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Recombinant Treponema pallidum surface antigen 4D isolated from Escherichia coli formed a protease-
resistant ordered ring structure composed of 19,000-dalton subunits. On gradient sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, the higher oligomers of recombinant 4D migrated with molecular masses
that were nearly multiples of the 190,000-dalton basic ordered ring. Reduction at room temperature with
2-mercaptoethanol converted the 190,000-dalton ordered ring and the higher oligomers to a 160,000-dalton
form and the dissociated monomer. A 190,000-dalton form of 4D was identified in sodium dodecyl
sulfate-solubilized T. pallidum after reduction at room temperature. Disulfide bonds stabilized both native and
recombinant 4D oligomers against dissociation by heating in detergent without a reducing agent. Electron
microscopy of recombinant 4D revealed that the characteristic ordered ring structure was maintained after
reduction. Reduction of 4D under conditions that preserved the ordered ring structure did not affect the
resistance of the molecule to digestion with proteinase K. The properties of 4D suggest that it may fulfill an
important structural role in the T. pallidum outer membrane.

Detailed study of the surface proteins of Treponema
pallidum recently has been made possible by the expression
of treponemal antigens in Escherichia coli (21, 26, 31, 32).
We have recently described a recombinant T. pallidum
protein, designated 4D, which is a protease-resistant,
190,000-dalton ordered ring structure composed of 19,000-
dalton monomers (6, 7). Several lines of evidence suggest
that the native 4D antigen plays a role in the pathogenesis of
syphilis. 4D and immunologically related molecules have
been detected only in T. pallidum and the other pathogenic
treponemes (7, 23; unpublished data). Rabbit antisera to the
purified recombinant molecule immobilize T. pallidum cells
in vitro (7), and 4D antiserum has been used to demonstrate
the surface location of the native 4D antigen by immunoelec-
tron microscopy (22). Rabbits immunized intravenously with
the recombinant protein develop significant partial protec-
tion against subsequent intradermal challenge (L. Boren-
stein, J. Radolf, T. Fehniger, J. Miller, and M. Lovett,
submitted for publication).

Previously we demonstrated that molecules identical to
both the 19,000-dalton monomer and the 90,000-dalton pro-
teinase K limit-digestion product of recombinant 4D could
be identified in T. pallidum immunoblots reacted with re-
combinant 4D antiserum (7). The native form of 4D, how-
ever, was not identified. In this report we demonstrate that
disulfide bonds mediate the higher oligomeric structure of
both native and recombinant 4D. After reduction with 2-
metcaptoethanol, the 190,000-dalton form of native 4D could
be identified. We have also found that disulfide bonds
stabilize both native and recombinant 4D against dissociat-
ing conditions and contribute to the protease resistance of
the molecule. The demonstration that native 4D ordered
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rings are cross-linked by disulfide bonds into large oligomers
suggests that 4D may fulfill an important structural role in
the T. pallidum outer membrane.
(A preliminary report of this work has been presented

[Abstr. Annu. Meet. Am. Soc. Microbiol. 1986, D-150, p.
91].)

MATERIALS AND METHODS
T. pallidum Nichols was maintained by intratesticular

passage in New Zealand White rabbits without the use of
cortisone acetate. T. pallidum for immunoblots was obtained
from rabbits given daily intramuscular injections of cortisone
acetate (5 mg/kg). Ten to twelve days after inoculation, the
testes were asceptically removed, and the treponemes were
extracted in phosphate-buffered saline on a rotary shaker. T.
pallidum cells were purified by Percoll (Pharmacia Fine
Chemicals, Piscataway, N.J.) density gradient centrifugation
(11).

Purification of recombinant 4D antigen. Recombinant 4D
was purified to homogeneity by using a modification of our
previously described protocol (7). A 30% ammonium sulfate
pellet prepared from the cytosolic fraction of 2 liters of E.
coli RRI(pAW329) cells (7) was exhaustively dialyzed at 4°C
against 50 mM Tris hydrochloride, pH 7.4, The Tris hydro-
chloride-insoluble material, which contained the 4D antigen,
was then exhaustively dialyzed at 4°C against 50 mM Tris
hydrochloride-0.9% sodium chloride4.2% sodium azide
(pH 7.4) (TSA) to solubilize the 4D antigen. The concentra-
tion of 4D in the supernatant fluid was determined by
measurement of optical density at 280 nm (extinction coef-
ficient, 1.2) and by protein assay (16). The purity of the 4D
antigen was confirmed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) with the periodate-
silver stain (29) and by electron microscopy (6, 30).

