.

Mol Microbiol. Author manuscript; available in PMC 2012 June 1.

Page 31



Page 32

Desrosiers et al.

NIH-PA Author Manuscript

"paliuspl aJam suisjosd OHAu
"(dd1) sreadas apndadootirelial Jo aouasaid ayy Ag paiynuapl
w

'sjjow Jajjadoid-g Jo aouasaid ayy Aq paiyuap|
A\

‘painuapl a1am sBojoyrio ou 1ey) sereapul (-) ysep v
*

- - # - <wONN._”O_|_ mcmmotmuc_ 1
- - <<VNmom_m - <mvwom_m _hwtoﬂ.m‘_:n 'q
WE50T3aL
. ; W £6603AL - ,595¢3al BlooRUBp L
£ 2290dL
- - <<wmmon_._. - <®N©on_._. EDU___MQ 1
(1ed) 622€02 G9ETOD 786100 - £59T00 SMU3IS8I0 D
(Indwy) z8godINN ¥0Z09INN (woD) €0L09NN 826049INN x sipmbuluaw ‘N
(vdws) /1929 (OBA) G6529 (adiN) 22vza  (IB4A) 21529 11003
S19410 Jwegd quwreg Oweg guieg

sa18ydo0u1ds Jay1o pue wnpijjed *1 ul s1010e) AJejj1oue NG 81epIpued 3|qIssod

¢3714avl

NIH-PA Author Manuscript NIH-PA Author Manuscript

Mol Microbiol. Author manuscript; available in PMC 2012 June 1.



