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A recombinant plasmid containing a 5.6-kilobase-pair DNA fragment of the Treponema pallidum genome was
characterized by endonuclease mapping, and the encoded proteins were expressed in Escherichia coli and
analyzed by use of in vitro transcription and translation. One of the proteins, identified as having a molecular
weight of 37,000 (37K protein), was selected for further study. Initially, the seroreactivity of the partially
purified 37K antigen was demonstrated by immunoblotting. After its purification to near homogeneity, the
cloned T. pallidum protein was assessed for diagnostic significance by radioimmunoassay. Although first
identified as seroreactive by screening with secondary syphilitic sera (T. E. Fehniger, A. M. Walfield, T. M.
Cunningham, J. D. Radolf, J. N. Miller, and M. A. Lovett, Abstr. Annu. Meet. Am. Soc. Microbiol. 1985,
B156, p. 44), the antigen was shown to be serologically reactive with antibodies in serum from all stages of
syphilis but was not recognized by serum from controls by both immunoblotting and radioimmune assay.
Further, a monospecific polyclonal rabbit antiserum generated to the 37K antigen recognized a polypeptide of
the same molecular weight from T. pallidum but did not efficiently recognize proteins from five nonpathogenic
treponemes tested. Therefore, because of reactivity with and specificity for T. pallidum antibodies, the 37K
antigen may be of serodiagnostic value in the detection of syphilis.

Recombinant DNA technology has enabled investigators
to characterize cellular components previously available
only in limited quantities. The molecular cloning and expres-
sion in alternate hosts of genes of pathogenic agents that
have fastidious growth requirements and that may be highly
infectious has provided a means to generate reagents that
can be used to conveniently study pathogenesis and the host
immune response. The ability to use recombinant DNA
procedures to produce purified antigens that are well char-
acterized will lead to sensitive, specific, and inexpensive
serodiagnostic assays, first by circumventing contamination
by other antigens of the pathogenic organism, and second by
providing a reliable and consistent antigen source.
Treponema pallidum, the etiologic agent of syphilis, is a
particularly attractive candidate for study by recombinant
techniques. The organism is normally grown in and ex-
tracted from rabbit testicles and cannot be cultivated in vitro
for sustained periods of time (7). In recent years, T. pallidum
has been the object of several molecular cloning and heter-
ologous gene expression studies (17, 20, 24, 25). Walfield et
al. (25) reported the expression from a recombinant bacte-
riophage, designated Tp3a, from a Charon 30 T. pallidum
genomic library in Escherichia coli of seven protein antigens
with molecular weights of 18,500, 20,000, 23,000, 24,000,
37,000, 43,000, and 46,000. Subsequently, a 5.6-kilobase-pair
HindIII fragment of T. pallidum DNA from Tp3a was
subcloned into pBR322, and the resulting recombinant plas-
mid was designated pAW305 (T. E. Fehniger, A. M.
Walfield, T. M. Cunningham, J. D. Radolf, J. N. Miller, and
M. A. Lovett, Abstr. Annu. Meet. Am. Soc. Microbiol.
1985, B156, p. 44). Here we report an endonuclease map of
the T. pallidum DNA insert in pAW305. In addition, using in
vitro-coupled transcription and translation, we have charac-

* Corresponding author.

terized the polypeptides directed by the T. pallidum insert. A
37,000-molecular-weight polypeptide (37K polypeptide) en-
coded by the T. pallidum DNA insert proved to be reactive
with secondary syphilitic sera and was selected for further
analysis. The 37K polypeptide was partially purified and
submitted to qualitative serological evaluation by immuno-
blotting. After purification of the treponemal antigen to near
homogeneity, the polypeptide was incorporated into a radio-
immunoassay (RIA) for quantitative evaluation. Further, the
N-terminal amino acid sequence of the 37K antigen was
determined to provide partial characterization. The genera-
tion of monospecific polyclonal rabbit sera to the 37K
antigen permitted the examination of treponemes other than
T. pallidum for cross-reacting antigens.

(Portions of this work were presented at the 85th Annual
Meeting of the American Society for Microbiology [G. C.
Rodgers, D. H. Mack, J. J. Sninsky, and S. R. Coates,
Abstr. Annu. Meet. Am. Soc. Microbiol., 1985, C30, p.
305].)

MATERIALS AND METHODS

Treponemal and bacterial strains. The recombinant plas-
mid pAW305 in E. coli RR1 was obtained from Michael
Lovett, University of California at Los Angeles. T. pallidum
and "T. phagedenis" biotype Reiter, were kindly provided
by Elizabeth Hunter, Centers for Disease Control (CDC). T.
pallidum was grown in and partially purified from rabbit
testicular tissue. "T. vincentii," "T. denticola," and "T.
scoliodonium" were generously provided by Robert
Smibert, Virginia Polytechnic Institute and State University.
A second culture of "T. denticola" was kindly provided by
Robert Nauman, University of Maryland Dental School. "T.
phagedenis" biotype Kazan (catalog no. 27087; R. G.
Wittler strain Kazan 8), was obtained from the American
Type Culture Collection.
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CHARACTERIZATION OF A T. PALLIDUM ANTIGEN 17

DNA manipulation. Plasmid DNA was purified by cesium
chloride-ethidium bromide density centrifugation (22) and
stored in 10 mM Tris hydrochloride (pH 7.4)-i mM EDTA.
Plasmid DNAs to be used as templates for in vitro transcrip-
tion and translation were further purified by gel filtration,
using Bio-Gel A-5M (Bio-Rad Laboratories, Richmond,
Calif.), before concentration by ethanol precipitation to 1
mglml in 10 mM Tris hydrochloride (pH 7.4)-i mM EDTA.
Restriction endonuclease digestions were carried out with
DNA concentrations of 0.5 to 1 mg/ml under conditions
recommended by the vendor (New England BioLabs, Inc.
Beverly, Mass.). Endonuclease-cleaved plasmid DNA was
phenol-ether extracted and ethanol precipitated before addi-
tion to the in vitro assay.

