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periplasmic anchors for the B-barrels.

membrane protein.
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(Bacl(ground: Treponema pallidum contains a paucity of outer membrane proteins.
Results: The C-terminal domains of TprC/D and Tprl are B-barrels with porin function; their N-terminal domains provide

Conclusion: Full-length TprC subfamily proteins possess a dual domain topology.
Significance: TprC/D are bona fide rare outer membrane proteins and a new class of dual function, bipartite, bacterial outer
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We previously identified Treponema pallidum repeat pro-
teins TprC/D, TprF, and Tprl as candidate outer membrane
proteins (OMPs) and subsequently demonstrated that TprC is
not only a rare OMP but also forms trimers and has porin activ-
ity. We also reported that TprC contains N- and C-terminal
domains (TprCN and TprC€) orthologous to regions in the
major outer sheath protein (MOSP™ and MOSPC) of Treponema
denticola and that TprCE is solely responsible for B-barrel for-
mation, trimerization, and porin function by the full-length
protein. Herein, we show that TprI also possesses bipartite archi-
tecture, trimeric structure, and porin function and that the
MOSPC-like domains of native TprC and TprI are surface-exposed
in T. pallidum, whereas their MOSPN-like domains are tethered
within the periplasm. TprF, which does not contain a MOSP-like
domain, lacks amphiphilicity and porin activity, adopts an
extended inflexible structure, and, in T. pallidum, is tightly bound
to the protoplasmic cylinder. By thermal denaturation, the MOSPN
and MOSP-like domains of TprC and Tprl are highly thermo-
stable, endowing the full-length proteins with impressive confor-
mational stability. When expressed in Escherichia coli with PelB
signal sequences, TprC and Tprl localize to the outer membrane,
adopting bipartite topologies, whereas TprF is periplasmic. We
propose that the MOSPN-like domains enhance the structural
integrity of the cell envelope by anchoring the 3-barrels within the
periplasm. In addition to being bona fide T. pallidum rare outer
membrane proteins, TprC/D and Tprl represent a new class of dual
function, bipartite bacterial OMP.
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After years of steady decline in the United States during the
1990s, the new millennium has witnessed a dramatic resur-
gence in the incidence of syphilis, a multistage, sexually trans-
mitted infection caused by the spirochete Treponema pallidum
subsp. pallidum, particularly among men who have sex with
men (1). On a global scale, syphilis poses a major threat to
public health with an estimated 12 million new cases annually
(2). Of great concern, mother-to-child transmission of syphilis
occurs in approximately 2 million pregnancies per year, more
than any other infectious disease, including human immunode-
ficiency virus infection (3). These trends have taken root
although T. pallidum remains exquisitely sensitive to penicillin
G after 7 decades of use (4, 5). The inability of epidemiological
approaches to curtail the spread of syphilis underscores the
need for stratagems based on better knowledge of the molecular
biology of its etiologic agent (6).

T. pallidum is a highly motile, extracellular bacterium
renowned for its invasiveness, immunoevasiveness, and persis-
tence, along with its recalcitrance to in vitro propagation and
genetic manipulation (7-10). The proteins that assemble into
the syphilis spirochete’s outer membrane (OM)? determine the
bacterium’s ability to obtain nutrients, negotiate its way
through tissue and endothelial barriers, fend off host defenses,
and accomplish the many other facets of its complex and enig-
matic infectivity program (7, 8, 11). Unfortunately, the dearth of
information concerning its repertoire of outer membrane pro-
teins (OMPs) has long been a major stumbling block to basic
syphilis research and vaccine development (12, 13). It is well
established that the physical properties, composition, and

2 The abbreviations used are: OM, outer membrane; OMP, outer membrane
protein; Tpr, T. pallidum repeat family; LUV, large unilamellar vesicle;
MOSP, major outer sheath protein; SAXS, small angle x-ray scattering; Ni-
NTA, nickel-nitrilotriacetic acid; DDM, n-dodecyl B-p-maltoside; TEM, trans-
mission electron microscopy; IFA, immunofluorescence analysis; POTRA,
polypeptide transport-associated; Bam, B-barrel assembly machine.
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molecular architecture of the T. pallidum OM differ consider-
ably from those of Gram-negative bacteria (11). The T. palli-
dum OM is extremely fragile (14, 15), lacks lipopolysaccharide
(16), and has an unusual phospholipid content (17) and a mark-
edly lower (~1,000-fold) density of membrane-spanning pro-
teins than its Gram-negative counterparts (17—19). The paucity
of pathogen-associated molecular patterns and membrane-
spanning proteins in the 7. pallidum OM is believed to be the
ultrastructural basis for the syphilis spirochete’s remarkable
capacity to evade both innate and adaptive responses in its obli-
gate human host, attributes that have earned it the designation
“stealth pathogen” (20, 21). However, efforts to move beyond
these general features and broad concepts to a molecular
understanding of how this unorthodox OM meets the physio-
logical and virulence-related demands of stealth pathogenicity
have been fraught with difficulty (11, 12). Among the many
factors hindering progress is the lack of sequence relatedness
between prototypical OMPs of Gram-negatives and T. palli-
dum rare OMPs (16), an indication of the phylogenetic gulf
separating spirochetes from proteobacteria (22).

Previously, we used a novel bioinformatics-based approach
to identify rare OMPs based upon the premise that they form
B-barrels, the structural hallmark of OM-spanning proteins
in all diderms as well as the endosymbiotic organelles of
eukaryotes (i.e. chloroplasts and mitochondria) derived from
them (23-25). The consensus computational framework that
we developed (26) yielded ranked clusters of putative 3-barrel
forming proteins, many of which are members of the paralo-
gous T. pallidum repeat family (Tpr) (7, 11). Among the highest
ranked Tpr candidates was the subfamily containing TprC
(TP0117) and TprD (TPO0131) (which are identical), TprF
(TP0316), and Tprl (TP0620) (27, 28). In a subsequent report
(29), we demonstrated that TprC/D (hereafter referred to as
TprC) does, indeed, possess the properties expected of a bona
fide rare OMP (i.e. B-barrel structure, amphiphilicity, low
abundance, and surface exposure) and, additionally, can form
channels in large unilamellar liposomes (LUVs). We also noted
that TprC expressed in T. pallidum is stably tethered within the
periplasm. Unexpectedly, using the Conserved Domain Data-
base server, we discovered that TprC contains N- and C-termi-
nal domains (TprC™ and TprCS, respectively) corresponding to
regions in the major outer sheath protein (MOSP) of the oral
commensal Treponema denticola, the parental Tpr ortholog
(30). Using a battery of biophysical methodologies, we deter-
mined that TprC<, but not TprCY, can fold to form an amphi-
philic B-barrel with porin activity equivalent to that of the full-
length polypeptide. Based on these findings, we proposed that
TprC€inserts into the OM bilayer, whereas TprC™ anchors the
B-barrel within the periplasm.

In the present study, we confirmed the bipartite topology of
native TprC and demonstrated that Tprl possesses the same
dual domain architecture, also forms trimers, displays compa-
rable porin activity, and, like TprC, is both surface-exposed and
tethered within the periplasm in T. pallidum. TprF, the fourth
member of the subfamily, is truncated and lacks a MOSPC-like
domain. Although rich in B-strand secondary structure, recom-
binant TprF is water-soluble, unable to integrate into mem-
branes, and devoid of porin activity, and, based on small angle
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x-ray scattering (SAXS) (31), forms an extended, inflexible
structure. Moreover, unlike TprC and Tprl, native TprF in
T. pallidum is entirely periplasmic and tightly bound to the
protoplasmic cylinder. By thermal denaturation, both the
MOSPN-and MOSP“-like domains of TprC and Tprl are highly
thermostable, endowing their full-length proteins with a high
degree of conformational stability. Interestingly, in contrast to
E. coli OmpF, a classical porin in which the monomers form
tightly integrated trimers (32—34), the structural stability of
full-length TprC and Tprl appears to be due predominantly to
the conformational integrity of their monomeric 3-barrels. It is
particularly noteworthy that we have been able to express
recombinant forms of TprC and Tprl with PelB signal
sequences that localize to the Escherichia coli OM and adopt
bipartite topologies identical to their native counterparts; as in
T. pallidum, TprF expressed in E.coli with a PelB signal
sequence resides entirely within the periplasm. We propose
that, by anchoring the OM-inserted B-barrels within the
periplasm, the MOSP™-like domains of TprC and TprI not only
stabilize the OM but also enhance the structural integrity of the
entire cell envelope. In addition to being bona fide T. pallidum
rare outer membrane proteins, TprC/D and I represent a new
class of bipartite bacterial outer membrane protein with porin
and cell envelope stabilizing functions.

