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Characterization of the surface of Treponema pallidum was accomplished by
['25I]lactoperoxidase-catalyzed iodination of intact organisms and sensitive ra-
dioimmunoprecipitation and gel electrophoresis technology. At least 11 outer
membrane proteins with molecular weights ranging from 89,000 (89K) to 20K
were identified, and all elicited high titers of antibody in experimentally infected
rabbits. Proteins of 89.5K, 29.5K, and 25.5K previously implicated as ligands
involved in attachment (J. B. Baseman and E. C. Hayes, J. Exp. Med. 151:573-
586, 1980) were found to reside on the treponemal surface. Low levels of the 89.5K
treponemal protein were released by high salt concentrations, whereas the re-
maining comigrating material was neither radioiodinated nor released with selec-
tive detergents. Other lower-molecular-weight (60K, 45K, and 30K) surface pro-
teins were extracted with octyl glucoside detergent, suggesting their hydrophobic
interaction with the external membrane. The molecular organization of surface
proteins was studied by employing the cross-linker dithiobis(succinimidyl)-
propionate, and data suggested the presence of a highly fluid envelope resulting
in random collisions by the surface proteins. The biological function of the
treponemal outer envelope proteins was evaluated using, as the indicator system,
adherence of T. pallidum to monolayer cultures of eucaryotic cells. Trypsin
treatment of motile, freshly harvested organisms decreased the extent of surface
parasitism to normal rabbit testicular cells, reinforcing the idea of the proteina-
ceous nature and role of treponemal ligands for attachment. Other data supported
functional and antigenic relatedness among the implicated ligands. Finally, brief
periodate treatment of human epithelial (HEp-2) and normal rat testicular cells
as well as casein-elicited rabbit peritoneal macrophages significantly reduced the
extent of treponemal parasitism, suggesting a role of specific host membrane
molecules as mediators of attachment.

Despite the extensive literature describing the
complex interrelationship between Treponema
pallidum, the causative agent of syphilis, and
host cells (3, 5, 8, 11-14, 17, 23, 41), little infor-
mation exists concerning the molecular and
chemical characterization of the treponemal sur-
face (20, 21). One reason for this deficiency is the
failure to cultivate large numbers of organisms
in vitro (11-14, 17, 23, 41); therefore, sufficient
amounts of treponemal material necessary for
purification ofthe outer membrane and isolation
of key antigens are not available. Because of
these problems in T. pallidum research, new
molecular approaches must be utilized for the
identification of surface virulence determinants
as they relate to disease pathogenesis.
Of interest are the nature and polarity of

attachment of T. pallidum to the membranes of
eucaryotic cells (17). Recently, specific trepone-
mal proteins have been implicated as ligands
responsible for the surface parasitism (3). Addi-
tionally, molecular analysis of the humoral im-
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mune response in infected experimental animals
(J. F. Alderete and J. B. Baseman, submitted for
publication) and humans (3) using radioimmu-
noprecipitation (RIP) methodology demon-
strated the highly antigenic nature of these pu-
tative ligands as well as other treponemal pro-
teins. Our approach in defining biologically rel-
evant treponemal antigens is to investigate pos-
sible structure-function relationships of outer
membrane proteinaceous components of T. pal-
lidum.
The elucidation of surface macromolecules

with specific biological functions, such as me-
diating host cell surface parasitism (10, 19, 36),
is essential to the generation of rational vaccine
candidates to prevent or limit disease progres-
sion. Likewise, characterization of the outer
membrane of T. pallidum in a manner analogous
to other parasite systems (15, 22, 25, 29, 33) is
prerequisite for future studies dealing with li-
gand-receptor interactions as well as under-
standing the parasite's ability to evade immune
surveillance (32, 33). We have, therefore, at-
tempted to analyze the treponemal surface and
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demonstrate the highly immunogenic nature of
certain prominent antigens. These results rein-
force our previous findings on the importance of
specific T. pallidum outer envelope proteins as
virulence determinants (3, 5, 17).

MATERLALS AND METHODS
Bacteria. T. pallidum (Nichols) organisms were

preserved in the presence of 10% dimethyl sulfoxide in
liquid nitrogen (35) before intratesticular inoculation
of New Zealand white male rabbits as described else-
where (1, 4; Alderete and Baseman, submitted for
publication). Treponemes were harvested from
minced tissue by using an extraction medium contain-
ing a salts-glucose-pyruvate mixture and reducing
agents (1), and approximately 1 x 108 to 3 x 108
treponemes per ml of medium were separated from
host cellular contamination by two sequential centrif-
ugations at 500 x g for 10 min, followed by layering
the suspension over a 0.8% Methacel (Dow Chemical
Co., Midland, Mich.)-50% Hypaque (Winthrop Labo-
ratories, New York, N.Y.) gradient and centrifuging at
650 X g for 20 min. The supernatant containing the
treponemes was removed and used in all experiments
unless otherwise stated.