In vitro transcription and translation. The Prokaryotic
DNA-Directed Translation Kit and L-[35S]methionine were
purchased from Amersham Corp., Arlington Heights, Ill.,
and the reactions were performed as specified by the vendor.
Each reaction contained 2.5 to 5 ,ug of superhelical or
endonuclease-cleaved template DNA. Incorporation of la-
beled methionine into polypeptides was monitored by tri-
chloroacetic acid precipitation. Aliquots of reaction mix-
tures containing 1 x 105 to 2 x 105 cpm of labeled
polypeptides were fractionated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) as de-
scribed below. The polyacrylamide gels were treated with
Amplify (Amersham) according to the instructions of the
vendor before drying. The dried gel was exposed to Kodak
X-OMAT AR-5 film with a DuPont Lightning Plus screen at
-80°C overnight.

Protein analysis. The treponemal and rabbit testicular
tissue preparations were sonicated before denaturation by
boiling for 5 min in the presence of 2% SDS-1 M I-
mercaptoethanol-10% glycerol-0.02% bromphenol blue in
0.1 M Tris hydrochloride (pH 6.8). The samples were
fractionated by 12% SDS-PAGE as previously described
(13). The proteins were visualized after fractionation by
Coomassie brilliant blue staining. Immunoblotting was per-
formed by a modification of the methods of Towbin et al.
(23), Bittner et al. (3), and Burnette (4). Immunoblots were
carried out in a Bio-Rad Trans-blot cell at 35 V for 1 h at
room temperature. After transfer, additional protein-binding
sites on the nitrocellulose were saturated by incubation in a
modified blocking solution (11) containing 5% nonfat dry
milk (Carnation), 1% ovalbumin (Sigma grade III; Sigma
Chemical Co., St. Louis, Mo.), and 1 M glycine (Sigma). The
blots were washed three times for 5 min each in a wash
buffer containing 0.1% nonfat dry milk and 0.1% Tween 20
(Sigma) in phosphate-buffered saline (PBS) (0.15 M NaCl,
17.5 mM KH2PO4, 14.74 mM NaOH). The immunoblots
were incubated with serum (either a 1:50 dilution of patient
serum or a 1:400 dilution of rabbit antiserum in wash buffer)
with gentle agitation for 3 h at room temperature. Seroreac-
tive proteins were detected by use of a Vectastain ABC kit
specific for either human immunoglobulin G (IgG), human
IgM, or rabbit IgG (Vector Laboratories, Burlingame, Calif.)
by the procedure suggested by the manufacturer. Alterna-
tively, 125I-labeled Staphylococcus aureus protein A (ap-
proximately 106cpm in wash buffer) was employed to detect
bound antibody. The protein A was labeled with 1251 by the
chloramine T procedure to a specific activity of 15 to 30
,uCi/,g as previously described (6). Detection by the 1251_
labeled protein-A-bound probe was visualized by autoradi-
ography (Kodak X-OMAT AR-5 film exposed overnight at
room temperature).

Antigen preparation for immunoblots. Bacteria harboring

pAW305 were stored as frozen cultures at -80°C. Frozen
cultures were used to inoculate 1 liter ofNZYM medium (15)
supplemented with 20 ,ug of ampicillin per ml. The culture
was grown to stationary phase overnight at 37°C. Bacteria
were harvested by pelleting at 15,300 x g for 30 min at 4°C.
The cell pellet was washed once and suspended in 100 ml of
0.1 M Tris hydrochloride (pH 8.0) containing 0.04%
phenylmethylsulfonyl fluoride (Sigma). The suspended pellet
was sonicated at 4°C at setting 8 (40% pulse) for 10 min in a
Heat Systems sonicator. The sonicate was clarified by
centrifugation at 5,520 x g for 10 min. The supernatant was
decanted and centrifuged at 48,400 x g for 15 min, and the
resulting pellet was partially solubilized with 2% N-
lauroylsarcosine sodium salt (sarcosyl) (Sigma) in 0.1 M Tris
hydrochloride (pH 8.0) for 1 h at room temperature. Insolu-
ble material was removed by centrifugation at 48,400 x g for
15 min, and the supernatant was used in the immunoblotting
studies.

Purification of the 37K antigen. Frozen cultures (0.5 ml)
were used to inoculate 1 liter of medium containing TYE
broth (8). The culture was grown to stationary phase over-
night at 37°C. The cells were pelleted at 8,820 x g for 15 min
at 4°C. The pellet was suspended in 0.1 M sodium phos-
phate-25 mM EDTA (pH 6.0) and sonicated for 10 min at
setting 8 (50% pulse) in a Heat Systems sonicator. A solution
of 20% Nonidet P-40 (Shell Oil Co.) was added to a final
concentration of 2%, and sonication was continued for 10
min. The sonicate was centrifuged at 19,800 x g at 4°C for 40
min. The pellet was suspended in 50 ml of 2% Nonidet
P-40-1% 3-mercaptoethanol-50 mM Tris hydrochloride (pH
7.0) and sonicated at the same settings for 10 min. The
sonicate was centrifuged as above and the resulting pellet
was extracted twice for 1 h at 37°C with 15 ml of 4 M urea
(VWR Scientific, San Francisco, Calif.)-0.1 M Tris hydro-
chloride (pH 8.5). The pellet was then suspended in 15 ml of
saturated guanidine (Sigma) in 0.1 M Tris hydrochloride (pH
8.5) for 1 h at room temperature and centrifuged as above to
remove insoluble material. All subsequent steps were car-
ried out at room temperature unless noted. The supernatant
was concentrated to 5 ml in an Amicon diafilter (Amicon
Corp., Lexington, Mass.) with a YM10 filter. The concen-
trate was fractionated on a Sephacryl S-200 column (2 by 500
cm; 300-ml bed volume) (Pharmacia, Inc., Piscataway, N.J.)
equilibrated with saturated guanidine in 0.1 M Tris hydro-
chloride (pH 8.5). Fractions were monitored for the presence
of the 37K antigen by immunoblotting. The T. pallidum
antigen eluted at between 30 and 50 ml. The fractions
containing antigen 37K were pooled and concentrated to 5
ml, and the buffer was replaced with saturated urea in 60 mM
Tris hydrochloride (pH 8.5) in several steps with an Amicon
diafilter with a YM10 filter. The concentrate was clarified by
centrifugation for 30 min at 31,000 x g at 10°C and fraction-
ated on a DEAE-Sepharose column (100-ml bed volume)
(Pharmacia) equilibrated with saturated urea in 60 mM Tris
hydrochloride (pH 8.5). The antigen eluted at the void
volume (70 ml) of the DEAE column. Further purification
was accomplished by an additional fractionation on a DEAE
column but with saturated urea in 12 mM Tris hydrochloride
(pH 8.5). The lower concentration of salt resulted in better
separation of 37K antigen from contaminants. The antigen
was dialyzed against 0.2% SDS-PBS-0.02% sodium azide
before use. Subsequent scale-up procedures used only the 12
mM Tris hydrochloride (pH 8.5) second column instead of
the two-step protocol described above.
The 37K antigen was further purified on reverse-phase-