EXPERIMENTAL PROCEDURES

Propagation and Harvesting of T. pallidum—Animal proto-
cols 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 Univer-
sity of Connecticut Health Center Animal Care Committee
under the auspices of Animal Welfare Assurance A347-01. The
Nichols strain of T. pallidum subspecies pallidum was propa-
gated by intratesticular inoculation of adult male New Zealand
White rabbits with 1 X 10® treponemes/testis and harvested
~10 days later as described previously (35).

Identification of Polypeptides Specific for Tprl and Tprl/F—
Previously, we used multiple-sequence alignment of TprC,
TprF, and Tprl, performed using MacVector (version 11.1.0),
to identify a stretch of 70 amino acids unique to TprC (TprC5P)
(29). Using this same alignment, we identified a 52-amino acid
stretch specific for Tprl (TprI*P) and an 86-amino acid stretch
in Tprl and TprF (Tprl/F*P) not found in TprC.

Cloning of DNAs Encoding TprI', TprI™, TprI, TprF, TprI*?,
Tprl/F?, E. coli OmpA, and E. coli Skp—Cloning of DNAs
encoding full-length TprC*, TprCY, and TprC© was described
previously (29). The codon-optimized full-length tprI*’ gene
(minus the signal sequence) was synthesized by Genscript (Pis-
cataway, NJ) and cloned into the BamHI and HindIII restriction
sites of pET23b (Novagen, San Diego, CA). DNAs encoding
TprI™ and TprI© were PCR-amplified from tprI*’ and cloned
into the BamHI and HindIII restriction sites of pET23b (Nova-
gen, San Diego, CA). DNAs encoding TprI®P and Tprl/F5P were
PCR-amplified from T. pallidum DNA and cloned into the
Nhel and HindIII restriction sites of pET23b. DNAs encoding
OmpA and Skp were PCR-amplified from E.coli K12
genomic DNA and cloned into the Nhel and HindIII restric-

SASBMB

VOLUME 290-NUMBER 19-MAY 8, 2015

STOZ ‘/Z 000100 U0 AeiqiT eIUsD YleaH 1Nonseuuo) Jo AIseAlun e Bio-ogl-mmmy/:dny wolj pepeojumoq


http://www.jbc.org/

T. pallidum Outer Membrane Insertion of Tpr C-terminal Domains

tion sites of pET23b. All constructs were confirmed by
nucleotide sequencing.

Expression, Purification, and Folding of Recombinant Pro-
teins—Expression, purification, and folding of recombinant
TprC®, TprCN, TprCC€ (29), the polypeptide transport-associ-
ated (POTRA) domain of TP0326 (26), E. coli OmpG (36), and
E. coli OmpF (37) were described previously. Tprl, TprI™,
TprIC, TprF, and E. coli OmpA, cloned as described above into
pET23b, were expressed in E. coli C41 (DE3) (Agilent Technol-
ogies, Inc., Santa Clara, CA). For batch purification, 1 liter of LB
was inoculated with 50 ml of overnight culture grown at 37 °C;
isopropyl 1-thio-B-p-galactopyranoside (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 addi-
tional 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
mMm Tris (pH 7.5), 100 pg of lysozyme, and 100 ul of protease
inhibitor mixture (Sigma-Aldrich) and stored at —20 °C. After
thawing, the bacterial suspension was lysed by sonication with
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 at4 °C
and then incubated in solubilization buffer (100 mm NaH,PO,
(pH 8.0), 10 mm Tris, 8 M urea) for 30 min at 4 °C; the remaining
insoluble material was removed by centrifugation at 20,000 X g
for 30 min at 4 °C. The supernatant was added to Ni-NTA-
agarose matrix (Qiagen) that had been equilibrated in solubili-
zation buffer, and then the mixture was incubated with shaking
at room temperature for 30 min. The matrix was treated with
wash buffer (100 mm NaH,PO, (pH 6.3), 10 mm Tris, 8 M urea)
and subsequently elution buffer (100 mm NaH,PO, (pH 4.5), 10
mM Tris, 8 M urea). SDS-PAGE and immunoblot analysis using
the polyhistidine tag mouse monoclonal antibody (Sigma-Al-
drich) were employed to identify the protein and assess purity
during purification. The purified Tprl, TprI<, and OmpA pro-
teins were incubated in 1% n-dodecyl B-p-maltoside (DDM),
100 mm NaCl, 50 mm Tris, pH 7.5 (DDM butffer), 0.5% DDM,
100 mm NaCl, 50 mm Tris, pH 7.5, and 0.5% #-decyl- 3-p-malto-
pyranoside, 50 mm NaCl, 10 mm Tris, pH 8.5, respectively, for
24 h at 4 °C to ensure complete folding of the proteins. The
samples were centrifuged at 20,000 X g for 30 min at 4 °C to
remove misfolded aggregates. Purified TprF and TprI™ were
diluted 10-fold and further dialyzed for renaturation in down-
graded concentrations (6,4, and 2 mm) of urea; finally, TprF was
dialyzed against 50 mm Tris (pH 7.5) and 50 mm NaCl buffer.

TprI®?, Tprl/F*P, and Skp were expressed in E. coli C4l
(DE3). For purification, harvested cell pellets were resuspended
with 20 ml of 50 mm Tris (pH 7.5), 300 mm NaCl, 10 mm imid-
azole, 10% glycerol, 100 ug of lysozyme, and 100 ul of protease
inhibitor mixture and then stored at —20 °C. After thawing, the
bacterial suspensions were lysed by sonication for three 30-s
pulses interspersed with 30 s of rest on ice. The supernatants
were then cleared of cellular debris by centrifugation at
18,000 X g for 20 min at 4 °C and applied to a Superflow Ni-
NTA (Qiagen, Valencia, CA) immobilized metal affinity chro-
matography column, which had been equilibrated with buffer A
(50 mm Tris (pH 7.5), 300 mm NaCl, 10% glycerol). The proteins
were eluted with buffer A supplemented with 300 mm imidaz-
ole. Fractions containing the protein were concentrated using
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an Amicon-Ultra concentrator (Millipore, Billerica, MA) with a
nominal molecular mass cut-off of 10 kDa and dialyzed into
phosphate-buffered saline (PBS).

Protein concentrations were determined by measuring A,g,
in 20 mm sodium phosphate (pH 6.5) and 6 M guanidine hydro-
chloride (38). The ProtParam tool provided by the ExPASy pro-
teomics server (39) was used to calculate the molar extinction
coefficients (M~ ' cm™!) of proteins.

Immunologic Reagents—Rat polyclonal antisera directed
against FlaA and TprC®P were described previously (40). Rat
antisera directed against TprCY, TprCS, TprI®P, Tprl/F°P,
E. coli OmpA, and E.coli Skp were generated in female
Sprague-Dawley rats as described previously (29). A mouse
monoclonal antibody against the B subunit of E. coli ATP syn-
thase was purchased from Abcam (Cambridge, MA). Poly-
clonal antibodies to POTRA, TprCY, and TprC© were gener-
ated in rabbits by Rockland, Inc. according to their established
protocol. Immune rabbit serum was generated as described
previously (40). The specificities of the antisera generated with
TprC®P, TprI®P, and Tprl/F°P were confirmed by immunoblot
analysis using recombinant proteins and T. pallidum lysates
(Fig. 1).

Circular Dichroism Spectroscopy and Thermal Denaturation
of Recombinant Proteins—Far-UV circular dichroism (CD)
analyses were performed using a Jasco J-715 spectropolarime-
ter equipped with a Peltier temperature controller system
(Jasco, Easton, MD). Spectra were acquired at room tempera-
ture in a 1-mm path length cuvette, with a 1-nm bandwidth, 8-s
response time, and scan rate of 20 nm/min. Spectra of each
sample, 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 (41). Ther-
mal denaturation of proteins was performed by following the
change in molar ellipticity at 218 nm as a function of tempera-
ture (42). The protein samples were heated at a constant rate of
1°C/min in a I-mm cell and scanned over a temperature range
of 25-90 °C. The thermal curves were fit to a two-state equilib-
rium unfolding model to determine denaturation temperatures
(T, values).