Radiolabeling of T. pallidum. A 20-ml volume
containing 6 x 109 to 8 x 109 motile treponemes was
incubated for 20 h at 340C with 10 ttCi of [nS]methi-
onine (specific activity, 950 Ci/mmol; New England
Nuclear Corp., Boston, Mass.) per ml under an air
atmosphere (1). The organisms were then washed once
in phosphate-buffered saline (PBS; 137 mM NaCl, 2.7
mM KC1, 4.6 mM Na2HPO4, and 1.5 mM KH2PO4),
pelleted, and stored at -70'C until use.

Lactoperoxidase-catalyzed iodination of intact trep-
onemes previously washed three times in PBS was
performed by a modification of the procedure of
Garvey et al. (16). Briefly, 5 tL of Na'25I (0.5 mCi; New
England Nuclear Corp.) and 100 p1 of lactoperoxidase
(100 jig; Calbiochem-Behring Corp., La Jolla, Calif.)
were gently mixed with 0.5 ml of PBS containing 8 x
109 T. pallidum organisms. Then 50Ml of H202 solution
(5 ul of 30% stock H202 freshly prepared in 125 ml of
PBS) was introduced, and incubation was continued
for 15 min. Another 50 IL of H202 was added, and the
reaction was allowed to proceed for another 15 min.
Iodinated organisms were then washed at least twice
in PBI (1) to remove residual 1251, pelleted, and stored
at -70°C. Processing for sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) was done
as previously published (1, 3; Alderete and Baseman,
submitted for publication).

High-salt and detergent treatment of intact T.
pallidunL Between 1 x 10'0 and 2 x 10"' freshly
extracted and purified treponemes were pelleted by
centrifugation at 17,500 x g (15 min) and suspended
in 25 ml of 200 mM tris(hydroxymethyl)ami-
nomethane (Tris)-hydrochloride buffer (pH 8.0) con-
taining 1 M NaCl. The suspension was then incubated
in a rotary water bath shaker (175 rpm) at 37°C for 60
min. The salt-treated treponemes were removed by
centrifugation as described above, and unpelleted or-
ganisms in the supernatant were trapped by filtration
through a 0.2-,um filter. The filtrate containing salt-

released material was dialyzed for 2 days against 4
liters of distilled, deionized water with daily changes.
After dialysis, the material was lyophilized and either
dissolved in PBS for application onto a Bio-Rad Affi-
Gel (Bio-Rad Laboratories, Richmond, Calif.) column
(1 by 10 cm) for selective fractionation of treponemal
proteins from contaminating host macromolecules (1,
44, 45) or suspended in appropriate buffer for SDS-
PAGE. The salt-extracted organisms were processed
for gel electrophoresis by techniques previously de-
scribed, employing 10% trichloroacetic acid precipita-
tion of treponemal proteins (1, 19), or used for subse-
quent experimentation as outlined below.

Approximately 2 x 1010 salt-treated treponemes,
suspended in 30 mM octyl glucoside (2; Sigma Chem-
ical Co., St. Louis, Mo.) supplemented with 100 mM
Tris-hydrochloride (pH 8.0) containing 200mM NaCl,
were vigorously blended on a Vortex mixer to cause
selective detergent release of additional outer mem-
brane proteins. The suspension was then centrifuged
at 100,000 x g for 60 min, using a Dupont-Sorvall
AH650 rotor. Both the supernatant and treponemal
pellet were processed as described above for gel elec-
trophoresis.

T. pallidum adherence to tissue cell mono-
layers. Human epithelial cells (HEp-2), kindly pro-
vided by Ed Hayes, Duke University, Durham, N.C.,
and primary cultures of normal rabbit testicular
(NRT) cells established from normal, uninfected rab-
bits were seeded at a density of 5 x 104 and 1 x 105,
respectively, into Leighton tubes containing a single
cover slip (9 by 35 mm) (17). Cultures were incubated
overnight in Dulbecco-modified minimal essential me-
dium (GIBCO, Grand Island, N.Y.) supplemented with
10% fetal bovine serum (GIBCO) in a 5% C02-air
atmosphere at 37°C. Just before coincubation with
treponemes, the NRT cells were washed twice with
PBS.

