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FIG. 6. Southern blot hybridization of a 38-kDa-lipoprotein gene
probe with DNAs from T. pallidum, nonpathogenic treponemes, E.
coli, and rabbit liver. DNAs (ca. 2 ,ug per gel lane for genomic samples)
were restricted with EcoRI; an a-32P-labeled PCR product was used as
the hybridization probe. Lane 1, total rabbit liver DNA; lane 2, T.
pallidum genomic DNA; lane 3, T. phagedenis genomic DNA; lane 4, T.
denticola genomic DNA; lane 5, E. coli RR1 genomic DNA; lane 6,
pPB-7 (1 ng). Autoradiography was for 16 h (- 70°C). DNA molecular
weight markers on the left are in kilobase pairs.

T pallidum thus constitutes an important contemporary area
of treponemal research (59).
Immunoblots employing MAbs unexpectedly revealed 37-

kDa homologs of the T. pallidum 38-kDa membrane lipopro-
tein in the nonpathogenic treponemes T. phagedenis, T. denti-
cola, and T. refringens. Past studies have shown that T. pallidum
synthesizes a number of antigenic polypeptides not present in
nonpathogenic commensal treponemes; such pathogen-spe-
cific molecules have been candidate virulence factors and have
been studied by using both polyclonal antisera (3, 26, 46, 53)
and MAbs generated against T. pallidum (2, 7, 41, 47-49, 66,
96). Among these, a number of the more immunogenic mole-
cules also have been characterized as integral membrane
proteins by their extraction into Triton X-1 14 (i.e., DPPs) (17,
71, 72); Radolf and Norgard additionally showed that rabbit
anti-DPP antibodies did not react with proteins of T. phagede-
nis, Treponema vincentii, T. denticola, or Treponema scoliodon-
tum, suggesting that Triton X-114 phase partitioning selec-
tively extracted integral membrane proteins which were
specific to the pathogen. However, according to Chamberlain
et al. (11) and as confirmed in this study, the 38-kDa lipopro-
tein of T. pallidum and its homologs in nonpathogenic trepo-
nemes also are extracted into the detergent phase of Triton
X-114. The previous inability to demonstrate antibodies in T.
pallidum DPP antiserum reactive with the cognate 38-kDa
proteins of nonpathogens (72) most likely was due to relatively
poor immunogenicity of the 38-kDa lipoprotein. This is sub-
stantiated by the fact that the 38-kDa antigen does not elicit an
antibody response during human infection as intense as a
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FIG. 7. Computer-assisted comparison of the MglB protein
(GGBP) of E. coli with the 38-kDa lipoprotein of T. pallidum.
DNA-derived amino acid sequences of both genes were aligned and
scored according to the BESTFIT algorithm (University of Wisconsin-
Genetics Computer Group program) (55). Parameters for the align-
ment were as follows: gap weight, 3.0; length weight, 0.10; average
mismatch, - 0.396; average match, 0.540. Percent similarity was
58.9%, with 34.2% identity. A dash between the two sequences denotes
identity, two dots denote a conservative substitution, and one dot
denotes an acceptable substitution. The asterisks mark the 19 amino
acids which form the carbohydrate-binding site of MglB (68, 69, 101).

number of the other treponemal lipoproteins, such as the 47-,
17-, and 15-kDa molecules (71, 79, 80). There is other prece-
dent for the conservation of membrane proteins among T.
pallidum and nonpathogenic treponemes; cognate antigens
corresponding to the T. pallidum membrane lipoprotein TmpA
and the membrane protein TmpB, initially proposed to be
pathogen specific (28), have been identified in T phagedenis
Kazan and Reiter (108).
One aberrant result was the slightly slower relative mobility