Protein Thermal Denaturation Assays Using SYPRO®
Orange—SYPRO® Orange becomes highly fluorescent when
bound to protein hydrophobic sites, which become accessible
upon thermal unfolding (43). Thermal denaturation assays
using SYPRO® Orange were performed as described previously
(43, 44). Briefly, 45 ul of 1 um TprC~N, TprI™, or TprF in Tris
buffer (50 mm Tris, 100 mm NaCl at pH 7.5) or 45 ul of buffer
alone were added to 5 ul of 200X SYPRO® Orange (Invitrogen)
diluted from a 5,000-fold stock solution in DMSO. Each sample
was added in triplicate into a 96-well plate. Protein melting
experiments were carried out using an iCycler iQ real-time PCR
detection system (Bio-Rad) with 465 and 580 nm as the excita-
tion and emission wavelengths, respectively. Melting curve flu-
orescent signals were acquired between 25 and 90 °C using a
ramping rate of 0.2 °C s '. Experiments were repeated three
independent times, and melting temperatures (T',,) were deter-
mined in Prism by using a modification of the Boltzmann
model.
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FIGURE 1. Antigenic reactivities of TprC subfamily-specific antisera. A, immunoblot analysis of 100 ng of recombinant TprC™, Tprl™, and TprF using rat
antisera directed against TprCN, TprCS, TprC®®, TprI*®, and Tprl/FP. B, immunoblot analysis of T. pallidum lysates (2 X 10® organisms/lane) using rat antisera
directed against TprC*?, Tprl*?, and Tprl/F*P. Molecular mass standards are on the left of each immunoblot.

Heat Modifiability—Recombinant proteins solubilized in
SDS sample buffer were subjected to SDS-PAGE with or with-
out boiling (10 min), followed by staining with GelCode® Blue
(Thermo Fisher, Rockford, IL). To examine the heat modifiabil-
ity of native TprI, freshly harvested T. pallidum was incubated
overnight at 4 °C with native lysis buffer (50 mm Tris (pH 7.0),
0.5% DDM, and 5% protease inhibitor mixture). Insoluble
material was removed from the sample lysed with native lysis
buffer by centrifugation at 20,000 X g for 20 min at 4 °C; lysates
solubilized in SDS sample buffer 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) for immunoblot analysis (29).

Triton X-114 Phase Partitioning—10 ug of recombinant pro-
teins were added to 2% Triton X-114in PBS supplemented with
0.5% protease inhibitor mixture and incubated overnight at
4 °C. The samples were phase-separated, and the detergent-
enriched and aqueous phases were extracted five times with
PBS and 2% Triton X-114, respectively (45). All samples were
precipitated with 10 volumes of acetone overnight at —80 °C for
subsequent SDS-PAGE analysis and staining with GelCode®
Blue. Triton X-114 phase partitioning of native TprC, Tprl, and
TprF was performed with or without preincubation in DDM as
described previously (29). The aqueous, detergent, and insolu-
ble fractions were resuspended with 50 ul of 1 X Laemmli sam-
ple buffer (Bio-Rad) for subsequent SDS-PAGE and immuno-
blot analysis.

Blue Native PAGE—Blue native PAGE of recombinant and
native proteins was performed as described previously (29).

Size Exclusion Chromatography—To assess the relative size
of the TprC® construct, we carried out analytical size exclusion
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chromatography using a Superdex 200 10/300 GL column. The
column was equilibrated at room temperature in 50 mm Tris,
pH 8.0,200 mm NaCl, 0.1% lauryldimethylamine oxide (w/v). 25
pl of TprC© at 4.6 mg/ml was loaded onto the column and
subsequently run at a flow rate of 0.5 ml/min. The relative size
of the TprC® construct was estimated by comparing the reten-
tion volume with a standard curve calculated using blue
dextran.

Preparation of Liposomes and Performance of Liposome
Floatation Assays—Liposomes were prepared and used in float-
ation assays as described previously (29).

Pore Formation Assays—Pore formation assays were per-
formed using LUVs loaded with the fluorophore Th(DPA)3 ™~ as
described previously (29, 30, 37, 46).

Reconstitution of TprC® in Nanodiscs—Denatured TprC©
was purified using Ni-NTA resin and refolded in 1% DDM as
described above. N-terminal His-tagged MSP1E3D1 (E3D1)
nanodisc outer coat protein (47) was expressed in E. coli (DE3)
cells with 1 mwm isopropyl 1-thio-B-p-galactopyranoside. The
protein was purified further and dialyzed using a protocol
described elsewhere (48). Nanodiscs were formed using two
buffers at pH 7.5: 1) 20 mm Tris-HCI, 0.5 mm EDTA and 2) 20
mM Tris-HCI, 0.5 mm EDTA, 60 mm sodium cholate. The pow-
dered form of 1,2-dimyristoyl-su-glycero-3-phosphocholine
(Avanti Polar Lipids, Inc.) was dissolved in buffer 2 and used as
the lipid source for the preparation of discs. E3D1 was mixed
with TprC€ in a ratio of 1:1.5 with a 100-fold molar excess of
1,2-dimyristoyl-sun-glycero-3-phosphocholine. The reaction
mixture containing proteins and lipid was kept on a shaker at
room temperature for 2 h, following which wet Bio-Beads SM2
(Sigma) were added (2 g/ml of reaction mixture) and left on a
shaker for 18 h at room temperature. The solution was sepa-
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rated from the beads using a 0.45-um syringe and loaded onto a
Superdex S-200 column equilibrated with 20 mm Tris-HCI, 150
NaCl, 0.5 mm EDTA (pH 7.5). Fractions containing nanodisc
peaks were pooled and concentrated to be further analyzed
through SDS-PAGE and transmission electron microscopy
(TEM).

Electron Microscopy—Single droplets containing folded
TprCC (1 mg/ml) in 0.1% DDM, 100 mm NaCl, 50 mm Tris, pH
7.5, were applied to Parlodion and carbon-coated 400-mesh
copper grids (Ted Pella, Tustin, CA). Specimens were nega-
tively stained with 1% uranyl acetate (Sigma) and examined at
60 kV of accelerating voltage on a Hitachi H-765 electron
microscope. Approximately 400 single particle projections of
TprC monomers and trimers were selected for single particle
analysis using the X-Windows-based microscopy image pro-
cessing package (Xmipp) (49). Selected single particle projec-
tions (72 X 72-pixel frame) were aligned by multireference
alignment and reference-free alignment procedures (50, 51).
The best projections from each set were averaged after several
cycles of multireference alignments, statistical analysis, and
classification. For TEM of TprC® embedded in nanodiscs, sam-
ples were diluted severalfold in water to obtain a well dispersed
population, applied to Parlodion and carbon-coated 400-mesh
copper grids, and negatively stained with 0.75% uranyl formate.
Images were taken on a Tecnai G2 Spirit BioT WIN microscope
(FEI) at an accelerating voltage of 80 kV with a defocus of
~—1.6. Class averaging was performed by averaging 59-72
discs/image using Xmipp.

SAXS Analysis—SAXS and wide angle x-ray scattering data
were collected simultaneously at beamline X9 at the National
Synchrotron Light Source (Upton, NY) at 10 °C by two overlap-
ping detectors: a Mar 165 CCD SAXS detector 3.4 m from the
sample and a custom built Photonic Science CCD wide angle
x-ray scattering detector. The two-dimensional scattering
images collected on the CCD detectors were circularly averaged
using software developed at the beamline to yield one-dimen-
sional scattering profiles as a function of momentum transfer g
(g = 4msin(6)/A, where 277 is the scattering angle and A is the
wavelength). The x-ray wavelength was 0.855 A, and the angu-
lar range collected was 0.008 = g = 1.0060. The sample cell
contained a glass capillary sealed across the evacuated cham-
ber. Protein samples and matching buffer solutions were flowed
through the capillary during exposure to reduce radiation dam-
age. For data collection, 30 ul of the protein sample at concen-
trations between 1.0 and 4 mg/ml or matching buffer (50 mm
Tris (pH 7.5), 100 mm NaCl) were exposed for 90 s and subdi-
vided into three 30-s exposures of 30 ul. After each measure-
ment, the capillary was washed thoroughly and purged with
compressed nitrogen. The raw scattering data were scaled, and
the buffer was subtracted using the pyXS program developed at
Brookhaven National Laboratory (52). Each individual scatter-
ing curve was visually inspected for radiation damage and
aggregation prior to averaging by Guinier plot analysis (53).
Averaged scattering curves from the SAXS and wide angle x-ray
scattering detectors were scaled and merged in PRIMUS (54) to
yield a low noise composite curve. The radii of gyration (R,)
were initially calculated using AUTORG (55). P(r) functions
were calculated using the program GNOM (56) with a maxi-
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mum particle diameter of 140 A for TprF. 20 independent runs
in DAMMIN (57) were performed, and then the most probable
model was computed with DAMAVER (58).