Approximately 3 x 108 motile freshly harvested
treponemes clarified from host cellular contamination
as described earlier (1) were treated with 1 mg of
trypsin (Sigma) per ml at 37°C for 60 min, followed by
centrifugation on a Methacel-Hypaque gradient. The
suspension was then recentrifuged at 17,500 x g for 10
min, and pelleted T. pallidum organisms were gently
suspended in extraction medium containing 10% fetal
bovine serum to a density of 3.5 x 107 per ml before
addition to NRT cells for 2 h. Control, non-trypsin-
treated treponemes were centrifuged similarly and
coincubated for 2 h at 34°C before examination by
dark-field microscopy (17).

Rabbit peritoneal macrophages were harvested 3
days after intraperitoneal injection of rabbits with 40
ml-of sterile 12% vitamin-free casein hydrolysate (Nu-
tritional Biochemical Corp., Cleveland, Ohio) (pH 8.0).
About 106 cells were seeded into Leighton tubes with
cover slips and incubated overnight in Dulbecco-mod-
ified minimal essential medium supplemented with
20% fetal bovine serum under a 5% C02-air atmosphere
at 37°C. T.pallidum were then added, and the samples
were processed as described above for treponemal
adherence (17).

Test sera. Serum samples were obtained from in-
fected rabbits at various times postinfection and han-
dled as described elsewhere (Alderete and Baseman,
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submitted for publication). For antiserum against sur-
face proteins, rabbits were immunized with specific
preparations obtained by excision of individual protein
bands from acrylamide gels after SDS-slab gel electro-
phoresis according to the method of Tjian et al. (44).
Briefly, material from 5 x 10'0 treponemes was elec-
trophoresed under denaturing conditions (1) using a
3-mm-thick 7.5% acrylamide separating gel. After
staining and destaining, the bands corresponding to
the proteins of interest were cut out and prepared for
injection into individual rabbits (44). Subcutaneous
and intramuscular injections of the mixture of protein,
acrylamide, and Freund complete adjuvant (GIBCO)
were followed by boosters at days 14 and 28 using an
equivalent amount of treponemal material obtained as
above except suspended in Freund incomplete adju-
vant. All animals were bled before experimental infec-
tion or immunization with specific antigens, and the
rabbits were examined for antibody by RIP.
RIP and SDS-PAGE. Frozen pellets of 4 x 109

[3S]methionine-labeled T. pallidum were solubilized
in an SDS-Triton X-100 (Sigma) detergent system
determined to be optimal for maximal solubilization of
treponemal proteins (3). The extract was centrifuged
at 150,000 x g for 45 min, followed by preadsorption
with protein A-bearing Staphylococcus aureus to re-
move any nonspecific binding proteins. Volumes of
100 !d of the solubilized treponemal extract were then
added to 20-1dl volumes of various dilutions of antisera.
After 2 h at 370C, 50,ul of S. aureus in NET (150 mM
NaCl, 5 mM ethylenediaminetetraacetic acid, 50 mM
Tris-hydrochloride, pH 7.2)-0.05% Triton X-100 (3;
Alderete and Baseman, submitted for publication)
were added, and incubation was continued for 30 min
at 220C. The S. aureus-adsorbed immune complexes
(18) were then sedimented and washed three times in
NET-0.05% Triton X-100 (3; Alderete and Baseman,
submitted for publication). The immunoprecipitated,
radiolabeled antigens were recovered by suspending
the pellet in 70 M1 of dissolving buffer (62.5 mM Tris-
hydrochloride, pH 6.8, 2% ,B-mercaptoethanol, 10%
glycerol, 2% SDS, and 0.02% bromophenol blue) and
boiling for 3 min. The S. aureus cells were removed,
and the supernatants were electrophoresed in a slab
gel apparatus using 3% and 7.5% acrylamide for stack-
ing and separating gels, respectively (3; Alderete and
Baseman, submitted for publication). Slab gels were
fixed and processed for fluorography as previously
described (7). Formaldehyde-fixed S. aureus employed
above were prepared as recently outlined (1; Alderete
and Baseman, submitted for publication).