Affinity purification of 4D antibodies. Antibodies to recom-
binant 4D were affinity purified frorn rabbit anti-4D antisera
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FIG. 1. SDS-PAGE analysis of unreduced and reduced recom-
binant 4D. Samples (40 jig) of unreduced (-2Me) and reduced
(+2Me) 4D were electrophoresed on a 2.5-to-10% polyacrylamide
gel and stained with periodate-silver. Unreduced recombinant 4D
oligomers are labeled a through f. The arrow near the dye front of
reduced 4D indicates the dissociated 19,000-dalton 4D monomer.
Numbers at right indicate molecular masses.

by using 5 mg of purified 4D antigen coupled to Reacti-Gel
6X (Pierce Chemical Co., Rockford, Ill.) as previously
described (23).
SDS-PAGE and Western blotting. Vertical 1.5-mm 2.5-to-

10% gradient and 12.5% slab polyacrylamide resolving gels
with 2.6% cross-linking and 10% slab gels with 1.3% cross-
linking were run by using the discontinuous buffer system of
Laemmli (15). Samples were diluted 1:2 in 2x final sample
buffer consisting of 125 mM Tris hydrochloride (pH 6.8), 4%
SDS, 20% glycerol, and 10 mg of bromophenol blue per liter,
either with or without 10% 2-mercaptoethanol, and were
electrophoresed without heating or boiling unless otherwise
noted. Samples were loaded into the wells of either 2.5 or
4.5% polyacrylamide stacking gels with 2.6% cross-linking.
After electrophoresis, gels were stained with periodate-
silver (29) or Coomassie blue or were immunoblotted onto
0.2-pum nitrocellulose sheets (Sartorius, Hayward, Calif.) at
195 mA of constant current for 3 h (28). Nitrocellulose
transfers were incubated overnight with 100 to 150 ,ug of
affinity-purified anti-4D antibodies in 50 ml of TSA with 3%
ovalbumin (Sigma Chemical Co., St. Louis, Mo.) and probed
with staphylococcal protein A (Pharmacia) radiolabeled with
1251 (Amersham Corp., Arlington Heights, Ill.) by the lacto-
peroxidase method (18).

Reduction and carboxymethylation of recombinant 4D.
Purified 4D (80 ,ug in 100 p.l of TSA) was placed in 250-pd
polypropylene microcentrifuge tubes sealed tightly with
Spectra/Por 6 (Spectrum Medical Industries, Los Angeles,
Calif.) dialysis tubing with a molecular weight cutoff of
2,000. The inverted tubes were dialyzed overnight at room
temperature against a 1-liter volume of TSA containing 10
mM 2-mercaptoethanol or 10 mM dithiothreitol. For
carboxymethylation, the reduced 4D was combined with an
equal volume of 1.5 M iodoacetic acid (Sigma) in 1 N NaOH
plus 1.5 M Tris base (final pH, 8.6), flushed with N2, and
wrapped with aluminum foil (5). After a 30-min incubation at

room temperature, the carboxymethylated 4D was dialyzed
against 50 mM Tris hydrochloride, pH 7.4.

Reduction of solubilized T. pallidum. T. pallidum organisms
were solubilized and reduced by two different methods
which produced indistinguishable results. In our initial ex-
periment, 50-pd samples of Percoll-purified T. pallidum con-
taining 1.5 x 109 organisms in phosphate-buffered saline
were combined with equal volumes of 1% SDS in 50 mM Tris
hydrochloride (pH 7.4) in 250-,ul polypropylene microcentri-
fuge tubes. The solubilized organisms were then dialyzed for
24 h at room temperature against 1-liter volumes of 50 mM
Tris hydrochloride (pH 7.4) either with or without 10 mM
2-mercaptoethanol. In later experiments, reduction was ac-
complished by combining 25-pd samples of purified T. palli-
dum containing 1 x 109 organisms with equal volumes of 2x
final sample buffer containing 10% 2-mercaptoethanol or 50
mM dithiothreitol and then incubating at room temperature
for 4 h.