Indirect Immunofluorescence Analysis of T. pallidum in Gel
Microdroplets—Freshly harvested T. pallidum cells were
encapsulated in low melting point agarose (Sigma) microdrop-
lets as described previously (14, 26, 35, 40). Encapsulated organ-
isms were probed in a two-step process. In the first step, rat
antiserum directed against TprCY, TprCS, or FlaA (each
diluted 1:100) was added to the bead suspensions (0.2—0.3 ml)
in the presence or absence of 0.1% (v/v) Triton X-100, followed
by incubation for 2 h. In the second step, samples were incu-
bated with gentle mixing in a 34 °C water bath for 2 h. The beads
were then washed three times by low speed centrifugation
(100 X g) and resuspended in CMRL medium followed by incu-
bation for 1 h at 34 °C with 1 ug/ml goat anti-rat Alexa Fluor
488 conjugates (Invitrogen). The beads were then washed three
times with CMRL medium and observed with a epifluorescent
Olympus BX-41 microscope using a 100X (1.4 numerical aper-
ture) oil immersion objective equipped with a Retiga Exi char-
ge-coupled device (CCD) camera (Q Imaging, Tucson, AZ) and
fluorescein isothiocyanate (FITC) and rhodamine w filter sets.
For each sample, three slides were prepared, and ~100 organ-
isms were scored for labeling.

Opsonophagocytosis  Assays—Opsonophagocytosis
were performed as described previously (29, 59).

Fractionation of E. coli Expressing TprC, Tprl, and TprF with
a PelB Signal Sequence—The DNAs encoding the tprC, tprl,
and tprF genes without the native signal sequences were cloned
into the BamHI and HindIII sites of a modified pET20b vector
(EMD Millipore) (60) downstream and in frame with an N-ter-
minal PelB signal sequence. The recombinant proteins were
expressed in E. coli C41 (DE3) at 20 °C without induction in LB
medium supplemented with 50 ug ml~' ampicillin. Fraction-
ation of E. coli cells was based on protocols published previ-
ously (61). Briefly, 1 liter of cells was pelleted and resuspended
in 10 ml of 200 mm Tris-HCI (pH 8), 1 M sucrose, 1 mm EDTA;
lysozyme was added to a final concentration of 1 mg/ml. The
suspension was mixed and incubated for 10 min at room tem-
perature, following which 40 ml of ultrapure deionized water
(dH,O) were added before the suspension was placed on ice;
the cells were then centrifuged at 200,000 X gfor 45 minat4 °C.
The supernatant, which contained the periplasmic fraction,
was removed. The pellet, consisting of spheroplasts, was resus-
pended in 5 ml of ice-cold 20 mm Tris-HCI (pH 7.5), 5 mm
EDTA, 0.2 mm DTT supplemented with 50 ul DNase (1
mg/ml). The spheroplasts were ruptured in a French press with
three passes at 108 pascals. Unbroken cells were removed by
centrifugation at 5,000 X g for 10 min at 4 °C. The supernatant,
containing cytosolic and crude membrane fractions, was cen-
trifuged at 300,000 X g for 2 h at 4 °C. The supernatant (cyto-
solic fraction) was removed, and the pellet (crude membranes)
was resuspended in 10 ml of 50 mm Tris-HCI (pH 7.5), 2% (w/v)
Triton X-100, 10 mm MgCl, and centrifuged at 90,000 X g for
30 min at 4°C. The supernatant (inner membranes) was
removed. The pellet (outer membranes) was washed in 2 ml of
50 mm Tris-HCI (pH 7.5), 2% (w/v) Triton X-100, 10 mm MgCl,;
centrifuged at 90,000 X g for 30 min at 4 °C; washed three times

assays
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FIGURE 2. Domain architectures of T. denticola major outer surface protein and TprC subfamily members. The signal sequences of all three proteins are
shown in blue. The portions of TprC and Tprl colored in black and yellow, respectively, denote the TprC- and Tprl-specific regions of each protein (TprC*? and
Tprl*?). The green regions in Tprl and TprF denote regions present in Tprl and TprF but not TprC (Tprl/FP). The red portion in TprF denotes an 11-amino acid

stretch unique to that protein.

in 1 ml of dH,O; and frozen at —20 °C prior to SDS-PAGE and
immunoblot analysis.

Immunofluorescence Assay of E.coli Expressing Exported
TprC, Tprl, and TprF—E. coli C41 (DE3) strains expressing
exported recombinant TprC, Tprl, and TprF were grown to
mid-log phase. Aliquots of 1 ml of cells were pelleted, washed,
and resuspended in PBS and then fixed in 4% paraformaldehyde
for 30 min at room temperature, followed by several washes
with PBS. For permeabilization, cells were resuspended in
Buffer P (PBS with 0.1% Triton X-100, 10 mm EDTA) with 100
pg/ml lysozyme for 30 min at room temperature. Intact or per-
meabilized cell samples were resuspended in PBS or Buffer P,
respectively, containing 2% BSA prior to incubation with
1:1,000 dilutions of rat anti-TprC~, —TprCC, or -Skp antiserum
for 2 h at 4 °C, followed by incubation with a 1:300 dilution of
goat anti-rat Alexa Fluor 488 (Invitrogen) for an 1 h. After
washing, cells were mounted in Vectashield® antifade reagent
(Invitrogen) containing DAPI, and 10-ul drops were applied to
glass slides. Fluorescent images were acquired on an epifluores-
cence Olympus BX-41 microscope using a x40 (1.4 numerical
aperture) oil immersion objective equipped with a Retiga Exi
CCD camera (Q Imaging, Tucson, AZ), and the data were ana-
lyzed using Cell M (Olympus) and Image].

Statistical Analysis—Statistical analyses were performed in
GraphPad Prism using unpaired Student’s ¢ tests with two-
tailed p values; p values <0.05 were considered significant.

RESULTS

Full-length TprC (TprC*) and Tprl (TprI*"), but Not TprF,
Form Amphiphilic B-Barrels with Pore-forming Activity—As
depicted in Fig. 2, the NCBI Conserved Domain Database
server predicts that Tprl, like TprC, contains N- and C-termi-
nal domains (TprI™ (residues 83-281) and TprI€ (409 —609),
respectively) related to the MOSP™ and MOSP“ domains of the
major outer sheath protein of T. denticola; the truncated TprF,
on the other hand, contains only a MOSPN-like domain
(TprEY, residues 83-281). This analysis, coupled with our pre-
vious studies showing that TprC™ and TprCS, but not TprCY,
can form trimeric, amphiphilic B-barrels with channel-forming
activity (29), lead to the prediction that TprI* can fold to form
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an amphiphilic B-barrel, but TprF cannot. As a first test of this
prediction, we assessed the heat modifiability of the recombi-
nant TprC subfamily proteins. 3-Barrel-forming proteins char-
acteristically remain folded in SDS at room temperature and,
consequently, run with lower apparent molecular masses by
SDS-PAGE than when denatured by boiling in SDS, a property
termed heat modifiability (62). As controls, we included E. coli
OmpG, a single domain, 14-stranded B-barrel (63), and E. coli
OmpA, which consists of an N-terminal, 8-stranded B-barrel
and a C-terminal peptidoglycan-binding domain (64— 66). Fig.
3A shows that OmpG, OmpA, TprC, and TprI*' displayed
heat modifiability, whereas boiling had no effect on the SDS-
PAGE mobility of TprF. Furthermore, consistent with previous
results for native TprC (29), native Tprl, detected in T. palli-
dum lysates using a Tprl-specific antiserum (see “Experimental
Procedures” and Fig. 1B), also displayed heat modifiability (Fig.
3C). We next assessed the amphiphilic properties of the three
recombinant Tpr proteins using Triton X-114 phase partition-
ing and liposome incorporation. Of note, for these experiments,
we used LUVs whose phospholipid content simulates the
T. pallidum OM (17). As shown in Fig. 44, TprC* and TprI*!
both partitioned into the Triton X-114 detergent-enriched
phase, whereas TprF was recovered in the aqueous phase. Fol-
lowing separation on discontinuous sucrose gradients, TprIFl,
like TprC*, was recovered from the liposome-containing top
fractions, whereas TprF sedimented in the bottom fractions
containing unincorporated protein (Fig. 4C). Additionally, as
shown in Fig. 4E, TprI*, but not TprF, exhibited porin activ-
ity in the Th(DPA)3™ efflux assay comparable with that of
TprC*; channel formation by both TprC*' and TprI*' was
significantly greater than that by E. coli OmpF, an archetypal
porin, (67). In contrast, OmpA, which exists predominantly
in a closed confirmation (67), exhibited poor channel-form-
ing activity (Fig. 4E). Using these same biophysical method-
ologies, we also confirmed that the bipartite architecture and
porin activity of Tprl mirror those of TprC. The results in
Figs. 3B and 4 (B, D, and F) collectively demonstrate that
TprI€ alone is capable of forming an amphiphilic B-barrel
with porin-like function.
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FIGURE 3. Recombinant Tprl™ and TprC™, but not TprF, are heat-modifiable. Heat modifiability of folded recombinant proteins (A and B) and native Tprl in
T. pallidum (C). Following SDS-PAGE with (+) or without (—) boiling in sample buffer, proteins were stained with GelCode® Blue (A and B) or transferred to
nitrocellulose (C) for immunoblotting with Tprl-specific antiserum. Molecular mass standards (kDa) are on the left of each panel.