(Mr) (ca. 1 kDa) of the recombinant DNA-derived 39-kDa
molecule in comparison with that of the native lipoprotein of
T pallidum. This did not appear to represent an unprocessed
precursor as the molecule was both processed and lipidated by
E. coli. A possible explanation for the apparent 1-kDa increase
in the molecular mass of the recombinant 39-kDa lipoprotein
is that an altered conformation results during expression or
export of the molecule in E. coli.
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Bailey et al. (8) previously cloned and expressed a recombi-
nant 41-kDa antigen of T. pallidum, encoded on plasmid
pMJB20, that also had an apparent molecular mass which was
1 kDa larger than the native T. pallidum protein. The restric-
tion enzyme map of pMJB20 is similar to the map of pPB-7
reported here, suggesting that pMJB20 and pPB-7 encode the
same molecules. Preliminary DNA sequence information ob-
tained by Penn and coworkers for the 41-kDa antigen gene,
unknown to us at the time of our independent determinations,
also revealed homology with the MglB protein of E. coli (35).
However, further details of the work by Penn et al. have not
been published.

Swancutt et al. (95) showed that the 38-kDa antigen is
acylated in T pallidum. Consistent with the presence in the
38-kDa-antigen gene of a plausible leader peptide and signal
peptidase II processing site, E. coli also processed and lipid
modified the molecule. However, in processing experiments
with E. coli, inhibition of processing by CCCP enhanced
detection of the precursor. Hubbard et al. (38) in their analysis
of the 35.5-kDa treponemal lipoprotein also noted that pre-
treatment of E. coli cells with the processing inhibitor sodium
azide, ethanol, or globomycin was necessary to detect the
precursor. E. coli processing experiments with another trepo-
nemal lipoprotein, the 47-kDa lipoprotein, have yet to resolve
the precursor form (12). The reasons for these processing
anomalies in E. coli with treponemal lipoproteins remain
obscure. In any event, all of the treponemal lipoproteins
described to date (2, 12, 38, 67, 95) possess molecular signals
requisite for lipid modification in E. coli.
The most significant finding of our study was the similarity

(almost 60%) between the 38-kDa membrane lipoprotein of T.
pallidum and the periplasmic GGBP of E. coli and Salmonella
typhimurium (84). The GGBP represents the recognition ef-
fector of a high-affinity transport system (mgl operon) in E. coli
for galactose (36); it also functions as the chemoreceptor in
galactose chemotaxis (32). While this receptor is involved
principally in the transport of galactose, it also binds glucose
with high affinity (52). Given the facts that T. pallidum utilizes
glucose as a carbon and energy source (82) and that glucose is
freely available in human tissues, the presence of a carbohy-
drate-binding receptor for glucose is entirely consistent with
the biology of this human parasite.
GGBP also belongs to a family of structurally related

periplasmic binding proteins of gram-negative bacteria that
include the arabinose-binding protein and the ribose-binding
protein (69, 102). There is no DNA sequence homology and
limited (15%) primary amino acid sequence identity between
GGBP, the arabinose-binding protein, and the ribose-binding
protein; the functional relationship between these proteins is
based solely on tertiary structure and the ability to bind
carbohydrate ligands with high affinity (52). The GGBP has
been crystalized (101), and the binding site of the GGBP has
been examined in detail (29, 68, 69, 101, 102). A comparison of
the binding site residues of GGBP to the predicted amino acid
identities in the 38-kDa lipoprotein revealed 58% identity in
this key domain, supporting the 38-kDa lipoprotein as a
carbohydrate receptor. The identity of Trp-145 with Trp-183 in
the GGBP was particularly noteworthy as this residue provides
the principal hydrophobic contact with the carbohydrate ligand
(69, 102) and its conservation may be evolutionarily important
(22).
Given the membrane architecture of T. pallidum, lipid

modification of the 38-kDa treponemal membrane protein is
consistent with its predicted function. Experimental evidence
now suggests that gram-positive bacteria possess high-affinity
binding proteins analogous to the periplasmic transporters of