Analysis of unreduced T. pallidum 4D excised from poly-
acrylamide gels. Samples containing 1.5 x 109 T. pallidum
cells were solubilized in 2x final sample buffer without
2-mercaptoethanol for 4 h at room temperature and applied
to individual wells of a 4.5% polyacrylamide stacking gel.
After the dye front had progressed to within 1 cm of the end
of the 10% separating gel, 3-mm slices were excised from the
tops of individual stacking gel lanes and either soaked again
for 4 h in lx final sample buffer (62.5 mM Tris hydrochlo-
ride, 2% SDS, 10% glycerol, and 10 mg of bromophenol blue
per liter, pH 6.8) with or without 5% 2-mercaptoethanol or
boiled for 10 min in 1 x final sample buffer with 2-
mercaptoethanol. The slices were then placed into the wells
of a second 4.5% stacking gel, electrophoresed through
another 10% separating gel, and transferred to nitrocellulose
for immunoblotting.

Proteinase K treatment of recombinant and T. pallidum 4D
with and without 2-mercaptoethanol. Samples containing
either 20 pig of recombinant 4D or 109 T. pallidum organisms
in 25 pd were added to equal volumes of 2x final sample
buffer with or without 2-mercaptoethanol. Samples were
incubated for 4 h at room temperature or at 55°C in the
presence and absence of 10 ,ug of proteinase K (Sigma).
Enzyme was added in 5-pul portions from a freshly prepared
stock (2 mg/ml) in 50 mM Tris hydrochloride buffer, pH 7.0.

Electron microscopy. Reduced and unreduced recombi-
nant 4D at a concentration of 25 pug/ml in 50 mM Tris
hydrochloride buffer (pH 7.4) were prepared for electron
microscopy by using the single carbon layer method (30).
Micrographs were analyzed as previously described (6).

RESULTS

Sensitivity of recombinant 4D oligomers to reduction. Sam-
ples of unreduced and reduced recombinant 4D were elec-
trophoresed on a 2.5- to 10% gradient gel. The unreduced 4D
formed a series of bands (a through f) distributed in a
stepladder pattern (Fig. 1). A semilogarithmic plot of their
relative mobilities produced a straight line; each oligomer
migrated with a molecular mass of approximately 180,000
daltons greater than that of the band immediately below it
(data not shown). After reduction with 2-mercaptoethanol at
room temperature, the higher oligomers essentially disap-
peared, while the remaining high-molecular-weight band
migrated at a lower molecular mass (160,000 daltons) than
the unreduced 190,000-dalton basic oligomer. In addition,
monomer could be detected near the dye front of the lane
containing reduced 4D (Fig. 1, arrow). Identical results were
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produced by reduction with 10 mM dithiothreitol (data not
shown).

Identification of 4D oligomers in T. pallidum. Initial at-
tempts to identify a high-molecular-weight T. pallidum pro-
tein corresponding to 190,000-dalton recombinant 4D on
polyacrylamide gels were unsuccessful. The finding that
disulfide bonds play a major role in recombinant 4D
oligomeric structure prompted us to examine the possibility
that T. pallidum 4D exists in an extensively disulfide-bonded
form which is too large to enter a 10% polyacrylamide gel.
Samples of SDS-solubilized T. pallidum cells were dialyzed
at room temperature against Tris hydrochloride buffer with
or without 2-mercaptoethanol, electrophoresed, and trans-
ferred to nitrocellulose. A faint band that comigrated with
the 190,000-dalton oligomer of unreduced recombinant 4D
was seen on the nitrocellulose transfer of reduced T. palli-
dum, but not in the lane containing organisms solubilized
without a reductant (data not shown). Immunoblotting with
affinity-purified antibodies to recombinant 4D confirmed that
this band represented T. pallidum 4D (Fig. 2). In contrast, T.
pallidum 4D was identified in cells solubilized without 2-
mercaptoethanol as immunoreactive material, the majority
of which was unable to enter the separating gel (Fig. 2).
Recombinant and T. pallidum 4D are heat dissociable after