high-performance liquid chromotography before N-terminal
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amino acid sequencing was performed. Purification was
carried out on a Vydac C4 column with a 0.1% trifluoracetic
acid (Pierce Chemical Co., Rockford, Ill.)-acetonitrile (J.T.
Baker Chemical Co., Phillipsburg, N.J.) buffer system with a
linear gradient of from 30 to 60% acetonitrile in 45 min. The
37K antigen eluted near 50% acetonitrile. Automated se-
quence analysis was performed on only one preparation with
an updated Beckman 890M sequencer as previously de-
scribed (26).
RIA. The RIA for the 37K antigen was a modification of a

plate assay (12) designed to measure serum antibody. The
purified 37K antigen (30 ,ul of a 13-p.g/ml solution in 0.0125%
SDS-PBS-0.02% sodium azide) was absorbed onto a round-
bottom, disposable, polyvinyl chloride microtiter plate
(Becton Dickinson Labware, Oxnard, Calif.) overnight at
4°C. The plates were blocked for 30 min at room temperature
with 0.1% ovalbumin-0.1% Tween 20 in PBS. After block-
ing, 25 ,ul of diluted serum (1:25) was added per well and
incubated for 2 h at room temperature. After incubation with
serum, 25 p.l of a 1:500 dilution of 125I-labeled goat anti-
human immunoglobulin (IgG, IgM, and IgA) antiserum (6)
was added per well and incubated for 1 h at room tempera-
ture. All dilutions were made in 10% horse serum (GIBCO
Laboratories, Grand Island, N.Y.)-0.05% Tween 20-0.1%
thimerosal (Sigma) in PBS. Unbound reagents were removed
by washing with 0.1% ovalbumin-0.1% Tween 20 in PBS.
The 125I-labeled goat antibody bound was measured by
cutting the wells from plates and counting in a Beckman
gamma counter.
RIA samples were assayed in duplicate. The average

counts per minute of the background wells (containing no
antigen) was subtracted from the average counts per minute
of the antigen-containing wells. The percentage of the counts
per minute added to the well that was bound by the sample
was calculated. This percentage was used to compare results
from RIAs performed on different days. To assess assay-to-
assay variation, 8 to 12 standard samples were included in
each RIA.

Statistical manipulations were with the RS/1 software data
analysis systems (Bolt Beranek and Newman Inc.) on a
VAX-11 computer (Digital Equipment Corp.).
Human sera. Sera consisted of three groups. First, a panel

of Centers for Disease Control (CDC) sera was kindly
provided by Sandra Larsen, CDC. These samples included
sera from patients with treated and untreated cases of
primary, secondary, latent, and late syphilis, biological
false-positive (BFP) samples, normal control sera, and sam-
ples from patients with non-syphilis-related diseases. Sam-
ple group 2 consisted of sera from patients with untreated
primary syphilis. These samples were obtained from five
state health laboratories: San Diego Department of Health
Services; Florida Department of Health and Rehabilitation,
Tampa Branch Laboratory; New York Department of Public
Health; Pennsylvania Health Department; and Houston
Health Department. For sample group 3, normal control sera
were obtained from Kaiser-Permanente Medical Group Re-
gional Laboratory in Berkeley, Calif., and Cetus Corpora-
tion personnel. The untreated primary syphilitic sera and the
sera from normal control groups were tested with the rapid
plasma reagin (RPR) Macro-Vue RPR card test (Hynson,
Westcott and Dunning Division, Becton Dickinson and Co.).
The untreated primary syphilitic sera were also tested with
the fluorescent treponemal antibody absorption (FTA-ABS)
test, Fluoro-Kit II (Clinical Sciences, Inc.), and the
microhemagglutination treponemal antibody (MHA-TP)
test, SERA-TEK test (Miles Laboratories, Inc., Ames Divi-

sion). All tests were performed according to the specifica-
tions of the manufacturer.

Rabbit reagents. The antigen for immunization was pre-
pared by fractionation by SDS-PAGE as described above.
Antigen 37K was visualized by 1 M potassium chloride at
4°C and excised from the gel. The gel strip containing the
antigen was emulsified in a Dounce tissue grinder at room
temperature for 10 min in 1 ml of 0.1% SDS in 0.3 M Tris
hydrochloride (pH 8.8). Protein determinations were made
by the procedure of Lowry et al. (14).