TprC* and TprI"" Trimers Are Unstable in SDS—Classical
porins, such as E. coli OmpF, remain trimeric at room temper-
ature in the presence of SDS (68). Previously, we established
that TprC™ and native TprC form trimers when solubilized in
the non-denaturing detergent DDM and that the MOSP“-like
domain is responsible for trimerization (29). Using size exclu-
sion chromatography, we confirmed that TprC® forms trimers
in lauryldimethylamine oxide, another non-denaturing deter-
gent (Fig. 5A). Interestingly, when we examined the heat mod-
ifiability of TprC*, TprC®<, and TprI€ in this study, we noted
that they migrated as monomers in SDS at room temperature
(Fig. 3), suggesting that TprC and Tprl trimers are less stable
than those formed by OmpF. To test this supposition, we
directly compared the stability of TprC subfamily and OmpF
trimers. Under non-denaturing conditions (i.e. blue native
PAGE), TprC* and TprI*' formed trimers, whereas TprF did
not (Fig. 5B). Using antisera specific for TprC (29) and TprlI (as
described above), native TprC and Tprl also formed trimers
(Fig. 5B). In contrast, in SDS at room temperature, TprC and
TprI* were monomeric, whereas refolded OmpF retained its
trimeric state (Fig. 5C). Similarly, native TprC and TprI also
migrated as monomers in SDS at room temperature (Fig. 5C).
The lack of a TprF-specific antiserum precluded our ability to
assess the oligomeric state of native TprF.

Divergent Secondary Structures of the MOSPN- and MOSP“-
like Domains—We next used far-UV CD spectroscopy to assess
the a-helix and B-sheet contents of TprC*, TprI*, TprF,
TprCN, TprCS, TprI™, and TprI© and compare them with the
single domain OmpG and the bipartite OmpA. Table 1 contains
a summary of the secondary structure data for all of the pro-
teins. In accord with published structures (63— 66), OmpG con-
tains only miniscule (4%) a-helix, whereas OmpA, although
predominantly B-sheet, contains substantial (22%) a-helix.
Similar to OmpA, both TprC™ and TprI* contain mixtures of
B-sheet and «-helix, with the former predominant. As with
OmpG, the MOSP€-like domains consist almost entirely of
B-sheet; the MOSPN-like domains contribute virtually all of the
a-helical content to the full-length proteins. As expected,
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TprCN, TprI™, and TprF have nearly identical proportions of
B-sheet and a-helix.

The TprC Subfamily Members Possess a High Degree of Ther-
mal Stability—The above heat modifiability data suggested that
the TprC and Tprl B-barrels possess conformational stability
comparable with that of their Gram-negative counterparts. To
confirm and extend this notion, we next used far-UV CD ther-
mal denaturation, a well established method for assessing pro-
tein secondary structure stability (42, 69), to examine the sta-
bility of the TprC subfamily members and their MOSP™N- and
MOSP€-like domains during thermal stress; OmpA and OmpF
were included as comparators. The changes in CD ellipticity at
218 nm for each protein, plotted as fraction of unfolded protein
versus temperature (data not shown), were utilized to derive the
unfolding midpoints (7, values) (Table 2). Mesophilic proteins
with 7', values above 45 °C are generally considered to be ther-
mostable (70, 71); all of the proteins studied herein met this
criterion. Of note, the 7', for OmpF is in close agreement with
published values determined by both CD and differential scan-
ning calorimetry (72). Each curve shows a sharp unfolding tran-
sition, indicating a two-state thermal unfolding, all of which
were irreversible upon cooling from 90 to 25 °C. The T, values
of TprC* and TprI* were comparable with that of OmpF and
well above that of OmpA. Although the thermal stability of the
MOSP€-like domains was expected, the stability of the
MOSPN-like domains and TprF was not. To confirm these lat-
ter results, we measured the T,, values of TprF, TprC", and
TprI™ using a fluorescence-based thermal denaturation assay
(43, 44). For all three proteins, the T,, values obtained after
non-linear fitting were nearly identical to the CD thermal dena-
turation values (Table 2). Also of interest were the findings that
the T, values of TprC"' and TprI™ were greater than those of
either domain, suggesting that both domains contribute to the
overall marked stability of the full-length proteins.

TprC€ Can Circularize, whereas TprF Forms an Extended,
Inflexible Structure—To complement the biophysical evidence
that MOSP“-like domains form B3-barrels and can trimerize, we
used TEM to visualize folded, recombinant TprC<. In the first
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FIGURE 4. TrpC and Tprl, but not TprF, are amphiphilic, pore-forming proteins. A and B, 10 ug of each recombinant protein were phase-partitioned in
Triton X-114, separated by SDS-PAGE, and stained with GelCode® Blue. Lanes show aqueous (Aqg) and detergent-enriched (Det) phases. Cand D, liposomes were
reconstituted with 10 ug of each folded recombinant protein, followed by sucrose density gradient ultracentrifugation. Fractions were subjected to SDS-PAGE
followed by immunoblotting with antisera directed against TprC™ (TprC and Tprl), TprCN (TprC™, TprI™, and TprF), and TprCE (TprCE and Tprl€). Lanes show that
top fractions (TF) contain liposome-incorporated material, whereas the middle and bottom fractions (MF and BF, respectively) contain unincorporated mate-
rial. £ and F, quenching of LUVs encapsulating Tb(DPA)3 ™ after incubation with 100 nm recombinant proteins in 50 mm HEPES (pH 7.5), 100 mm NaCl supple-
mented with 5 mm EDTA. Each bar represents the mean = S.E. (error bars) for three independent experiments. Statistical significance compared with E. coli
OmpF was assigned according to the following scheme: *, p < 0.05; **, p < 0.0001. In A-D, molecular mass markers are shown at the right side of each gel or
immunoblot.

set of experiments, we examined TprC® folded in DDM. were generated using Xmipp version 3.0 (49). The image-aver-
Inspection of the grids revealed evenly dispersed particles in a aged monomer (Fig. 6A) is a circular structure with an external
variety of orientations (Fig. 6A4), which, on closer inspection, diameter of ~5nm and a central pore of ~20 A. The monomers
were a mixture of monomers, trimers, and aggregates. Two- in the image-averaged trimer, containing three negatively
dimensional reconstructions of ~800 monomers and trimers stained pits, tilt downward in a rosette-like arrangement with a
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FIGURE 5. TprC™ and TprI¥' form SDS-dissociable trimers. 4, size exclusion chromatography analysis of TprCS in 50 mm Tris, pH 8, 200 mm NaCl, and
0.1% lauryldimethylamine oxide. The relative size of the TprC® was estimated by comparing the retention volume with a standard curve calculated using
blue dextran. B, blue native PAGE. TprC™, Tprl™, TprF, and T. pallidum lysates solubilized in 0.5% DDM with 50 mm Tris (pH 7.0) were separated by blue
native PAGE followed by immunoblot analysis with antisera directed against TprC™ (TprC™ and Tprl™"), TprCN (TprF), TprC®P (native TprC), and Tprl*P
(native Tprl). C, SDS-PAGE without boiling. TprC™, Tprl™, OmpF, and T. pallidum lysates were subjected to SDS-PAGE without boiling. Recombinant
proteins were stained with GelCode®, whereas T. pallidum lysates were immunoblotted with TprC*P and TprI°P antisera. Molecular mass standards (kDa)

are shown on the left.

