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The pathogenic spirochete Borrelia burgdorferi contains a set of integral membrane proteins which were
selectively extracted into the detergent phase upon solubilization of intact B. burgdorferi with the nonionic
detergent Triton X-114. Virtually all of these hydrophobic proteins were recognized by antibodies in pooled
sera from patients with chronic Lyme arthritis, demonstrating that proteins partitioning into the detergent
phase of Triton X-114 encompass the major B. burgdorferi immunogens. Furthermore, most of these
immunogenic proteins, including the previously characterized OspA and OspB membrane antigens, could be
biosynthetically labeled when B. burgdorferi was incubated in vitro with [3H]palmitate. The OspA and OspB
antigens were radioimmunoprecipitated from [3H]palmitate-labeled detergent-phase proteins with monoclonal
antibodies, and [3H]palmitate was recovered unaltered from these proteins after sequential alkaline and acid
hydrolyses. The combined results provide formal confirmation that the major B. burgdorferi immunogens
extracted by Triton X-114 are lipoproteins. The demonstration that B. burgdorferi integral membrane antigens
are lipoproteins may explain the basis of their immunogenicity and may help to improve our understanding of
the surface topology of B. burgdorferi.

Lyme disease, a tick-borne infection caused by the spiro-
chete Borrelia burgdorferi, is a chronic disorder character-
ized by dermatologic, rheumatologic, cardiac, and neurolog-
ical manifestations (54). First recognized in 1975, Lyme
disease is now a major global public health problem (51). The
spread of Lyme disease to areas beyond its endemic foci (38)
and case reports documenting antibiotic treatment failures
(26, 29) emphasize the need for continuing investigations
into the molecular pathogenesis of this infection.
Lyme disease shares many features with syphilis, a sexu-

ally transmitted infection caused by the noncultivable spiro-
chete Treponema pallidum (52). Following cutaneous inoc-
ulation, both B. burgdorferi (9, 53) and T. pallidum (52)
become blood borne and invade many of the same organ
systems, including the placenta (42, 50). Both organisms also
persist for prolonged periods within the infected host in the
face of vigorous humoral and cellular immune responses (23,
27, 30, 52). In the case of syphilis, the immune response in
the majority of individuals eventually controls the infection
and provides significant immunity against exogenous rein-
fection (52). Clinical studies suggest that an analogous
course of events occurs in Lyme disease (55). While differ-
ences between these infections and between their causative
organisms undoubtedly exist, it is plausible that B. burgdor-
feri and T. pallidum share some parasitic strategies and that
common host immune mechanisms are operative in the
containment of both chronic diseases.

In an attempt to understand better the interactions of
pathogenic spirochetes with their hosts, selective solubiliza-
tion with the nonionic detergent Triton X-114 has been
employed previously to identify and characterize hydropho-
bic integral membrane proteins of T. pallidum (46, 47). We
recently have shown not only that this family of integral
membrane proteins comprises the dominant immunogens of
T. pallidum (46) but also that these major immunogens are
lipoproteins (18). Structural similarities between T. pallidum
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and B. burgdorferi prompted us to examine the hydrophobic
integral membrane proteins of the Lyme disease spirochete
and to search for lipoproteins analogous to those of T.
pallidum. As in the case of T. pallidum, we have found that
B. burgdorferi possesses a set of highly immunogenic inte-
gral membrane proteins readily identifiable by their phase-
partitioning characteristics in Triton X-114. Furthermore,
this group comprises at least 10 lipoproteins, including the
abundant outer surface protein antigens OspA and OspB (2,
4, 6-8, 10, 32). Our findings support the contention that the
extraordinary immunogenicity of the integral membrane
proteins found in virulent spirochetes may be related directly
to their lipoprotein structure(s).