Rabbits whose sera did not contain cross-reactive antibod-
ies to 37K antigen were selected for immunization. Rabbits
were given peri-lymph nodal immunizations with approxi-
mately 10 pug of SDS-PAGE-purified 37K antigen emulsified
in Freund complete adjuvant (2 ml). The rabbits were
boosted 21 and 34 days later by intramuscular injection with
approximately 20 [Lg of SDS-PAGE-purified antigen in
Freund incomplete adjuvant (2 ml). The rabbits were
boosted again 52 days after initial immunization with 100 p.g
of DEAE-purified antigen in Freund incomplete adjuvant (2
ml). The rabbit antiserum with the highest antibody titer to
37K by immunoblot and RIA was used in all studies reported
here. Immunization and bleeds were performed by Berkeley
Antibody Co. Normal rabbit serum was obtained from Tago
Inc. Rabbit testicular tissue was kindly provided by
Elizabeth Hunter, CDC.

RESULTS

Delineation of the coding region of the polypeptides
expressed by pAW305 was undertaken for several reasons.
First, localization of the coding regions was essential to
verify that these proteins were entirely encoded by T.
pallidum DNA and did not represent fusion polypeptides of
treponemal and bacterial sequences. Second, experiments
directed toward more efficient expression of the T. pallidum
antigens in bacteria require a detailed knowledge of the
location of the genes and the endonuclease sites present.
Third, localization of the coding sequences is required to
determine the DNA sequence of the genes, thereby provid-
ing the complete amino acid sequence of the treponemal
antigens. Finally, examination of the DNA sequence proxi-
mal to the genes will lend insight into the regulatory signals
for expression in such disparate organisms as T. pallidum
and E. coli.
One of the treponemal antigens encoded by plasmid

pAW305, the 37K polypeptide, was chosen for further
detailed study, because preliminary immunoblots exhibited a
seroreactive band of this molecular mass when secondary
syphilitic sera was used (Fehniger et al., Abstr. Annu. Meet.
Am. Soc. Microbiol., 1985). The presence of E. coli antigens
potentially reactive to syphilitic sera in the partially purified
37K antigen preparation restricted the initial evaluation to
immunoblot analysis. Coincident with the qualitative im-
munoblot analysis, purification of the antigen leading to
development of a quantitative format, an RIA, was in
progress. By use of both immunoblot and immunoprecipita-
tion analysis, several laboratories have reported that anti-
bodies to only a small number of syphilis antigens are made
during the primary stage of the disease, while antibody
response to a broader array of antigens is evident in the
secondary and later stages (2, 9, 16). Since 37K antigen was
initially identified by reactivity to secondary syphilitic sera,
the possibility existed that the antigen would not be diagnos-
tic for primary syphilis. Therefore, we carried out im-
munoblot studies with primary syphilitic sera. Once proven
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FIG. 1. Preparation of 37K antigen for immunoblotting. Coomas-
sie brilliant blue staining of a 12% SDS-PAGE gel of total cell
protein (lanes 1 and 2) and 2% sarcosyl extracts of sonicated cell
pellets (lanes 3 and 4) of E. coli containing either control plasmid
pBR322 (lanes 1 and 4) or plasmid pAW305 (lanes 2 and 3). The
arrow indicates the position of the 37K antigen. Positions and sizes
(103) of the molecular weight markers are indicated.

efficacious for the diagnosis of primary syphilis by im-
munoblot, the antigen was evaluated by RIA for its diagnos-
tic significance for all stages of syphilis.
To ascertain if determinants on antigen 37K were T.

pallidum specific, we generated a monospecific polyclonal
antiserum to this polypeptide. The antiserum was used in
immunoblot studies to assess if cross-reactive antigens were
present in nonpathogenic treponemal species endemic to
humans.

Characterization of polypeptides encoded by pAW305.
Fractionated total cell protein extracts of bacteria harboring
either pAW305 or pBR322 were indistinguishable (Fig. 1,
lanes 1 and 2), indicating that the expression of polypeptides
directed by the T. pallidum insert was inefficient. A sensitive
procedure to identify polypeptides expressed by a recombi-
nant plasmid uses coupled in vitro transcription and trans-
lation of plasmid DNA (Fig. 2) (5, 27). In the absence of
added exogenous DNA, labeled methionine could not be
incorporated into polypeptides with bacterial extracts (Fig.
2B, lane 2). The addition of superhelical pAT153, a pBR322
deletion derivative, directed the incorporation of labeled
methionine into polypeptides (Fig. 2A, lane 1; and 2B, lane
3). The inclusion of pBR322 as a template in the in vitro
assay resulted in a virtually identical pattern of bands (data
not shown). The major band, with an estimated molecular
weight of 30,000, represents 1-lactamase with the signal
sequence still present at the N terminus. Removal of the
signal peptide is only possible in the presence of bacterial
extracts that contain cellular membranes (18, 19). The less
intense bands of lower molecular weight than that of the
,B-lactamase probably represent premature transcriptional or

translational termination (or both) of the gene for 1-
lactamase (Fig. 2A, lane 1). The addition of superhelical
pAW305 to the in vitro system (Fig. 2A, lane 2; and 2B, lane
1) provided for the synthesis of ,B-lactamase as expected, as
well as two additional bands of 37 and 67 kilodaltons. An
additional band at 18 kilodaltons could be discerned, but the
intensity of the band relative to the prematurely terminated
polypeptides of,-lactamase prevented unambiguous verifi-
cation that pAW305 encoded a unique polypeptide of this
size. Confirmation that linear DNA fragments can serve as
templates in the in vitro system was accomplished by the
addition ofBamHI-cleaved pAW305 to the bacterial extracts
(Fig. 2A, lane 3). The unique BamHI site ofpAW305 is in the
pBR322 portion of the recombinant plasmid (Fig. 3) and did
not, as expected, interrupt the synthesis of any of the
polypeptides (Fig. 2A, lane 3). Recombinant plasmid
pAW305 endonucleolytically cleaved with Hindlll (Fig. 2A,
lane 6) retained the ability to direct the synthesis of the same
polypeptides as either superhelical (Fig. 2A, lane 2) or
BamHI-cleaved (Fig. 2A, lane 3) molecules. We conclude
from these data that the coding regions for the 37K and 67K
polypeptides are contained in their entirety on the T. palli-
dum DNA insert. The addition of pAW305 cleaved with
additional endonucleases indicates that the synthesis of the
37K and 67K polypeptides can be arrested independently.
For example, endonucleases PstI (Fig. 2A, lane 5) and
EcoRV (Fig. 2B, lane 5) prevented the synthesis of the 37K
and 67K polypeptides, respectively. Note that the use of
endonucleases PstI and PvuI interrupted the synthesis of
1-lactamase as expected (Fig. 2A, lane 5; and 2B, lane 4,
respectively). Even though the 67-kilodalton band was ab-
sent, when KpnI-cleaved pAW305 was used as a template, a
series of bands lower in molecular mass were obvious (Fig.
2B, lane 7). Such a pattern would be expected if the
endonuclease site is present in the coding sequence for the C
terminus of the polypeptide. In addition, endonucleases that
cleave the plasmid DNA numerous times (e.g., TaqI and
MspI) prevented the synthesis of all polypeptides (Fig. 2B,
lanes 6 and 8, respectively), indicating that the genes for the
37K and 67K polypeptides contain recognition sites for these
enzymes. These data demonstrate that the genes for the 37K
and 67K polypeptides are distinct, and examination of an
endonuclease map ofpAW305 permits the localization of the
respective genes (Fig. 3).