TABLE 1

Secondary structures of TprC subfamily constructs, E. coli OmpG, and
E. coli OmpA determined by CD spectroscopy

Construct B-Sheet a-Helix Random coil
% % %
E. coli OmpG 54.5 4.5 36.9
E. coli OmpA 56.2 22,6 212
TprCH! 52.7 18.6 29.7
TprCN 36.2 25.4 38.4
TprC© 58.6 5.1 36.3
TprI™ 53.6 16.5 29.9
Tpr™ 36.5 25.6 379
Tprl© 59.2 4.2 36.6
TprF 35.7 22.2 42.0
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3-fold axis of symmetry (Fig. 6A4). Additionally, we examined
TprC€ in self-assembled phospholipid bilayer nanodiscs, which
provide a true lipidic environment for protein folding (47).
TEM of nanodiscs containing TprC® showed a mixture of
monomers and trimers in an approximate ratio of 1:3 (Fig. 6B).
As with detergent-folded TprC®, a central pore is readily visible
in the monomers and in the monomeric subunits of trimers
(Fig. 6B).

Small angle x-ray scattering is a powerful tool for determin-
ing the overall shape and structural flexibility of a protein (73,
74). One relevant example is the demonstration by SAXS of the
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TABLE 2

Thermal denaturation temperatures (T, values) of TprC subfamily
proteins, E. coli OmpA, and E. coli OmpF calculated from far-Uv CD
transition and SYPRO Orange® dye

Transition data refer to the molar ellipticity at 218 nm.

T,, by SYPRO®
Protein T, “by CD Orange

E. coli OmpF 79.3 £0.7

E. coli OmpA 52 1.5

TprC* 715 + 0.2

TprCN 50.3 £ 0.4 50.0 £ 0.5
TprC© 62.3 0.5

TprI*! 672+ 1.2

TprI™ 50.6 = 0.4 50.0 £0.5
TprI€ 62.1%0.5

TprE 514 * 0.8 50.2 £0.8

“T,, values were obtained by non-linear regression analysis to the CD thermal
curves.

conformational flexibility between domains 2 and 3 of the
periplasmic POTRA arm of E. coli BamA (75). X-ray scattering
(31, 76) was employed to define the envelope structure of TprF
in solution and, by extension, the MOSP™-like domains of
TprC and Tprl. Scattering data were scaled and averaged in
PRIMUS (54) to yield a low noise composite curve (Fig. 7A).
The distance distribution function, P(r), representing the scat-
tering curve in real space, enables delineation of the overall
conformation of the scatterer (i.e. TprF); the largest dimension,
D, .. is estimated from the point where the function
approaches zero. P(r) was derived using an indirect Fourier
transformation of the scattering curve implemented in the pro-
gram GNOM (56). The P(r) of TprF (Fig. 7B) shows a unimodal
peakat34.7 Aand D, at 140 A, indicating that TprF adopts an
extended, inflexible conformation. Fig. 7C depicts a model for
the solution structure generated using DAMMIN and
DAMAVER (57, 58).

TprC and TprI Are Bipartite and Surface-exposed in T. pal-
lidum, whereas TprF Is Periplasmic—To establish the cellular
locations of the MOSP™ and MOSP-like domains of native
TprC and Tprl, we performed indirect immunofluorescence
analysis of treponemes encapsulated in gel microdroplets (14,
26, 35, 40). This sensitive method is ideally suited for this pur-
pose because it not only preserves the integrity of fragile T. pal-
lidum OMs throughout the immunolabeling procedure but
also allows for their controlled removal by detergent solubiliza-
tion (in this case 0.10% Triton X-100) in order to detect
periplasmic antigens. Shown in Fig. 8, A and B, respectively, are
representative images and corresponding bar graphs for the
percentages of labeled organisms in three independent experi-
ments. More than 50% (55 = 5%) of the treponemes were
labeled by antibodies against TprC® in the absence of deter-
gent, far greater than the miniscule percentage (4 = 2%) labeled
with antibodies against TprC™ under the same conditions. The
result for anti-TprC" is consistent with the small percentage of
OM-damaged organisms typically observed in this assay (26,
40) and herein (6 = 3%) based upon labeling with antibodies
against FlaA. Importantly, the percentage of treponemes
labeled by the anti-TprC™ antiserum increased dramatically in
the presence of detergent (56 = 8%), as was observed for FlaA
(87 £10%). Indirect immunofluorescence analysis (IFA) exper-
iments also were performed to localize the interdomain regions
used to generate the TprC®P-, TprI®P-, and Tprl/F*P-specific
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antisera. With all three antisera, labeling above background was
observed only with detergent-treated organisms (Fig. 8, A and
B). No labeling of intact or permeabilized T. pallidum was
observed with normal rat serum (data not shown). Knowing the
reactivities of the various antisera and that all three TrpC sub-
family proteins are co-expressed as determined by immuno-
blotting (Fig. 1B), we conclude from the collective IFA results
that only the MOSP“-like domains of TprC and Tprl are
inserted in the T. pallidum OM, whereas the MOSPN-like
domains and TprF are periplasmic.

MOSP -like but Not MOSPN-like Domains Are Opsonic
Targets—Internalization of treponemes by macrophages is
believed to be a primary mechanism for bacterial clearance dur-
ing syphilitic infection (59, 77). To complement the above IFA
results demonstrating that only MOSP<-like domains are sur-
face-exposed in T. pallidum, we assessed opsonophagocytosis
of treponemes following incubation with rabbit antisera to
TprCN and TprC€. As shown in Fig. 94 (see Fig. 9B for repre-
sentative micrographs), immune rabbit serum and TprC® anti-
serum significantly increased uptake of organisms compared
with the background levels seen with normal rabbit serum,
anti-TprCY, and an antiserum to the periplasmic POTRA
domain of Tp0326 (36), the BamA ortholog of T. pallidum. As a
qualitative measure of the degree of surface antibody binding by
the treponemal populations, we also enumerated spirochetes in
supernatants collected following the 4-h incubation periods
(Fig. 9C). Consistent with the internalization results, superna-
tants containing spirochetes incubated with immune rabbit
serum and the TprC® antiserum contained significantly lower
percentages of organisms (using input values as 100%) than
supernatants containing spirochetes incubated with normal
rabbit serum, anti-POTRA, or the TprCN antiserum.

The B-Barrels of Native TprC and Tprl Are Tethered within
the Periplasm—In our previous study (29), we discovered that
when T. pallidum was subjected to our standard Triton X-114
phase-partitioning protocol, TprC remained with the deter-
gent-insoluble fraction, which, by TEM, contains the pepti-
doglycan sacculus (Fig. 10A4). However, when phase partition-
ing was performed on lysates initially solubilized with DDM,
TprC was recovered in the detergent-enriched phase. Because
the B-barrel is OM-embedded and should be readily solubilized
with Triton X-114 based on the phase partitioning results with
recombinant TprC*' and TprC®, we interpreted these findings
to mean that in T. pallidum, the N-terminal domain tethers the
B-barrel within the periplasm. Herein, we repeated these find-
ings for TprC (Fig. 10B) and obtained identical results for Tprl
(Fig. 10C). Thus, in T. pallidum the B-barrel of Tprl also
appears to be tethered by the native protein’s N-terminal
domain. TprF, on the other hand, resisted solubilization with
DDM and remained with the Triton X-114-insoluble material
(Fig. 10D), indicating that it is more tightly bound within the
periplasm than either TprC or Tprl.