MATERIALS AND METHODS
Bacterial strains. B. burgdorferi type strain B31 (ATCC

35210) (16) was supplied by Alan Barbour. Cells were grown
in BSK II medium (1) at 34°C.
Immunologic reagents. Monoclonal antibodies (MAbs) di-

rected against OspA (H5332, immunoglobulin Gi [IgGl]) (8),
OspB (H6831, IgG2a) (7), and an epitope of the B. burgdor-
feri 41-kilodalton (kDa) endoflagellar subunit (H9724, IgG2a)
(5) were provided by Alan Barbour. A pool of hyperimmune
sera from four patients with confirmed Lyme arthritis was
provided by Joseph Craft. A pool of human secondary
syphilitic sera, which was highly reactive with T. pallidum
antigens on Western blots (immunoblots), was previously
described (46).

Triton X-114 phase partitioning. B. burgdorferi was grown
in BSK II medium to a final concentration of approximately
109 organisms per ml. Extraction and phase separation of
borrelial polypeptides by using Triton X-114 was performed
essentially as described by Radolf et al. (46). Briefly, bacte-
ria were collected by centrifugation, washed once in phos-
phate-buffered saline, suspended in ice-cold 2% (vol/vol)
Triton X-114 (Boehringer Mannheim Biochemicals, India-
napolis, Ind.) in phosphate-buffered saline at a ratio of 5 x
109 organisms per ml of detergent, and rotated end over end
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at 4°C overnight. Insoluble material, shown by electron
microscopy to consist of protoplasmic cylinders analogous
to those of T. pallidum (data not shown), was removed by
centrifugation, and the supernatant was phase separated by
warming the solution for 15 min in a 37°C water bath and
then centrifuging the solution for 15 min at 25°C in an
Eppendorf centrifuge. The separated detergent and aqueous
phases were each washed three times (46). The detergent
phase was suspended to its original volume in cold (4°C)
phosphate-buffered saline, while the aqueous phase was
brought to a final concentration of 2% detergent by adding
cold 10% Triton X-114. The solutions were then rewarmed
and recentrifuged as described above. Protein concentra-
tions were determined by the BCA method (Pierce Chemical
Co., Rockford, Ill.) with bovine serum albumin as a stan-
dard. B. burgdorferi cells (5 x 109) yielded approximately
500 p.g of protein which partitioned into the detergent phase
and about 375 pLg which partitioned into the aqueous phase.

Intrinsic radiolabeling of B. burgdorferi proteins. B. burg-
dorferi proteins were labeled with either L-amino acid mix-
ture (U-[14C]) (ICN Radiochemicals, Irvine, Calif.; specific
activity, 1.71 mCi/mg) or (9,10-(n)-[3H])palmitate (Amer-
sham Corp., Arlington Heights, Ill.; specific activity, 30
Ci/mmol). Tritiated fatty acids used to label B. burgdorferi
were dried under a stream of nitrogen gas and suspended in
a small volume of filter-sterilized 95% ethanol (final ethanol
concentration was no higher than 2.0%).

Paired B. burgdorferi cultures were prepared for labeling
with fatty acid and amino acids. For fatty acid labeling, B.
burgdorferi was grown in BSK II medium at 340C to a
density of 108 organisms per ml. Radiolabeled palmitate was
then added at a final concentration of 0.25 mCi/ml, and
incubation was continued for approximately 40 h (about four
generations). For amino acid labeling, B. burgdorferi was
grown in BSK II medium modified by omitting the gelatin
and decreasing the CMRL supplement to 1/10 of its original
concentration. Five hundred microcuries of 14C-labeled
amino acid mixture was added to 5 x 108 bacteria, and these
cells were also incubated for about four generations. Triton
X-114 fractionation was then performed (described above)
(46).