Partial purification of antigen 37K. Coincident with our
gene localization studies, we embarked on studies to deter-
mine the serodiagnostic significance of one of the T. palli-
dum-encoded polypeptides. A purification scheme leading to
enrichment of the 37K antigen was used to initiate serolog-
ical characterization. The 37K antigen was found in associ-
ation with membrane components in the pellet of sonicated
E. coli lysates (Fig. 4A, lane 3) (Fehniger et al., Abstr. Annu.
Meet. Am. Soc. Microbiol., 1985). Further enrichment and
solubilization of the T. pallidum antigen was accomplished
by extraction with 2% sarcosyl (Fig. 1, lane 3). Whereas the
37K protein is not visible in total cell extracts by Coomassie
brilliant blue staining, the enrichment procedure described
above resulted in an obvious additional band from bacteria
harboring pAW305 (Fig. 1, lane 3) compared with bacteria
harboring the parent plasmid pBR322 (Fig. 1, lane 4).
Immunoblot analysis of human sera. Immunoblot analysis

was used to qualitatively evaluate the reactivity of the 37K
T. pallidum antigen with primary syphilitic and control sera.
The sarcosyl-solubilized antigen and control preparations
were fractionated by 12% discontinuous SDS-PAGE gels
and transferred to nitrocellulose (3, 4, 23). The nitrocellulose
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FIG. 2. In vitro-coupled transcription and translation of plasmid DNA. Fluorograph of 12% SDS-PAGE gels. After in vitro-coupled

transcription and translation, aliquots of reaction mixtures containing 1 x 105 to 2 x 105 cpm of L-35S-labeled polypeptides by use of the
template plasmid DNAs (noted above each lane) were fractionated. (A) Lanes: 1, superhelical pAT153; 2, superhelical pAW305. Lanes 3
through 6 contain pAW305 cleaved with the specific endonucleases denoted below and prepared as described in the text: 3, BamHI; 4, XhoI;
5, PstI; 6, HindIII. Arrows indicate positions of polypeptides directed by pAW305 but not pBR322. Lane 7, 14C-labeled protein standards.
(B) Lanes: 1, superhelical pAW305; 2, no DNA; 3, superhelical pAT153. Lanes 4 through 8 contain pAW305 cleaved with the noted
endonucleases: 4, PvuI; 5, EcoRV; 6, Taq: 7, KpnI; 8, Msp. Molecular masses of protein standards (103) are indicated.

Apr

EcoRI
"-&I PvuI

FIG. 3. Schematic representation of pAW305. Recombinant
plasmid pAW305 was constructed by inserting a 5.6-kilobase-pair T.
pallidum DNA fragment (_) at the unique HindIII site of pBR322
(-). Pertinent endonuclease sites are noted. The arrow desig-
nated Apr represents P-lactamase. The lines labeled 37 and 67
kilodaltons represent the coding regions, as determined by in
vitro-coupled transcription and translation, of the treponemal
polypeptides with the corresponding molecular sizes. The plasmid is
drawn to scale.

strips were incubated with diluted human serum, and the IgG
reactivity was visualized by 125"-labeled protein A (Fig. 5).
Reactivity to 37K by use of 27 primary syphilitic sera from
five different state health laboratories, 5 CDC BFPs, and 7
Cetus Corp. RPR-negative controls, was evaluated. A BFP
is defined as a person whose serum is reactive by one or
more of the currently used commercial serological tests
(usually a nontreponemal screening test), but who is not
infected with T. pallidum by any other criteria. Seroreactiv-
ity with 37K was grouped into one of three categories
(reactive, borderline, and nonreactive). Representative ex-
amples of these reactivities are shown (Fig. 5: reactive, lanes
4, 6, and 12; borderline, lane 8; and nonreactive, lane 2).
Reactive and borderline response with 37K was detected in
85% (23 of 27) of the primary syphilis samples, while no
response was noted with either the BFPs (O of 5) or the
controls (O of 7). Commercially available syphilis diagnostic
tests, the RPR, MHA-TP, and FTA-ABS, detected 70% (19
of 27), 85% (23 of 27), and 78% (21 of 27), respectively, of the
primary samples. If borderline samples were considered to
be negative, the reactivity with the syphilitic sera was 67%
(18 of 27) for 37K, 78% (21 of 27) for the MHA-TP test, and
67% (18 of 27) for the FTA-ABS test. The control samples
were negative by the MHA-TP test and the BFPs were
negative by the MHA-TP and FTA-ABS tests. Since anti-
bodies of the IgM class predominate over those of IgG in the
primary stage of syphilis (16), the sera with little or no IgG
reactivity to 37K were assayed for IgM antibodies specific
for the 37K antigen. IgM seroreactivity was detected by
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FIG. 4. Preparation of 37K antigen for radioimmune assay.
Coomassie-brilliant-blue-stained 12% SDS-PAGE gel (A) and cor-
responding immunoblot assay (B) probed with a pool of primary and
secondary syphilitic sera analyzed the purity of the 37K antigen at
various steps in the purification procedure. Lanes: 1, total cell
protein; 2, sonicate supernatant; 3, sonicate pellet; 4, sonicate pellet
after Nonidet P-40 and urea washes and fractionation on a sizing
column; 5, purified 37K after ion-exchange chromatography. Details
of purification are described in text. The arrow indicates the position
of the 37K antigen. Positions and sizes (103) of the molecular weight
markers are indicated.