reduction. The relative contributions of disulfide bonds and
noncovalent associations to 4D oligomeric structure were
investigated by examining the heat dissociability of the
antigens in the presence and absence of a reductant. When
recombinant 4D was boiled in final sample buffer without
2-mercaptoethanol, the intensity of the higher oligomers was
dramatically reduced, and new oligomeric bands intermedi-
ate in molecular mass between 190,000 daltons and the
second oligomer appeared (Fig. 3A, lane 2). In addition to
the 19,000-dalton monomer, polypeptides with apparent
molecular masses of 49,000, 45,000, 35,000, and 31,000
daltons were detected. Lane 3 contains recombinant 4D
which was carboxymethylated after reduction so that the
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FIG. 2. Identification of native 4D in T. pallidum. Samples
containing 109 T. pallidum cells were solubilized in 1% SDS in the
presence (Tp+2Me) or absence (Tp-2Me) of reducing agent and
immunoblotted with affinity-purified antibodies to recombinant 4D.
The middle lane contains approximately 2 ,ug of unreduced recom-
binant 4D.
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FIG. 3. Role of disulfide bonds in thermal stability of 4D. (A)
Samples (20 ±g) of unreduced and reduced recombinant 4D were
boiled in final sample buffer with or without 2-mercaptoethanol
before SDS-PAGE and immunoblotting with anti-4D affinity-purified
antibodies. Lanes: 1, unreduced 4D incubated at room temperature
in final sample buffer without 2-mercaptoethanol; 2, unreduced 4D
boiled for 10 min in final sample buffer without 2-mercaptoethanol;
3, reduced and carboxymethylated 4D; 4, reduced and carboxymeth-
ylated material shown in lane 3, after boiling for 10 min in final
sample buffer without 2-mercaptoethanol; 5, 4D boiled for 10 min in
final sample buffer with 2-mercaptoethanol. Molecular masses (in
kilodaltons) are listed to the right. (B) Samples containing 109 T.
pallidum cells were incubated at room temperature or boiled for 10
min in final sample buffer with and without 2-mercaptoethanol
before immunoblotting with affinity-purified anti-4D antibodies.
Lanes: A, cells solubilized in final sample buffer without 2-
mercaptoethanol; B, cells incubated for 4 h at room temperature in
final sample buffer containing 2-mercaptoethanol; C, cells boiled for
10 min in final sample buffer without 2-mercaptoethanol; D, cells
boiled for 10 min in final sample buffer containing 2-mercaptoeth-
anol. Molecular masses (in kilodaltons) are listed to the left. The
arrow indicates the top of the stacking well; the asterisk indicates
the interface between the stacking and separating gels.

2-mercaptoethanol could be removed completely without
reformation of disulfide bonds. Complete dissociation to the
monomer occurred when the reduced, carboxymethylated
recombinant 4D was boiled without reductant (Fig. 3A, lane
4). The same result, complete dissociation, occurred when
recombinant 4D was boiled in final sample buffer containing
2-mercaptoethanol (Fig. 3A, lane 5).

Similar results were obtained for T. pallidum 4D by using
organisms solubilized in final sample buffer. In these exper-
iments both the stacking and separating gels were im-
munoblotted with the affinity-purified anti-4D antibodies.
After solubilization at room temperature without 2-
mercaptoethanol, more than half of the immunoreactive
material was caught at the top of the stacking gel (Fig. 3B,
lane A). Solubilization in the presence of 2-mercaptoethanol
dramatically increased the ability of the T. pallidum 4D to
enter the separating gel (Fig. 3B, lane B). The amount of T.
pallidum 4D trapped in the stacking and separating gels
decreased somewhat after boiling without 2-mercaptoeth-
anol; as with recombinant 4D, this treatment produced a
35,000-dalton breakdown product (Fig. 3B, lane C). Com-
plete dissociation occurred after boiling in final sample buffer
containing 2-mercaptoethanol (Fig. 3B, lane D). Identical
results were produced if 50 mM dithiothreitol was substi-
tuted for 2-mercaptoethanol (data not shown). It is also
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FIG. 4. Analysis of high-molecular-weight T. pallidum material
caught in wells of a 4.5% stacking gel. Strips (4 mm) were excised
from the tops of stacking gel lanes after SDS-PAGE of material from
T. pallidum cells and electrophoresed after the following treatments.
Lanes: A, 4 h of incubation in final sample buffer without 2-
mercaptoethanol; B, 4 h of incubation in final sample buffer con-
taining 2-mercaptoethanol; C and D, 10 min of boiling in the final
sample buffer containing 2-mercaptoethanol. Lanes were im-
munoblotted with either affinity-purified 4D antibodies (lanes A
through C) or pooled rabbit immune syphilitic serum at a 1:100
dilution (lane D). Numbers at the right are molecular masses in
kilodaltons.