Cross-linking of surface proteins on intact
treponemes. After [nS]methionine labeling of 8 x
109 treponemes in 60 ml of extraction medium, the
organisms were washed once and suspended in 2.4 ml
of PBS. Volumes of 0.2 ml were placed in sterile
Corning Corex tubes and chilled to 4°C. Then 0, 10,
25, 50, and 100 ,ug of dithiobis(succinimidyl)propionate
(DTSP; Pierce Chemical Co., Rockford, Ill.) freshly
prepared in dimethyl sulfoxide were added to duplicate
tubes, and the reaction was continued for 5 min at
4°C. Upon termination of the reaction with an equal
volume of 1 M Tris-hydrochloride (pH 8.5), one of
each duplicate received ,B-mercaptoethanol (2% final
concentration) before being incubated at 22°C for 15

min to cleave the cross-linker. Finally, each sample
was processed for SDS-PAGE after 10% trichloroace-
tic acid precipitation by using dissolving buffer in the
absence of any reducing agent, unless otherwise stated
in the text.

RESULTS
Elucidation of T. pallidum surface pro-

teins. ['"I]lactoperoxidase-catalyzed iodination
of intact, washed treponemes and SDS-PAGE
were performed to characterize the surface pro-
teins of T. pallidum. Figure 1B presents typical
counts per minute patterns of [ 5S]methionine-
labeled treponemal proteins compared with the
iodination profile of intact treponemes. When
these gel patterns were aligned with the fluoro-
gram (Fig. 1A), at least four areas, designated 1,
2, 3, and 4, were heavily iodinated, corresponding
to molecular weights of 89,500 (89.5K), 29.5K,
25.5K, and 20.0K, respectively. Two additional
surface proteins, 5 (59.0K) and 6 (42.5K), were
radioiodinated but to a lesser extent. The repro-
ducibility and level of 125I radiolabeling of pro-
tein 1 appeared to be related to the extensive
handling of the freshly harvested treponemal
populations. Repeated washings of treponemes
adversely affected the efficient iodination of pro-
tein 1.
The more sensitive and highly specific ra-

dioimmunoprecipitation (RIP) technology was
then employed to better resolve the total num-
ber of outer membrane proteins accessible to
surface iodination. Convalescent rabbit syphi-
litic serum, known to have elevated levels of
antitreponemal antibodies, reacted with all of
the [3S]methionine-labeled antigens solubilized
in an SDS-Triton X-100 detergent system (Fig.
2, gel A), and this pattern was identical to that
of the total protein extract used. Reduced num-
bers of proteins, however, were detected by using
the extract containing iodinated proteins (gel B).
Normal rabbit serum did not immunoprecipitate
35S- or '251-radiolabeled treponemal proteins. Of
special interest was the enhanced resolution
after iodination of surface proteins from the
areas previously designated 2, 3, and 6 (Fig. 1).
However, '"I-labeled protein 1 was not detected
by RIP, suggesting its removal from the trepo-
nemal surface by the extensive washing required
before and after radioiodination of intact orga-
nmsms.
To clarify the orientation of protein 1 at the

outer membrane, freshly harvested organisms
were exposed to 1 M NaCl, and analysis of the
released material is presented in Fig. 3A. Gel a
shows a typical Coomassie brilliant blue-stained
profile of washed T. pallidum, whereas gel b
shows the selective release of macromolecules
from the treponemal surface by salt extraction.
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FIG. 1. Fluorogram (A) and corresponding counts per minute gel profile (B) of [3Slmethionine-labeled
treponemal proteins compared with a representative counts per minute gel pattern of ['25I]lactoperoxidase-
iodinated treponemes after SDS-PAGE as described in the text. The numbers on the fluorogram represent the
treponemal outer membrane proteins as detected through iodination.

Separation ofprotein 1 (gel c) from host material
(gel d, 1) was accomplished through the frac-
tionation of protein 1 from contaminating pro-
teinaceous material by Bio-Rad Affi-Gel affinity
chromatography (45, 47). The protein pattern of
the salt-treated treponemes was similar to that
seen for control, untreated organisms (gel a),
indicating the presence of large amounts of ad-
ditional protein 1 remaining after treatment.
The absence of other treponemal protein bands
in gel b demonstrates the lack of treponemal
lysis after 1 M NaCl exposure.
Because the orientation of protein 1 at the

treponemal outer membrane appeared to in-
clude both salt-extractable and nonextractable
locations, we attempted to release the remaining
protein 1 via detergent treatment. Octyl gluco-
side, known to remove proteins sequestered via
hydrophobic interactions (2), permitted extrac-
tion of proteins 2, 5, and 6 (Fig. 3B, gel c) from
salt-treated organisms (gel a) without affecting