1 2 3 4 5 6 7 8 9 10 11 12
_+- + -+ - + -+

reprobing the nitrocellulose strips with a biotinylated anti-
human IgM antiserum and was detected by incubation with
a complex of streptavidin and biotinylated horseradish per-
oxidase. Eight of the 9 primary syphilis sera displaying little
or no IgG reactivity to 37K and 10 samples that demon-
strated a strong IgG response were assayed for IgM antibod-
ies specific for 37K. In this assay, 75% (6 of 8) of the IgG
borderline or negative samples demonstrated IgM antibodies
to 37K, whereas 50% (5 of 10) of the IgG strong positives
possessed IgM responses. Therefore, 92% of the primary
syphilitic samples were detected by immumoblot analysis
with the 37K antigen when both IgG and IgM responses were
assessed.

Purification and incorporation of the 37K antigen into an
RIA. Development of an RIA to quantitatively evaluate the
serological reactivity of 37K required purification of the
antigen from potentially seroreactive E. coli contaminants
(Fig. 4B, lane 1). The purification scheme exploited the
relative insolubility of 37K in 4 M urea and in nonionic
detergents. The cells were pelleted, sonicated in the pres-
ence of 2% Nonidet P-40-1% P-mercaptoethanol (Fig. 4A
and B, lane 3), and washed twice with 4 M urea. The antigen
was finally solubilized in saturated guanidine and fraction-
ated according to molecular size on a Sephacryl column (Fig.
4A and B, lane 4). The fractions containing 37K were pooled
and further purified on a DEAE-Sepharose column. The
antigen was found in the void volume of the DEAE column
(Fig. 4A and B, lane 5). The N-terminal amino acid sequence
of the antigen was determined after further purification by
reverse-phase high-performance liquid chromotography
(Fig. 6). We noted a decrease in the seroreactivity to the
antigen through the steps of purification (Fig. 4B, lanes 4 and
5). The reason for the decrease was unclear.
An RIA with the purified T. pallidum antigen was per-

formed as described above. Dilution of the serum and
labeled probe in a solution containing 10% horse serum
greatly reduced nonspecific binding of the antibodies in
uninfected controls, while not significantly affecting the
specific binding in syphilitic sera (data not shown). All
samples were run in duplicate. The counts per minute bound
by the sample was calculated as described above.

Evaluation of seroreactivity by RIA. The seroreactivity to
the 37K antigen of sera from 131 syphilis-infected and 103
uninfected patients was evaluated by RIA. The samples
were divided into four major groups: syphilis-negative con-
trols, BFPs, sera from the CDC consisting of patient samples
from all stages of syphilis, and primary syphilis sera from
state health laboratories (Fig. 7). Sera from sources other
than the CDC that were identified as syphilis-negative con-
trols were assayed for syphilis reactivity by the RPR test. All
were determined to be negative. The negative sera from the
CDC included 19 samples determined to have other illnesses
not related to syphilis. The mean plus two standard devia-
tions of the negative samples was defined as a positive result,
and 3 out of 65 syphilis-negative samples were detected by
37K for a false-positive rate of 4.6% (Fig. 7).
A total of 34 BFPs were obtained from the CDC, and 8

|W -s z -... . .. .w1: : e: r. _.. ,i,. .s. .. . , :fs. :: _ R :'^ ' . :_ ^ _
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Contro Primary Prlm4ry Primary BFP + Pool

FIG. 5. Seroreactivity of the partially purified 37K antigen. Im-
munoblot reactivity of sera from an uninfected control (lanes 1 and
2), three syphilis primary sera (lanes 3 through 8), a BFP (lanes 9 and
10), and a pool of primary and secondary syphilitic sera (lanes 11
and 12) to sarcosyl extracts of sonicated pellets of bacteria harboring
pBR322 (-) and pAW305 (+). The arrow indicates the position of
the 37K antigen. Positions and sizes (103) of the molecular weight
markers are indicated.

1 5 10 15

Met Val Gly Thr Tyr (Val) Val (Thr) Leu Trp Gly Gly Val Phe Ala
(Ala)

20
Ala Leu Val Ala Gly
FIG. 6. N-terminal amino acid sequence of the 37K antigen.

Positions in which the designation of a specific amino acid is still
somewhat in question are denoted by parentheses.
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BIOLOGICAL FALSE SYPHILIS POSITIVE PRIMARY STAGE
POSrrIVES (CDC) CONTROLS (CDC) SYPHILIC SAMPLES (STATE

HEALTH LABORATORIES)
4/42 71/81 38/50
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FIG. 7. Results of the 37K RIA study. Distribution of percentage of 1251I-labeled goat antihuman antisera bound by 37K-specific antibodies
in syphilis-uninfected control sera (0), BFPs (U), CDC syphilis-positive controls (*), and primary syphilitic sera (A). A sample was scored
positive if the percentage of bound counts per minute was greater than the mean plus two standard deviations of the percentage of counts per
minute bound by the uninfected controls (-----).

were obtained from the San Diego State Health Laboratory.
Sera in this group reacted in the RPR screening test and,
with four exceptions, did not react in either the MHA-TP or
the FTA-ABS confirmatory tests. These patients showed no
evidence of disease, and in the four cases when the confir-
matory test was positive, the sera did not demonstrate the
ability to immobilize T. pallidum in the Immobilization test.
The 37K antigen RIA and the MHA-TP and FTA-ABS tests
detected 4 out of 44 samples (6.9%) (Fig. 7). The one
particularly reactive sample (4.9% cpm bound) also demon-

TABLE 1. Primary syphilitic sera not reactive by one or
more assays

Serum MHA-TP FTA-ABS 37RA
sample RPR test test test 37K RIA
no.