apparent that a significant degree of T. pallidum 4D immu-
noreactivity was lost after dissociation to the 19,000-dalton
monomer as previously described (6, 7).
The unreduced high-molecular-weight material which be-

came trapped in the stacking gel was further investigated.
Narrow strips were excised from the tops of individual
stacking gel lanes after SDS-PAGE of material solubilized in
final sample buffer without 2-mercaptoethanol, treated as
described in Materials and Methods, and immunoblotted
with the anti-4D antibodies or pooled immune rabbit syphi-
litic serum. After an additional 4-h incubation at room
temperature in final sample buffer without 2-mercaptoeth-
anol, most of the T. pallidum 4D was able to traverse the
stacking gel before being stopped at the interface between
the stacking and separating gels (Fig. 4, lane A). If, on the
other hand, the strip was incubated in final sample buffer
with 2-mercaptoethanol, then all of the material was de-
tected in the separating gel as reduced T. pallidum 4D (Fig.
4, lane B). Nearly complete dissociation to the 19,000-dalton
monomer was produced by boiling with 2-mercaptoethanol
(Fig. 4, lane C). An additional stacking gel strip was boiled
with 2-mercaptoethanol and immunoblotted with pooled
immune rabbit syphilitic serum to detect polypeptides other
than T. pallidum 4D also caught in the stacking gel. Of note,
proteins of 38,000 and 48,000 daltons were also detected by
immunoblotting with pooled immune rabbit syphilitic serum
(Fig. 4, lane D).

Electron microscopy of unreduced and reduced recombi-
nant 4D. Unreduced and reduced recombinant 4D were
examined by electron microscopy. Unreduced recombinant
4D possesses an ordered ring structure which we have
previously described (6). After reduction, recombinant 4D

retained the ordered ring structure; however, subtle differ-
ences between the unreduced and reduced ring structures
were observed. The reduced 4D rings (Fig. 5) were slightly
larger, with a mean diameter of 11 nm compared with 10 nm
for unreduced recombinant 4D (data not shown). The
subunits of the reduced rings also appeared to be more
regularly arranged than those of the unreduced molecules. A
greater tendency for the reduced material to form large
aggregates was also consistently observed.

Effect of temperature and reducing agents on proteinase K
susceptibility of recombinant and T. paUidum 4D. Samples of
recombinant 4D and T. pallidum were treated with protein-
ase K at room temperature and at 55°C in the presence and
absence of 2-mercaptoethanol. Recombinant 4D was resist-
ant to proteolysis at both 55°C (Fig. 6A, lane 2) and room
temperature (data not shown) in the absence of 2-
mercaptoethanol. After reduction at room temperature, the
160,000-dalton reduced ordered ring remained resistant to
proteinase K, whereas the dissociated monomer was com-
pletely degraded (Fig. 6A, lane 4). A 4-h incubation in final
sample buffer with 2-mercaptoethanol at 55°C resulted in
complete dissociation of recombinant 4D (Fig. 6A, lane 5);
under these conditions, recombinant 4D was completely
degraded by proteinase K (Fig. 6A, lane 6).

Similar results were obtained for T. pallidum 4D. T.
pallidum 4D was dissociated by reduction and incubation at
55°C (Fig. 6B, lane 2) but not at room temperature (Fig. 6B,
lane 1). A 90,000-dalton proteinase K-resistant band was
detected in organisms proteolyzed at room temperature in
the presence and absence of reductant (Fig. 6B, lanes 3 and
4) as well as in organisms proteolyzed at 55°C without
2-mercaptoethanol (Fig. 6B, lane 5). In contrast, T. pallidum
4D was not detected after proteolysis of cells at 55°C in final
sample buffer containing 2-mercaptoethanol (Fig. 6, lane 6),
indicating that the dissociated 4D monomer had been com-
pletely degraded.