protein 1. The removal of these proteins was
consistent with the gel profile for glucoside-ex-
tracted organisms (Fig. 3B, gel b), revealing that
protein 1 remained with the outer membrane-
cell wall complex. Thus, the inability to promote
release of additional protein 1 may suggest that
these molecules remain sequestered within the
outer membrane. To further analyze both the
apparent surface and internal topography ofpro-
tein 1 in relation to the outer envelope of T.
pallidum, '25I-labeling of control versus salt-
treated treponemes was performed. As expected,
little or no radioiodination of protein 1 was ob-
served in salt-treated versus control treponemes
(data not shown).
Antigenicity ofthe surface proteins. Once

the proteins on the treponemal surface were

identified, it was important to assess their anti-
genic nature. The presence of antibody against
these proteins was monitored in the serum of
intratesticularly infected rabbits (Alderete and

A
6 2

1_
3 4
_ I

PrC

CL

0

VOL. 30, 1980



818 ALDERETE AND BASEMAN

Al B

2a 6c
2b --
30

3b _....

_ ------- 4 a

i4 4A
FIG. 2. Gel patterns of SDS-Triton X-100-solubi-

lized 'S- (A) and 12I- (B) labeled T. pallidum pro-
teins immunoprecipitated with protein A-bearing S.
aureus after incubation with convalescent rabbit
syphilitic serum obtained at day 48 post-intrates-
ticular inoculation. Serum was diluted in NET buffer
and used at a final concentration of 1:10. Iodination
of whole, intact treponemes and RIP were performed
as described in the text.

Baseman, submitted for publication). Antigen-
antibody complexes formed between [3S]methi-
onine-labeled treponemal proteins and rabbit
serum obtained at days 10 and 48 postinfection
were immunoprecipitated with S. aureus and
examined by SDS-PAGE. Figure 4 clearly dem-
onstrates that only antibodies against surface
proteins were present early in infection (day 10),
whereas the intensity of the fluorograms indi-
cates that higher titers of antibody against these
and other nonsurface treponemal proteins were

detected with day-48-postinoculation serum.
The profile obtained using day-48 syphilitic se-

rum diluted 1:10 was identical to that of total
solubilized treponemal proteins used in the RIP
reaction mixture (data not shown).
Relationships between the outer mem-

brane proteins. The intimate association of a
tip structure on T. pallidum with host cell sur-
faces (17) and the evidence for proteins 1, 2, and
3 as putative ligands mediating the surface par-
asitism (3) led us to investigate the molecular
organization of the outer membrane proteins by
using a cleavable chemical cross-linker. Figure
5 (A and B) shows that only intermediate levels
of DTSP, 25 ,Ig, resulted in the cross-linking of

the surface proteins of washed treponemes pre-
viously labeled with [35S]methionine (gel c) as
compared to control protein profiles in the ab-
sence of any reducing agent (gel a). Elevated
levels of DTSP generated nonspecific elimina-
tion of all treponemal macromolecules (gels d
and e), whereas amounts less than 25 jig did not
produce a decrease in the intensity of any pro-
teins (gel b). Preincubation of control or cross-
linked T. pallidum with f?-mercaptoethanol re-
sulted in reappearance of treponemal proteins,
indicating the inability of cross-linked proteins
under nonreduced conditions (gel f) to penetrate
the separating gel.
Antibody against specific surface pro-

6

I.J

4

FIG. 3. SDS-PAGE analysis ofspecific treponemal
surface proteins released by (A) high-salt (1 M NaCI)
or (B) octyl glucoside detergent treatment of intact
organisms. (A) Coomassie brilliant blue-stained pro-
teins of (a) control treponemes, (b) material removed
by salt extraction, (c) protein 1 purified by Bio-Rad
Affi-Gel affinity chromatography, and (d) host pro-
teins selectively adsorbed by the Affi-Gel affinity col-
umn. (B) Stained patterns of (a) 1 M NaCI-extracted
treponemes compared with (b) salt-treated organisms
incubated with octyl glucoside. (c) Surface proteins
liberated by detergent.
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teins. We decided to immunize rabbits with
antigen-acrylamide preparations of proteins 1 or
2 and 3 to obtain specific antibody that could be
used as probes to better understand the individ-
ual contributions of each ligand to host receptor
binding (3). In Fig. 6, antisera raised against the

Control DAY 10
1:10 110

DAY 48
10 1:100 1:1000

I4ANXI

-I

5

6-

2-

4-

FIG. 4. Fluorogram of RIP using SDS-Triton X-
100-solubilized 35S-labeled treponemal proteins in-
cubated with sera at two different times after intra-
testicular inoculation of a rabbit. The ratio above
each gel pattern represents serum dilutions in NET
buffer as described in the text. Control refers to nor-

mal rabbit serum obtained before infection.