2086 NRa NR NR NR
1979 NR NR NR NR
2068 NR NR NR +
2071 NR 1+ NR +
2100 NR NR 1+ +
2070 + NR NR NR
2101 NR 1+ 2+ NR
2109 NR 4+ 1+ NR
2074 NR 4+ 2+ +
2106 + 2+ NR NR
2092 + 2+ NR NR
1983 + 1+ 1+ NR
2072 + 3+ 1+ NR
2115 + 3+ 2+ NR
2099 + 3+ 2+ NR
2114 + 3+ 2+ NR
a NR, Nonreactive.

strated strong reactivity in both the MHA-TP and FTA-ABS
tests. The three other sera detected by the two confirmatory
tests were negative by the 37K RIA.
The CDC panel contained sera from all stages of syphilis.

The 81 sera assayed included 28 primary, 16 secondary, 16
latent, and 21 late (18 cardiovascular and 3 neurological)
samples from both treated and untreated patients. The 37K
RIA detected 87.7% (71 of 81) of the samples. The FTA-ABS
test detected 100% (81 of 81) and the MHA-TP test detected
100% (75 of 75). The samples not reactive with 37K included
three primaries, three latents, and four lates (all cardiovas-
cular).
The last group of samples consisted of 50 samples from the

primary stage of syphilis. These samples were obtained from
five state health laboratories. The patients in this group had
chancre-suspected lesions as diagnosed by physicians at
venereal disease clinics. The 37K antigen RIA detected 76%
of the samples (38 of 50), while the RPR, MHA-TP, and
FTA-ABS tests detected 84% (42 of 50), 90% (45 of 50), and
86% (43 of 50) of the samples, respectively (Fig. 7). In this
group, 16 of the samples failed to react in one or more of the
commercial syphilis tests (Table 1). Two of these samples
were negative by all tests including the 37K RIA (Table 1)
while one sample was negative by all assays except 37K
(Table 1). The RIA detected 4 of 8, 2 of 5, and 2 of 7 samples
scored nonreactive by the RPR, MHA-TP, and FTA-ABS
tests, respectively (Table 1).

In conclusion, the RIA studies demonstrated the 37K T.
pallidum antigen to be serologically reactive to serum from
all stages of syphilis while displaying little reactivity to
normal controls.
Examination of nonpathogenic treponemes for 37K-cross-

reacting proteins. The low false-positive rate in the RIA
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FIG. 8. Reactivity of antiserum to nonpathogenic treponemes. Coomassie brilliant blue staining of a 12% SDS-PAGE gel (A) and
corresponding immunoblots probed with a pool of human primary and secondary syphilitic sera (B), rabbit preimmune sera (C), and rabbit
antiserum to 37K (D). Immunoblot analysis of seroreactivity to rabbit testicular tissue (lane 1), T. pallidum (lane 2), purified 37K (lane 3), "T.
phagedenis" biotypes Reiter (lane 4) and Kazan (lane 5), "T. denticola" (lane 6), "T. scoliodonium" (lane 7), "T. vincentii" (lane 8), and
normal rabbit sera (lane 9). The arrows indicate the position of the 37K antigen. Positions and sizes (105) of the molecular weight markers are
indicated.

suggested that the 37K antigen was not recognized by
antibodies generated to nonpathogenic treponemes. Immu-
noblotting was used to compare the seroreactivity to T.
pallidum and five nonpathogenic treponemes of a monospe-
cific rabbit antiserum generated to 37K and of a pool of
human syphilitic sera. The treponemes included three oral
("T. vincentii," "T. denticola," and "T. scoliodonium")
and two genital isolates ("T. phagedenis" biotypes Reiter
and Kazan). Since treponemes have the ability to absorb
host proteins on their surfaces (1), two preparations con-
trolled for reactivity to host proteins. First, a preparation of

normal rabbit testicular tissue controlled for T. pallidum
grown in vivo in rabbit testes. Second, normal rabbit serum
controlled for the nonpathogenic treponemes grown in vitro
in the presence of rabbit serum. The amount of treponemal
organisms in each lane of SDS-PAGE analysis was approx-
imately equivalent (Fig. 8A). A pool of human sera from
patients with primary or secondary syphilis displayed reac-
tivity to 37K antigen (Fig. 8B, lane 3), and to 20 antigens in
T. pallidum (Fig. 8B, lane 2), including one of 37,000
molecular weight. Seroreactivity of various degrees was
evident to all the nonpathogenic treponemes tested (Fig. 8B,
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lanes 4 through 8). In addition to bands seroreactive with
preimmune sera, the rabbit antiserum to 37K reacted with
two bands in the T. pallidum preparation (Fig. 8D, lane 2), a
major band of 37,000 and a minor band of approximately
85,000 molecular weight. The nature or significance of the
85,000-molecular-weight band detected with antiserum to
the 37K antigen is not clear at this time. Seroreactivity other
than that noted for preimmune rabbit sera was not detected
when the 37K-antigen-specific antiserum was used to probe
fractionated nonpathogenic treponemes (Fig. 8D, lanes 4
through 8). These data suggest that an antigen that cross-
reacts with 37K is not found in the nonpathogenic trepone-
mal organisms examined.