DISCUSSION
In this report we have presented evidence that the

oligomeric structures of the 4D antigen synthesized in both

FIG. 5. Electron micrograph of purified recombinant 4D after
reduction by dialysis with 10 mM 2-mercaptoethanol. The ordered
ring structure of recombinant 4D is retained after reduction. Bar, 50
nm.
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T. pallidum and E. coli are stabilized by disulfide bonds. Our
studies also demonstrate that despite strong overall struc-
tural similarities between the recombinant and native mole-
cules, significant differences in higher-order structure also
exist.
Unreduced recombinant 4D formed a ladderlike banding

pattern when examined on a 2.5-to-10% gradient polyacryl-
amide gel (Fig. 1). Each higher oligomer migrated with a
molecular mass 180,000 daltons greater than that of the band
below it. Because the basic recombinant 4D oligomer has a
molecular mass of 190,000 daltons, the banding pattern
strongly indicates that higher oligomers are formed by join-
ing basic ordered rings. The disappearance of the higher
oligomers after reduction with either 2-mercaptoethanol or
dithiothreitol indicates that disulfide bonds provide covalent
linkage between the unit ordered rings. After reduction, the
remaining band migrated with an apparent lower molecular
mass (160,000 daltons) than the unreduced basic oligomer
(190,000 daltons), suggesting that disulfide bonds also occur
within the 190,000-dalton ordered ring, most likely between
adjacent subunits. The more regular appearance of reduced
recombinant 4D (160,000 daltons) examined by electron
microscopy (Fig. 5) suggests that its lower molecular mass
on SDS-PAGE reflects conformational changes rather than
an actual loss of subunits from the remaining undissociated
ordered rings.
The discovery that disulfide bonds mediate the oligomeric

structure of recombinant 4D provided a means for identify-
ing the native form of 4D in T. pallidum. Unreduced T.
pallidum 4D exists as high-molecular-weight material which
barely entered the 10% polyacrylamide gel (Fig. 2). After
reduction, however, most of the T. pallidum 4D was de-
tected comigrating with the basic oligomer of unreduced
recombinant 4D. When both stacking and separating gels
were immunoblotted, immunoreactive material of even
higher molecular weight was detected which failed to pene-
trate the 4.5% stacking gel (Fig. 3B, lane A). The inability to
enter a polyacrylamide gel cannot be explained on the basis
of insolubility of unreduced T. pallidum 4D. Centrifugation
for 1 h at 130,000 x g failed to pellet unreduced 4D from
SDS-solubilized T. pallidum cells (data not shown). These
findings suggest that T. pallidum 4D consists of large com-
plexes of extensively disulfide-bonded ordered rings. Based
on their inability to enter the stacking gel, the molecular
masses of these higher oligomers must be at least several
million daltons (2).

In addition to mediating the oligomeric structure of 4D,
disulfide bonds confer upon the antigen the ability to resist
powerful dissociating conditions, namely, boiling or pro-
longed incubation at 55°C in high concentrations of SDS.
Boiling in SDS, however, did produce changes in both
recombinant and T. pallidum 4D structure. Of greatest
importance was the appearance of lower-molecular-mass
bands, which most likely represent disulfide-bonded dimers,
and possibly trimers, of the 19,000-dalton subunit (Fig. 3A,
lane 2; Fig. 3B, lane C). These disulfide-bonded intermedi-
ates appear to be noncovalently associated within the 4D
unit ordered ring and higher oligomers. Noncovalent asso-
ciations also appear to contribute to the higher-order struc-
ture of T. pallidum 4D. Unreduced T. pallidum 4D, which
had been unable to penetrate a 4.5% stacking gel, was able to
do so after further prolonged incubation at room temperature
in high concentrations of SDS (Fig. 5, lane A). Similarly,
immunoblots of organisms solubilized for several hours at
55°C in the final sample buffer without 2-mercaptoethanol
also showed a variable tendency for the material caught in
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FIG. 6. Role of disulfide bonds in resistance to proteinase K of
4D. Samples containing 20 ,ug of recombinant 4D (A) and 109 T.
pallidum cells (B) were incubated in the final sample buffer with and
without 2-mercaptoethanol and proteinase K as described in Mate-
rials and Methods. (A) Coomassie blue-stained 12.5% gel. Lanes: 1,
4D incubated at 55°C in final sample buffer without 2-mercaptoeth-
anol; 2, 4D treated with proteinase K at 55°C without 2-
mercaptoethanol; 3, 4D reduced at room temperature; 4, 4D reduced
and treated with proteinase K at room temperature; 5, 4D reduced at
55°C; 6, 4D reduced and treated with proteinase K at 55°C. Molec-
ular masses (in kilodaltons) are listed to the right. (B) T. pallidum
immunoblots reacted with anti-4D affinity-purified antibodies. Orga-
nisms solubilized in final sample buffer were reduced without
proteinase K at room temperature (lane 1) and at 55°C (lane 2) or
were treated with proteinase K at room temperature without (lane 3)
and with (lane 4) 2-mercaptoethanol and at 55°C without (lane 5) and
with (lane 6) 2-mercaptoethanol. Molecular masses (in kilodaltons)
are listed to the left. The arrow indicates the top of the stacking gel;
the asterisk indicates the interface between the stacking and sepa-
rating gels.

the stacking and separating gels to disaggregate (data not
shown).