A
a b c d e f

_MP-"

appropriate fractions are compared with control
and convalescent rabbit syphilitic sera. As antic-
ipated, RIP profiles using infected rabbit sera
demonstrated an extensive humoral immune re-
sponse to T. pallidum proteins (gels B and D).
Unexpectedly, rabbits immunized with the
acrylamide-protein mixtures comprised of either
protein 1 alone or a combination of proteins 2
and 3 exhibited identical serological patterns
when using radioiodinated treponemes (gel C)
or [3S]methionine-labeled proteins (gel E).
These data dramatically revealed the antigenic
relatedness of surface proteins 1 and 2b. No
antibodies against proteins 2a, 3a, and 3b were
detected with the immunization regimen em-
ployed in these studies.
Surface parasitism of eucaryotic cells by

T. pallidunL Because trypsin digestion en-
hances the release of proteins 1 and 2 from the
treponemal surface (1), we reasoned that pro-
tease treatment of motile, freshly harvested T.
pallidum should adversely affect the extent of
surface adherence, reinforcing the evidence that
these ligands mediate attachment. Table 1
clearly shows that trypsinization of intact,
freshly harvested motile organisms depressed
the extent of treponemal parasitism per NRT
cell as well as the total number of parasitized
NRT cells.
To gain additional insight into possible ligand-

receptor interactions, we attempted to support
previous data (3, 5, 17) implicating the role of
specific molecules on eucaryotic cell surfaces as
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FIG. 5. SDS-PAGE profiles of stained proteins (A) and equivalent fluorogram (B) of T. pallidum after
cross-linking ofsurface proteins with (a) 0, (b) 10, (c) 25, (d) 50, and (e) 100/lg ofDTSP as described in the text.
(D Cross-linked treponemes exposed to f3-mercaptoethanol; note the reappearance ofproteins which previously
decreased in intensity after exposure to DTSP, as well as other proteins not seen in the absence of reducing
agents.
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C'5.3 toi- F? erative in the parasitized host, confirming the
complicated nature of infection. However, little
information is available concerning specific vir-
ulence determinants of T. pallidum. Since data
have implicated the role of treponemal proteins
in disease pathogenesis (3; Alderete and Base-
man, submitted for publication), we felt that an
effective strategy for understanding the biology
of the organism was to characterize its outer
envelope. Furthermore, data on structure-func-

be _- tion relationships of outer membrane proteins
might further clarify the role of putative ligands
mediating treponemal parasitism of host cell
surfaces (3, 5, 17).

Initial characterization of the treponemal sur-
face was accomplished using ['25I]lactoperoxi-
dase-catalyzed iodination, highly sensitive RIP,

and SDS-PAGE technology. At least six proteins
were found to reside on the outer membrane
after iodination of intact organisms and gel elec-

FIG. 6. RIP of immune complexes formed by incu- trophoresis (Fig. 1); however, RIP employing
bation ofSDS-Triton X-100-solubilized 1251 (B, C) or rabbit syphilitic serum which contained an ex-
35S- (D, E) labeled proteins with various sera as tensive range of antibodies against treponemal
described in the text. Iodinated surface proteins and components (Fig. 2A) clearly delineated 11 sur-
proteinaceous material radiolabeled with [35Sjme- face proteins (Fig. 2B). Of interest was the dem-
thionine were immunoprecipitated with either con- onstration that proteins 1 2 and 3 were surface

valescent rabbit syphilitic serum (B, D) or antiserum located, consistent with an earlier report that
raised against proteins 1 or 2 and 3 (C, E). Normal these macromolecules were selectively bound to
rabbit serum obtained before infection or immuniza- formaldehydecules ce These datation was employed as the control and is represented formaldehyde-fixed host cells (3). These data
in (A). All sera were diluted 1:10 in NET buffer. affirm their potential as ligands involved in ad-

herence.

mediators of the treponemal parasitism. Table
2 illustrates the attachment of T. pallidum to
three eucaryotic cell types. NRT and HEp-2
cells and casein-elicited peritoneal macrophages
briefly pretreated with periodate showed a de-
creased ability to accommodate treponemal at-
tachment as compared with untreated cells. Per-
iodate treatment was compatible with estab-
lished procedures (36), and no loss of cell viabil-
ity was detected by trypan blue exclusion.
Phagocytosis of treponemes was not observed in
either control or treated macrophages; however,
the macrophages readily ingested large numbers
of latex particles. These data suggest that spe-
cific carbohydrate-containing sites on eucaryotic
cell membranes may mediate ligand binding.