TprC and Tprl Expressed in E. coli with PelB Signal Sequences
Are OM-associated, Surface-exposed, and Bipartite, whereas
Exported TprF Is Periplasmic—Topologic analysis of individual
TprC subfamily proteins in T. pallidum is problematic due to
their high degree of sequence similarity compounded by the
syphilis spirochete’s recalcitrance to cultivation and genetic
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», 100 nm

FIGURE 6. Single particle image analysis confirms that TprC® can circularize. A, electron micrograph of negatively stained TprC® showing average projec-
tion maps of monomeric and trimeric forms as insets in the left and right corners, respectively. Scale bar for insets, 5 nm. Samples applied to grids contained
folded TprC® (1 mg/ml) in 0.1% DDM, 100 mm NaCl, 50 mm Tris, pH 7.5. B, electron micrograph of negatively stained TprC® reconstituted in E3D1 nanodiscs
showing average projections of monomer and trimer as insets in the left and right corners, respectively. Scale bar for insets, 10 nm. For both A and B, single

particle image analysis was performed using Xmipp (47).
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FIGURE 7. SAXS analysis reveals TprF as an extended, inflexible structure. A, experimental scattering curve for TprF, scaled and averaged in PRIMUS (54).
B, P(r) function of TprF calculated from the experimental scattering curve using GNOM (56). C, averaged ab initio reconstruction of the TprF molecular envelope

calculated by DAMAVER (58).

manipulation. One strategy for circumventing these difficulties
is to express these proteins in a genetically malleable surrogate
with export signals that direct them to the appropriate cellular
compartments. Along these lines, we placed the coding
sequences for the processed forms of TprC, Tprl, and TprF
downstream of a PelB signal sequence and expressed them in
E. coli. As shown in Fig. 11B, following fractionation, TprC and
Tprl were recovered with the OMs, whereas TprF was recov-
ered with the periplasmic proteins. IFA of intact and permea-
bilized isopropyl 1-thio-B-p-galactopyranoside-induced cells
was performed using TprC™ and TprC€ antisera and antiserum
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to the periplasmic chaperone Skp (78, 79); representative
images are presented in Fig. 11C. Intact E. coli expressing TprC
or Tprl, but not TprF, were labeled only with antibodies to
TprCS, whereas antisera to TprC™ and Skp labeled only per-
meabilized cells. Neither TprC domain antiserum reacted with
uninduced intact or permeabilized cells (data not shown).

DISCUSSION

The discovery of rare outer membrane proteins in 7. palli-
dum dates from the use of freeze-fracture electron microscopy
to explain the poor antigenicity of live spirochetes in vitro (18,

JOURNAL OF BIOLOGICAL CHEMISTRY 12323

STOZ ‘22 00100 U0 AelqiT eIUsD YleaH 1Nonseuuo) Jo AIseAlun e /Bio-og mmmy/:dny woij pepeojumod


http://www.jbc.org/

T. pallidum Outer Membrane Insertion of Tpr C-terminal Domains

A a-FlaA o-TprCN  a-TprC <

DAPI

IFA

DAPI

IFA

[=]
(=]
]

[2] [=]
(=] o
I I

% labeling
g

20+

P 1 P

o-TprCN o-TprC¢ a-TprCSe

o-TprCS?  o-TprIP o-Tprl/FSP

-~

a-TprI® o-Tprl/FS? ¢-FlaA

FIGURE 8. Bipartite topology of native TprC by IFA. A, motile T. pallidum were encapsulated in gel microdroplets and probed with 1:100 dilutions of rat antisera
against TprC", TprC, TprC®P, Tprl*P, Tprl/F°P, or FlaA without (intact, /) or with (permeabilized, P) removal of OMs by preincubation with 0.10% Triton X-100. Antibody
binding was detected with 1 ug/ml goat anti-rat Alexa Fluor 488 (green) conjugate. Scale bars, 3 um. B, bar graphs showing the percentage of labeling of intact (/) and
permeabilized (P) T. pallidum with the various antisera; each bar represents the mean = S.D. (error bars) for three independent experiments.

19) and the bacterium’s well recognized propensity for evading
humoral responses during human infection (7, 20). In the pre-
genomics era, efforts to identify the entities visualized as
intramembranous particles were impeded by the fragility of the
T. pallidum OM, the limited quantity of OMs that could be
isolated from this noncultivatable bacterium, and the low cel-
lular abundance of these presumptive OM-spanning proteins
(11, 12, 80). The availability of the genomic sequence in 1998 (16)
did not immediately resolve this conundrum because the spiro-
chete lacks orthologs for OMPs that at the time had been well
characterized in model proteobacteria, especially E. coli. However,
it was noted that the T. pallidum genome encodes a large family of
paralogous proteins, the Tprs, related to the MOSP of T. denticola
(16). Extrapolating from published studies of MOSP, Fraser et al.

12324 JOURNAL OF BIOLOGICAL CHEMISTRY

(16) conjectured that the Tprs function as adhesins and porins
and, given the number of paralogs, might also be a system for anti-
genic variation. Using a bioinformatics-based approach to identify
T. pallidum proteins predicted to form -barrels, we found that,
among the Tprs, the TprC subfamily contains the highest ranked
candidate OMPs (26). Subsequently, we reported that TprC is an
authentic rare OMP and that it possesses a bipartite topology in
which TprC® comprises the B-barrel (29). Herein, we confirmed
this architectural model for native TprC expressed by 7. pallidum
and extended it to the closely related Tprl, which also contains
MOSPYN- and MOSP<-like domains. The truncated TprF, in con-
trast, was found to be a hydrophilic, extended structure in purified
recombinant form and tethered within the periplasm in
T. pallidum.
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FIGURE 9. Only the MOSP -like domains are opsonic targets. A, percentages of rabbit peritoneal macrophages containing internalized treponemes. Results
shown are means = S.E. (error bars) for three independent experiments. B, representative micrographs. Each image is a composite of bright field images, nuclei
stained with DAPI, and FITC-labeled T. pallidum. Arrowheads, degraded treponemes inside macrophages. C, percentages of treponemes recovered following
a 4-h incubation of rabbit peritoneal macrophages and treponemes with the indicated sera. Results shown are means = S.E. for three independent experi-

ments. p values of <0.05 (Student'’s t test) were considered significant.

Because the first crystal structure of an OMP, the porin of
Rhodobacter capsulatus, was solved in 1991 (81), numerous
high resolution structures of OMPs have been reported (82). In
the vast majority, regardless of function, the entire polypeptide
comprises the B-barrel (82, 83). Three classes of bipartite
OMPs, in which a single polypeptide comprises the entire OM-
spanning protein, have emerged as exceptions to this general-
ization: autotransporters (84), BamAs (Omp85 superfamily)
(85— 88), and OmpAs (65, 66, 89). Whereas BamA and OmpA
consist of B-barrels with sizeable periplasmic domains, the
autotransporters are distinctive in that the hydrophilic passen-
ger domain extrudes through the barrel to the exterior of
the cell. BamA and OmpA, however, differ topologically; the
16-transmembrane strand 3-barrel of BamA resides within the
C-terminal half of the protein, whereas the converse is true for
the 8-stranded barrel of OmpA. The periplasmic portions of
these two proteins, although both mixtures of a-helix and
B-strand, also differ markedly. The flexible, N-terminal peri-
plasmic portion of BamA consists of multiple POTRA domains
(90), which function as a “jointed” arm to intercept newly
exported OMP precursors bound to periplasmic chaperones
and thread them to the other components of the B-barrel
assembly machine (Bam) for insertion into the OM (85, 87, 91).
The single N-terminal periplasmic domain of OmpA fulfills a
very different functional role, enhancing the stability of the OM
by tethering the B-barrel to the murein layer residing beneath
the bilayer (65, 89). The data presented here and elsewhere (29,
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30) for TprC, Tprl, and MOSP of T. denticola reveal that these
full-length proteins represent a new class of OMP. Like BamA,
they consist of N-terminal periplasmic and C-terminal 3-barrel
domains. However, the N-terminal domain, a single, extended,
highly stable, mixed «/f structure, appears to play a structural
role akin to the C-terminal region of OmpA, although we do not
know the molecules within the periplasm with which it inter-
acts. Interestingly, the TprC and Tprl B-barrels possess fea-
tures, namely formation of trimers and ostensibly open chan-
nels, more reminiscent of OmpF than of OmpA, which has poor
conductivity due to a largely occluded channel (92, 93). Previ-
ously, we described TprC as a functional analog of E. coli
OmpF. Based on the data as a whole, a more accurate analogy
for TprC and Tprl would seem to be as a functional chimera of
OmpF and OmpA.