Recently, we determined the abundance of 4D in T.
pallidum by comparing densitometric tracings on SDS-
PAGE gels of known quantities of recombinant 4D and T.
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pallidum solubilized at room temperature with and without
2-mercaptoethanol (data not shown). Our preliminary esti-
mate of approximately 2 ,ug of 4D per 109 T. pallidum cells
(or between 103 and 104 basic oligomers per organism)
indicates that, based upon the dimensions of the recombi-
nant 4D unit ordered ring, there may not be sufficient 4D to
form a continuous layer of disulfide-bonded basic oligomers.
In contrast, recombinant 4D is approximately 50-fold more
abundant when synthesized in the cytosol of E. coli
RR1(pAW329) cells (7). In this respect, T. pallidum 4D
appears to differ from the OmpF protein of E. coli and the
major outer membrane protein of Chlamydia trachomatis
elementary bodies, both of which are present in high enough
numbers to form continuous lattices about their respective
organisms (4, 17, 24).
Our finding that disulfide bonds are not required for

maintenance of the ordered ring structure prompted our
investigation of the basis for the proteinase K resistance of
the 4D molecule (6, 7). Both recombinant and T. pallidum 4D
were resistant to proteinase K when reduced at 25°C but
susceptible to proteinase K when reduced at 55°C, a temper-
ature which results in the dissociation of reduced 4D to the
monomer (Fig. 6A [lane 5] and B [lane 2]). These results
demonstrate that the ordered ring configuration is the pri-
mary determinant for the resistance of 4D to proteinase K.
Disulfide bonds contribute indirectly to the resistance of the
molecule to proteinase K to the extent that they maintain
oligomeric structure during incubation at elevated tempera-
tures. The association of protease resistance with oligomeric
structure is very similar to that described for E. coli porins
(17, 24).
One finding reported in this study is at variance with our

recent description of the properties of the 4D molecule
synthesized in E. coli (6). We previously reported that
recombinant 4D is dissociated completely by boiling in SDS
in the absence of reducing agents, whereas this has clearly
not been the case in the present study. This discrepancy may
represent differences in individual preparations of antigen. A
relatively low cysteine content, approximately one residue
per 19,000-dalton monomer, was also reported in our amino
acid analysis of recombinant 4D (6), but this may reflect the
recognized difficulty in accurately determining cysteine con-
tent by conventional amino acid analysis (14).

Disulfide-bonded proteins have been demonstrated in the
outer membranes of a number of bacterial pathogens, includ-
ing Legionella pneumophila (3, 8), Chlamydia psittaci (12),
Chlamydia trachomatis (1, 9, 12, 19), Pseudomonas aerugi-
nosa (10), and Neisseria gonorrhoeae (20). The unreduced
major outer membrane proteins of both L. pneumophila (3,
8) and C. trachomatis (19), like unreduced T. pallidum 4D,
are also extraordinarily resistant to dissociation by heating.
In the case of Chlamydia species, the lattice structure
formed by the major outer membrane protein (4) imparts
rigidity during the elementary-body phase of the Chlamydia
life cycle (9, 12). Of particular interest was the finding that
proteins of 38,000 and 48,000 daltons, in addition to T.
pallidum 4D, appear to exist as high-molecular-weight com-
plexes in T. pallidum (Fig. 4, lane D). It is tempting,
therefore, to speculate that T. pallidum 4D, perhaps in
association with these other components, fulfills a structural
role in the T. pallidum outer membrane similar to that of the
major outer membrane protein of Chlamydia species. This
could be especially important given the greater fragility of
the T. pallidum outer membrane (11, 27) compared with that
of typical gram-negative bacteria, the absence of an external
surface layer such as that observed in many nonpathogenic

treponemes (13, 25), and the fact that peptidoglycan has not
been unequivocably demonstrated in pathogenic trepo-
nemes. Experiments to clarify the precise ultrastructural
relationship between the T. pallidum outer membrane and
the 4D antigen are currently under way in our laboratory.
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