DISCUSSION

T. pallidum, the causative agent of syphilis, is
associated with a complex and unique host-par-
asite interaction. The different infectious stages
have been well characterized and are related to
disease progression and tissue cytopathology.
Humoral as well as cellular immune mechanisms
(26, 28, 37, 39, 42, 43, 46; Alderete and Baseman,
submitted for publication) are known to be op-

TABLE 1. Effect of trypsin treatment of motile T.
pallidum on adherence to NRT cells

Extent of surface parasitismb

Expt Trypsin % of cells
treatment" No. of trepo- with adher-

nemes per cell ent trepo-
nemes

1 - 15±3 100
+ 3±2 10

2 - 22±4 100
+ 7±2 40

3 - 17±3 100
+ 6 1 47

a Treponemes were treated with trypsin for 1 h at
37"C before centrifugation and incubation with NRT
cells for 2 h at 34WC as described in the text.
'The Leighton tube cover slips were scanned by

dark-field microscopy, and numerous NRT cells of
approximately the same size were examined for the
presence or absence of adherent treponemes. The
degree of parasitism is expressed as the average num-
ber of treponemes attached to individual cells on du-
plicate monolayer cultures. All attached treponemes
remained motile throughout the duration of the ex-
periment.
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TABLE 2. Effect ofperiodate treatment of
eucaryotic cells on adherence by T. pallidum

Extent of surface
parasitismc

10
mM % of

Cell type' Expt pero- No. of cells
date trepo- with

treat- adher-
mentb nemes per entcell trepo-

nemes

NRT cells 1 - 21 ± 3 100
+ 5±2 35

2 - 20±4 100
+ 2±1 5

HEp-2 cells 1 - 7 1 100
+ 2±1 50

2 - 7±1 100
+ 2 1 10

Rabbit peritoneal 1 - 8 1 100
macrophages + 4 1 50

2 - 10±3 100
+ 3±2 57

aCells were cultured and seeded onto Leighton tube
cover slips as described in the text.

b Periodate treatment was performed in Leighton
tubes on washed cells at 220C for 10 min, followed by
extensive washing with PBS. Motile, freshly harvested
T. pallidum organisms were then added as described
in the text.

'As described in Table 1.

The selective release of only low levels of
proteins 1 and 2 by salt treatment or octyl glu-
coside extraction, respectively, demonstrates the
unique surface orientation of these implicated
proteins. Released protein 1 was shown to be
identical to the remaining comigrating trepone-
mal protein, which was not radioiodinated
(Fig. 3A). Antibodies prepared against purified
protein 1 (Fig. 3A, gel c) immunoprecipitated
[3S]methionine-labeled protein 1 not liberated
by high salt levels (Alderete and Baseman, un-
published data). The accumulation of substan-
tial amounts of protein 1 possibly internalized
within the outer envelope-cell wall complex may
reflect a mechanism for the rapid generation and
replacement of this molecule that may be readily
shed during infection. The possibility exists that
liberation of a large-molecular-weight molecule
such as protein 1 may have adverse conse-
quences for the parasitized host. Its highly im-
munogenic character (Fig. 4) may result in im-
mune complexes (34, 38) which are deposited in
tissue, resulting in cytopathology. Additionally,
such soluble immune complexes may accumu-
late in infected individuals and influence cellular
immune mechanisms (46). Furthermore, the

binding of released protein 1 to the membranes
of cells as described by Baseman and Hayes (3)
might cause prolonged antigenic stimulation as
well as autoimmune reactions resulting from
altered or unique parasite-host, protein-protein
interactions. Finally, loss of protein 1 during
extended suboptimal in vitro incubations may
result in the inability of the treponemes to par-
asitize cells (17). In this case, such altered trep-
onemes may be unable to regenerate functional
ligand from an internalized pool, suggesting de-
ficiencies in treponemal metabolism.
The presence ofa tip structure on T. pallidum