Radioimmunoprecipitation of [3H]palmitate- or "4C-amino
acid-labeled B. burgdorferi proteins. MAbs directed against
OspA, OspB, or the 41-kDa endoflagellar subunit of B.
burgdorferi were used to radioimmunoprecipitate proteins
from the detergent-phase preparations of 3H-fatty acid- or
14C-amino acid-labeled B. burgdorferi as described previ-
ously (35, 45, 57).
SDS-PAGE and immunoblotting. Samples to be analyzed

by sodium-dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) were boiled for 5 min in final sample buffer
(62.5 mM Tris hydrochloride, 10% glycerol, 2% SDS, 1%
2-mercaptoethanol) and electrophoresed through 4% stack-
ing and 12.5% resolving gels (36). Gels were stained with
Coomassie brilliant blue, fixed, treated with En3Hance (Du-
pont, NEN Research Products, Wilmington, Del.) for fluo-
rography, and then vacuum dried. Relative molecular
masses were determined by comparing the mobilities of the
polypeptides to the mobilities of molecular weight markers
(Amersham). Western blotting was performed as previously
described (41). Blots were incubated at 250C for 18 h with a
1:10 dilution of hybridoma clone supernatants containing
either MAb H5332 (OspA), H6831 (OspB), or H9724 (41-kDa
endoflagellar subunit). When antibody reactivities in human
sera were examined, a 1:1,000 dilution of either pooled
human hyperimmune Lyme disease or syphilitic sera was

used. Blots were then incubated with horseradish peroxidase
anti-IgG conjugates of the appropriate species specificities
(Jackson ImmunoResearch Laboratories, West Grove, Pa.)
and developed as previously described (41).

Lipid analysis of detergent-phase proteins excised from
SDS-polyacrylamide gels. Tritiated fatty acids covalently
bound to the OspA (31-kDa) and OspB (34-kDa) detergent-
phase antigens were identified by the procedure of Casey
and Buss (17). Detergent-phase proteins, prepared by Triton
X-114 extraction of B. burgdorferi labeled with [3H]pal-
mitate, were precipitated with 10 volumes of acetone. Each
acetone pellet was boiled in final sample buffer and electro-
phoresed through a SDS-12.5% polyacrylamide slab gel.
After Coomassie blue staining and destaining, protein bands
were excised with a scalpel and washed overnight with three
2-ml changes of 50% methanol. A blank gel slice also was
removed and processed with the sample to establish back-
ground radioactivity. Sequential alkaline and acid hydroly-
ses were performed directly on each gel slice. Alkaline
hydrolysis was performed by incubating each gel slice in 1.5
N NaOH under N2 at 30°C for 3 h. The solution was then
acidified to pH 1 to 2, and released fatty acids were extracted
into chloroform by the method of Bligh and Dyer (14). The
chloroform phases were pooled, dried under a stream of
nitrogen, derivatized, and analyzed by high-pressure liquid
chromatography (HPLC) (18). Each aqueous phase, still
containing the gel slice, was dried under nitrogen, suspended
in 6 N HCl, and incubated at 100°C for 4 h. The gel slices
were extracted a second time, and fatty acids in the pooled
chloroform phases were derivatized and identified by HPLC.
HPLC analysis of 3H-labeled fatty acids. Tritiated fatty

acids released from B. burgdorferi were derivatized to
phenacylesters by using dibromoacetophenone in the pres-
ence of 18-crown-6 ether catalyst (Alltech Associates, Inc.,
Applied Science Div., Deerfield, Ill.) as described previously
(18). As an internal control, 20 plI of 200 F.M heptadecanoic
acid (17:0) was added to each lipid extract before the
samples were dried under nitrogen. Derivatized and non-
derivatized fatty acids were separated by passing the sam-
ples through C18 Sep-pak cartridges (Waters Associates,
Inc., Milford, Mass). Each derivatized sample was then
chromatographed by using a C8 reverse-phase HPLC col-
umn (Beckman Instruments, Inc., Fullerton, Calif.). Chro-
matography was performed isocratically with methanol-
water (90:10, vol/vol) at a flow rate of 1 ml/min; A254 was
monitored. Fractions were collected, dried, treated with
fluor, and counted in a liquid scintillation counter (Beck-
man). Each sample was counted until a sufficient number of
counts were recorded to ensure a less than 2% counting
error. The identification of each fatty acid was based on the
mobility of its phenacyl derivative relative to that of fatty
acid standards derivatized and chromatographed concur-
rently. Disintegrations per minute were correlated with
chromatographic peaks of A254. For each time point, counts
in the blank gel slice were subtracted from the counts in the
sample gel slice.