DISCUSSION

Walfield et al. (25) have reported the molecular cloning
and expression in E. coli of T. pallidum antigens encoded by
a recombinant bacteriophage. A HindlIl fragment of the T.
pallidum DNA insert in the bacteriophage was later
subcloned into pBR322 and the resulting plasmid designated
pAW305 (T. E. Fehniger et al. Abstr. Annu. Meet. Am. Soc.
Microbiol. 1985). Both the recombinant bacteriophage and
plasmid directed the synthesis of polypeptides reactive with
secondary syphilitic sera. We report here the characteriza-
tion of the T. pallidum DNA insert in pAW305 and the
serodiagnostic significance and partial N-terminal amino
acid sequence of one of the antigens encoded by the plasmid
and expressed in E. coli.
Recombinant plasmid pAW305 was found to direct the

expression of at least two polypeptides with molecular
weights of 37,000 and 67,000 in a procedure employing
plasmid DNA as a template for in vitro-coupled transcription
and translation. The ability of linearized plasmid DNA to
serve as a template provided the opportunity to map the
genes for these polypeptides by endonuclease-arrested tran-
scription and translation. A comparison of the endo-
nucleases that prevented the synthesis of specific
polypeptides with the endonuclease map of the plasmid
DNA allowed localization of the genes for the 37K and 67K
polypeptides.

Polyclonal rabbit antiserum was generated to the 37K
treponemal antigen purified from E. coli and used to probe
extracts of T. pallidum and several nonpathogenic trep-
onemes. The rabbit antiserum recognized a polypeptide of
similar size in protein extracts of T. pallidum and E. coli,
demonstrating that the gene for the protein was faithfully
transcribed and translated in bacteria. The inability of the
rabbit antiserum to cross-react with the nonpathogenic
treponemes including "T. phagedenis" biotypes Reiter and
Kazan indicated that the immunogenic determinants on 37K
antigen were not found on these closely related organisms.
Currently, preabsorbtion of sera with a solution containing
sonicated Reiter treponeme to eliminate reactivity to com-
mon nonspecific treponemal antigens is necessary in all
commercial confirmatory tests for syphilis (10). Because of
the lack of cross-reactivity demonstrated by the cloned
antigen, the preabsorption step in the 37K RIA was elimi-
nated.
The serodiagnostic importance of the 37K antigen en-

coded by plasmid pAW305 was assessed by immunoblot and
RIA. The 37K antigen was selected for further analysis on
the basis of preliminary immunoblots (Fehniger et al., Abstr.
Annu. Meet. Am. Soc. Microbiol., 1985) that revealed a
band of similar molecular weight to be seroreactive with
secondary syphilitic sera. Immunoblot analysis allowed us to

discern between 37K-specific seroreactivity and contaminat-
ing E. coli antigens in the partially purified antigen prepara-
tion. Use of both IgG and IgM probes to assess antibodies to
37K proved optimal. The 37K demonstrated reactivity to
92% of primary syphilis sera but not to control samples.
With immunoblotting, the 37K was as sensitive and specific
as the MHA-TP AND FTA-ABS tests in detecting primary
syphilis. After purification of the 37K antigen to near homo-
geneity, an RIA assay was developed. Since our immuno-
blotting studies indicated that detection of both IgG and IgM
was important, we used an 1251I-labeled goat antihuman
polyvalent antiserum that recognizes both IgG and IgM. The
reactivity of 87.7% of a CDC panel of sera in the RIA
demonstrated the ability of the 37K antigen to detect syphilis
antibodies in all stages of the disease. Further, the RIA also
identified 76% of the primary syphilis samples from state
health laboratories. Serum from 11 of the 16 samples that
failed to react with 37K also failed to react in one or more of
the commercial diagnostic tests. This group of 11 samples
may represent patients in the earliest stage of the disease,
when they may not, as yet, be producing antibodies to the
37K antigen. An alternative explanation is that the inability
of the RIA to detect syphilis antibodies in a portion of the
samples from the CDC and the state health laboratories may
be due to the insensitivity of the assay employed. The lack of
detectable 37K antibodies in 95.4% of the uninfected con-
trols is indicative of the specificity of the antigen. Further,
the 9.5% false-positive rate with the BFPs is consistent with
the MHA-TP and FTA-ABS tests. Further analysis of addi-
tional sera is necessary to unambiguously determine whether
the T. pallidum antigen described in this report is of
serodiagnostic value in the detection of syphilis.
Many investigators have studied the humoral immune

response to either recombinant or extracted T. pallidum
antigens of approximately 37 kDa. How these antigens relate
to the recombinant 37K antigen characterized in our study is
not clear. Baker-Zander et al. (2) noted various degrees of
reactivity of secondary and early-latent syphilitic sera with a
35.5-kDa antigen in immunoblot experiments with whole
organisms. In another study with immunoblots of SDS-
PAGE-fractionated whole organisms, Hanff et al. (9) de-
tected weak reactivity of late-latent and late syphilitic sera
with a 35.5-kDa antigen. Moskophidis and Muller (16) in a
later study of both IgM and IgG responses reported that
35S-labeled T. pallidum was precipitated by antibodies from
patients with primary or secondary syphilis. IgM reactivity
of both primary and secondary syphilitic sera, as well as IgG
reactivity of the secondary syphilitic sera, with antigens with
molecular weights of 35,000, 37,000, and 38,500 was ob-
served. Further, IgG reactivity of primary syphilitic sera
with the 37K antigen was detected. In addition, two studies
involving immunoblot analysis of E. coli-expressed recom-
binant antigens have detected seroreactivity to a 35K antigen
(24) with secondary syphilitic sera, and to 35K and 39K
antigens with secondary, latent, late, and most primary
syphilitic sera (21). Until the antigens identified by other
investigators are better characterized or immunological re-
agents exchanged, the precise relationship of the 37K anti-
gen reported here and the antigens of similar molecular
weight described by others will remain unclear. However,
cloned antigens, as exemplified by the 37K antigen, can
provide highly reproducible, economical, sensitive, specific,
and bio-safe reagents for the diagnosis of disease. Studies
are under way to determine the total amino acid sequence of
the 37Kd antigen to further characterize this potentially
important serodiagnostic antigen.
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