associated with treponemal attachment to host
cell surfaces (17) and the identification of pro-
teins 1 and 2 as putative ligands (3) reinforced
the need to dissect and characterize the molec-
ular organization of the outer membrane pro-
teins. Attempts to demonstrate selective multi-
component interactions between specific trepo-
nemal surface molecules with a cleavable cross-
linker were unsuccessful under the conditions
employed. The reappearance of cross-linked
products removed by DTSP after exposure to
B-mercaptoethanol, however, suggests that high-
molecular-weight aggregates were formed which
could not penetrate the acrylamide gels. Thus,
stoichiometric removal of all outer envelope pro-
teins after addition of reagent (Fig. 5) suggests
a highly fluid membrane resulting in random
collisions and formation of large-molecular-
weight products (6, 9, 24, 27, 31). Since the
protocol employed in this study is consistent
with that utilized for other bacterial systems (27,
40), these data may indicate a highly complex
treponemal surface requiring more sensitive
probes and alternative experimental conditions
(24, 31) for clarification of the protein organiza-
tion.
The observation of antigenic relatedness be-

tween proteins 1 and 2b is noteworthy but not
clearly understood (Fig. 6). Since both have been
identified as potential ligands (3), there is a
possibility of each possessing identical "active
sites" involved in host cell receptor recognition.
Also, a precursor-product relationship may exist
between these molecules. An alternate explana-
tion is that T. pallidum expresses a nonfunc-
tional protein antigenically similar to the biolog-
ically important moleculess, which could then
be spared during immune surveillance. This
would allow the organism to disseminate and
establish residence through surface parasitism
of other tissues. The relationship between pro-
teins 1 or 2b and the 40K protein, which is also
immunoprecipitated during incubation of solu-
ble [3S]methionine-labeled T. pallidum prepa-
rations with specific antisera (Fig. 6E) to pro-
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teins 1 or 2b, is unknown and requires further
experimentation. It may represent an internal-
ized precursor to 2b which is not detectable
when using radioiodinated treponemes (Fig. 6C).
The role of outer envelope proteins as ligands

mediating cell surface parasitism was reinforced
by the adverse effect on treponemal attachment
to NRT cells upon trypsin digestion of intact,
motile T. pallidum (Table 1). These data indi-
cated a proteinaceous nature for these functional
surface molecules. We have previously demon-
strated the release of proteins 1 and 2 from intact
organisms by trypsin treatment (1) and now
suggest that this chemical alteration is largely
responsible for the reduced parasitism to NRT
cells. The relationship of these putative ligands
to the observations of Fitzgerald and Johnson
(13) is presently unknown.

Finally, brief periodate exposure of NRT and
HEp-2 cells and casein-elicited peritoneal mac-
rophages produced significantly decreased sur-
face parasitism by T. pallidum of each cell type
as compared to nontreated control cells (Table
2). These observations not only support the re-
cent data of Baseman and Hayes (3) describing
the interaction of treponemal surface proteins
with trypsin-sensitive receptors on host mem-
branes, but correlate with the presence of car-
bohydrate-containing membrane structures on
eucaryotic cells which accommodate bacterial
surface ligands (10, 36). Alternately, gross mod-
ification of acidic carbohydrate residues on the
cell surface may have affected physical param-
eters such as charge distribution which may
diminish treponemal ligand attachment.
The surface characterization of highly anti-

genic molecules of T. pallidum involved in me-
diating attachment to host cells permits numer-
ous applications. The demonstration of high ti-
ters of antibody in infected rabbits (Alderete
and Baseman, submitted for publication) and
syphilitic humans (3; Alderete and Baseman,
submitted for publication) against these surface
proteins (Fig. 4) supports their immunogenic
potential and consideration as multicomponent
vaccine candidates. Also, this information might
allow for the development of a more sensitive,
rapid, and accurate serological diagnostic test
which not only enables efficient surveillance of
the population but also permits identification of
the stage of infection. In support of this, approx-
imately 300-day-postinfection sera from intra-
dermally and intratesticularly infected rabbits
immunoprecipitated primarily only protein 2
(Alderete and Baseman, unpublished data), sug-
gesting that levels of this antigen may correlate
with the progression of disease. Also, these sur-
face immunogens might be employed to discrim-

inate among virulent treponemal strains or spe-
cies through development of serological typing
(29, 30). Finally, the detection of the putative
ligands (3) on the treponemal surface should
permit the employment of recombinant deoxy-
ribonucleic acid technology as a vehicle for syn-
thesizing these specific, highly antigenic pro-
teins. Thus the need for in vitro cultivation of
the organisms would be circumvented, and suf-
ficient amounts of specific treponemal proteins
would be available for targeted studies as out-
lined above.
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