gram-negative bacteria but which are retained at the cytoplas-
mic membrane by their lipid-modified N termini (4, 25, 77, 83).
Thus, it has been postulated that gram-positive bacteria have
evolved transport systems comprising lipoproteins to compen-
sate for the lack of a periplasmic space (25, 77, 83). As
examples, the msmE gene product, involved in multiple sugar
uptake by Streptococcus mutans, is lipidated when expressed in
E. coli (77, 94). Globomycin-sensitive processing of the Bacillus
subtilis hydroxamate siderophore FhuD suggests that this
iron-hydroxamate uptake system also composed of a binding
lipoprotein (83). Interestingly, the FhuD protein, which has
22.9% amino acid identity with FepB of E. coli, failed to
complement a fepB mutant of E. coli (83). We also thus far
have been unable to complement a mglB mutant of E. coli with
the 38-kDa-lipoprotein gene (29). In any event, inasmuch as
the membrane lipoproteins appear to be located in the
periplasm of T. pallidum (most likely tethered to the outer
leaflet of the cytoplasmic membrane) (16) and the structural
makeup of the outer membrane of this organism is unusual,
one provocative hypothesis is that the physiology and cytoplas-
mic membrane biology of T. pallidum may more closely
resemble gram-positive rather than gram-negative bacteria.
This notion sharply contrasts with the typical analogy of
treponemes to gram-negative organisms, founded upon the
fact that each group contains outer envelopes comprising two
membranes. Although T. pallidum would appear to possess
features of both gram-negative and gram-positive ultrastruc-
ture, a remaining central paradox concerns how the organism
transports vital nutrients across an outer membrane virtually
devoid of protein(s). This key enigma of T. pallidum physiology
and ultrastructure remains to be clarified. However, given the
cytoplasmic membrane environment in which the 38-kDa
lipoprotein likely functions in T. pallidum, B. subtilis may
provide a more suitable host-vector system for further func-
tional analysis of this molecule.
There remain some inconsistencies in the contention that

the 38-kDa lipoprotein of T. pallidum is analogous to the MglB
protein. First, in the presence of galactose, E. coli transcribes
the GGBP (mglB) gene as part of the mgl operon (29, 36). The
GGBP gene contains binding sites for the catabolite repressor
protein, evidence that this operon is repressed by glucose (6,
9). There is yet no evidence of a catabolite repressor protein-
binding site in the 5' regulatory region of the 38-kDa-lipopro-
tein gene (100). Second, it appears that T. pallidum does not
utilize galactose as a carbon source (56), nor is there direct
evidence that treponemes move by chemotaxis towards an
attractant, although this has been postulated because of T.
pallidum dissemination in the host (15). Third, some of the
amino acid residues involved in the carbohydrate-binding
specificity of MglB were not among those predicted in the
38-kDa lipoprotein. Although glucose may be a logical choice
for the ligand, the 38-kDa lipoprotein may not bind glucose,
but rather some alternative ligand.
The overall similarity of the 38-kDa lipoprotein with the

glucose/galactose chemoreceptor of E. coli has importance for
understanding further T. pallidum biology and ultrastructure.
First, the 38-kDa lipoprotein is the only integral membrane
protein of T. pallidum for which a putative function has been
assigned. Second, conservation of the 38-kDa lipoprotein
among both pathogenic and nonpathogenic treponemes is
consistent with its purported function as a transporter for
carbon and energy utilization. Third, the 38-kDa lipoprotein
may be a component of a treponemal signal transduction
pathway (33, 92, 93) relevant to treponemal pathogenesis by
prompting T. pallidum to chemotax to a more favorable host
environment. As the GGBP chemoreceptor uses protein-
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protein interactions to transduce the signal (33, 92, 93),
association of the 38-kDa lipoprotein with other treponemal
membrane proteins also could assist in identifying other com-
ponents of the signal transduction pathway. Fourth, if, as
predicted, the 38-kDa lipoprotein localizes to the cytoplasmic
membrane, then it may be used as an ultrastructural marker in
future membrane localization experiments with other candi-
date membrane proteins. Lastly, as the mgl system in E. coli
functions as an operon, the 38-kDa gene may be a member of
the first putative operon of T pallidum for which a function can
be postulated. Additional DNA sequence analysis of regions
contiguous to the 38-kDa-lipoprotein gene in T pallidum will
be required to analyze more completely the molecular organi-
zation at this genetic locus.
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ADDENDUM IN PROOF

Consistent with the predictions of this report, Charles Penn
recently communicated to us that partial DNA sequencing
downstream of the 38-kDa-lipoprotein gene revealed an open
reading frame with 54% identity and 75% similarity to the
MglA protein of E. coli.
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