Gram-negatives, prototypical diderms, have highly imper-
meable, LPS-containing OMs but also express abundant non-
selective porins for diffusion-dependent uptake of substrates
present at high concentrations in the extracellular environ-
ment; lower copy number, selective OMP transporters are
employed for importation of scarce nutrients, such as iron (67,
83). How T. pallidum meets its nutritional requirements, given
its unorthodox OM and diminutive content of OMPs, is a long-
standing mystery (12). The bacterium’s extremely slow dou-
bling time, ~30 h in rabbits (94), is almost certainly part of the
answer; such a slowly growing bacterium must consume nutri-
ents at a dramatically lower rate than organisms with doubling
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FIGURE 10. Native TprC and Tprl are amphiphilic but tethered to the peptidoglycan sacculus, whereas TprF is entirely periplasmic and tightly bound.
A, extensively washed Triton X-114-insoluble material visualized in negatively stained whole mounts by transmission electron microscopy. Triton X-114 phase
partitioning of T. pallidum lysates (1 X 10° organisms) without (—) or with (+) presolubilization with 2% DDM. Whole cells (WC), Triton X-114-insoluble material
(Ins), and aqueous and Triton X-114-enriched phases (Aq and Det, respectively) were separated by SDS-PAGE followed by immunoblotting using antisera
directed against TprC? (B), Tprl°P (C), or Tprl/F°P (D). Arrowheads in D, TprF. Molecular mass markers (kDa) are shown at the /eft of each immunoblot.

times on the order of 20 min. Lacking LPS (16), the T. pallidum
OM also is more permeable than that of Gram-negatives and
may be capable of taking up some nutrients, such as long-chain
fatty acids, by diffusion across the bilayer (95). Nevertheless, it
has long been presumed that the syphilis spirochete, an
extreme auxotroph (16), could not survive without porin-like
proteins (96). Although initial reports of T. pallidum porins
proved to be erroneous (97, 98), we have now provided strong
evidence that Tprs with C termini capable of forming amphi-
philic B-barrels can fulfill this function. Thus, it appears as if
stealth pathogenicity involves striking a delicate balance
between the number of OMPs needed to sustain viability and an
expression profile of OMPs that limits vulnerability to host
antibodies. Given the premium on minimizing the number of
surface-exposed antigenic targets, one also would anticipate
that the channels formed would be large. This conjecture is
supported by the assays performed herein, in which TprC and
Tprl enhanced permeability of liposomes to a degree greater
than OmpF, as well as previous black-lipid conductance studies
of T. denticola MOSP (99).

Porins of Gram-negative bacteria arerenowned for theirresis-
tance to protease digestion and denaturation by heat, low pH,
or chaotropic agents (68, 83). The remarkable sturdiness of
these molecules in their trimeric state undoubtedly reflects the
harsh environments, including the human gastrointestinal
tract, in which they have evolved to maintain structure and
function. Our collective results reveal that some of these phys-
ical traits are dispensable for an extraintestinal, extracellular
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pathogen, such as T. pallidum, whose surface does not need to
withstand a comparable chemical and enzymatic assault under
normal in vivo growth conditions. For example, native TprC
and Tprl expressed by T. pallidum are readily digested by pro-
teinase K, suggesting that their extracellular loops are not as
compact as those of conventional porins (33, 100, 101). The
trimers of Gram-negative porins resist dissociation in high con-
centrations of SDS at ambient temperature, a property attrib-
uted to the low binding of this denaturing detergent by the
closely packed hydrophobic interface that joins the monomers
(33, 68, 100, 101). For OmpF and OmpC, additional stability of
the trimer is provided by polar and ionic interactions between
the L2 loops of each monomer and neighboring subunits (33,
68, 100, 101). The finding that both TrpC and Tprl trimers
dissociate in SDS at room temperature indicates that the B-bar-
rel domains lack one or more of the structural features that
stabilize conventional porin trimers. Analysis of OmpF re-
vealed that dissociation of trimer and unfolding of monomer
are cooperative events (68). The instability of TprC and Tprl
trimers in SDS at ambient temperature suggests that, during
thermal stress, trimer dissociation precedes monomer unfold-
ing and that the denaturation curves mainly capture the inher-
ent stability of the monomers.

Our consensus computational framework identified the
truncated TprF as one of the higher ranked candidate rare
OMPs within the T. pallidum genome (26). An intriguing
question is how a Tpr without a C-terminal B-barrel domain
could have met bioinformatics criteria as a possible OMP.
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FIGURE 11. TprC and Tprl, but not TprF, expressed in E. coli with PelB signal sequences fractionate with OMs and display bipartite topology. Compa-
rable portions of periplasmic (P), inner membrane (IM), and outer membrane (OM) fractions, generated as described under “Experimental Procedures,” were

subjected to SDS-PAGE and immunoblotting with antisera directed against ATP synthase B subunit (ATPB), Skp, and OmpA as markers for the IM, P, and OM
fractions, respectively (A), and TprC (for E. coli expressing TprC and Tprl) or TprCN (for E. coli expressing TprF) (B). C, IFA of intact (/) or permeabilized (P) E. coli C41
(DE3) expressing TprC, Tprl, or TprF with PelB signal sequence were probed with 1:1,000 dilutions of rat antisera against TprCN, TprC<, and Skp (periplasmic
control). Antibody binding was detected with 1 uwg/ml goat anti-rat Alexa Fluor 488 conjugate.
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The answer lies in the CD analysis, which shows that TprF
possesses sufficient B-sheet structure to fool some of the
algorithms used to generate the consensus. However, bio-
physical analysis of TprCY, TprI™, and TprF showed that
they are soluble proteins with no propensity to insert into
lipid bilayers. The predicted compartmental location for sol-
uble exported proteins in 7. pallidum and E. coli would be
the periplasmic space, exactly as was found. In T. pallidum,
TprCN and TprI™ anchor their respective B-barrels to the
cytoplasmic cylinder, whereas TprF is tethered even more
firmly within the periplasm. These results point to interac-
tions of all three proteins with periplasmic constituents that
prevent them from being freely soluble. TprF has unique
sequences at its C terminus, which could be responsible for
its tighter binding than TprC™ or TprI™ to the cell cylinder.
The most logical cellular arrangement for TprC" and TprI™
is that they extend downward from the OM-inserted $-bar-
rels, binding near the PG layer, which in T. pallidum is mid-
way in the periplasmic space (102, 103). The length of TprF
determined by SAXS, ~15 nm, accommodates this deduc-
tion extremely well. The periplasmic space of T. pallidum
has been accurately measured under native conditions by
two groups using cryoelectron tomography (102, 103). The
width of the space bulges to accommodate the flagellar fila-
ments. However, in regions away from the flagella, the space
narrows such that the mean distance between the inner leaf-
let of the OM and the murein layer is ~14 nm. Also worth
noting is that the intramembranous particles visualized by
freeze-fracture electron microscopy are non-mobile and
generally located in regions of the OM away from the flagella
(104). The thermal denaturation experiments demonstrate
that the full-length Tprs form highly stable structures due to
the contributions of both the MOSP™- and MOSP-like
domains. By vertically linking the OM and the cytoplasmic
cylinder, an extremely strong bipartite molecule would
enhance the structural integrity of the entire cell envelope in
addition to stabilizing the OM.

Organisms with OMs possess a Bam for integrating newly
exported OMPs into the OM lipid bilayer (85, 87). Recognition
of a C-terminal motif by POTRA1 of BamA facilitates proper
folding and integration of the nascent OMP into the OM (105—
107). We previously noted that TprC and TprI have canonical
C-terminal recognition motifs (36). Despite the phylogenetic
distance separating spirochetes and proteobacteria (22) and the
dramatically different subunit compositions of their Bam com-
plexes (36), TprC and Tprl expressed in E. coli with signal
sequences appear to fold properly within the OM and achieve
their correct topology. This finding clearly demonstrates that
the bipartite conformation is not dependent on expression of
these proteins in a particular lipidic milieu and is consistent
with other reports showing that Bam complexes can recognize
and fold OMPs from distantly related organisms (108). It also
establishes E. coli as a viable heterologous platform for fine
topologic mapping of T. pallidum rare OMPs and genetically
dissecting their structure-function relationships, objectives
that syphilologists have been striving for since the beginning of
the molecular era (109).
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