RESULTS

Analysis of B. burgdorferi polypeptides identified by phase
partitioning with Triton X-114. Figure 1 shows a Coomassie
brilliant blue-stained SDS-polyacrylamide gel of whole cell
lysates (lane 4), aqueous-phase and detergent-phase proteins
(lanes 2 and 3, respectively), and Triton X-114 insoluble
material corresponding to protoplasmic cylinders (lane 1) of
5 x 107 B. burgdorferi. The aqueous and detergent phases
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FIG. 1. Triton X-1114 phase partitioning of B. burgdorferi poly-

peptides. B. burgdorferi (5 x 107 cells) (lane 4) was extracted with
Triton X-114, insoluble protoplasmic cylinders were removed (lane
1), and proteins in solution were partitioned into aqueous phase
(lane 2) and detergent phase (lane 3). Polypeptides were separated
by SDS-PAGE and stained with Coomassie brilliant blue. Molecular
weight standards are shown (lane 5). Molecular masses of proteins
are expressed in kilodaltons.
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have distinct polypeptide profiles; the two principal polypep-
tides observed in the detergent phase (Fig. 1, lane 3) pos-
sessed apparent molecular masses of 31 and 34 kDa, sug-
gesting that they were the OspA (8, 10) and OspB (7)
antigens, respectively. The prominent polypeptide shown in
lanes 2 and 4 was albumin from the BSK II medium. Bacteria
were not washed before the detergent extraction in order to
prevent damage to the fragile outer membranes, which could
lead to a loss of some membrane proteins. In our experience,
even one wash by centrifugation in phosphate-buffered sa-
line is sufficient to disrupt the outer membranes, as demon-
strated by negative-stain electron microscopy, which
showed blebbing and extrusions of periplasmic endoflagella
(not shown).
Specimens identical to those used in Fig. 1 were immuno-

blotted with pooled human syphilitic sera (Fig. 2A), pooled
sera from patients with chronic Lyme arthritis (Fig. 2B),
MAbs directed against OspA and OspB (Fig. 3A and B), and
a MAb directed against the 41-kDa endoflagellar protein of
B. burgdorferi (Fig. 3C). A number of immunogens of B.
burgdorferi whole cells (Fig. 2B, lane 4) bound antibodies
from pooled human Lyme sera intensely (83 [obscured by
albumin], 58 to 53 [doublet], 37, 34 [OspB], 31 [OspAl, 21,
19, and 15 kDa); virtually all of these partitioned into the
detergent phase of Triton X-114 (Fig. 2B, lane 3). Immuno-
blotting with MAbs,directed against OspA and OspB con-
firmed the identity of two of the proteins (31 kDa and 34 kDa;
Fig. 3A and B, lanes 3). The detergent-phase proteins were
not totally extractable, as quantities of these proteins, in-
cluding OspA and B, remained with the protoplasmic cylin-
ders (Fig. 2B, 3A, and 3B, lanes 1). The 41-kDa endoflagellar
antigen partitioned into the aqueous phase of Triton X-114
(Fig. 3C, lane 2), although some was also detected in
immunoblots of the protoplasmic cylinders (Fig. 3C, lane 1).
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21.5-

21.5-

14.3-
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FIG. 2. Immunoblots of B. burgdorferi polypeptides probed with pooled human syphilitic (A) or Lyme disease (B) sera. B. burgdorferi (5
x 107 cells) (lane 4) was extracted with Triton X-114 and fractionated into protoplasmic cylinders (lane 1), aqueous-phase proteins (lane 2),
and detergent-phase proteins (lane 3). SDS-PAGE-separated proteins were transferred to nitrocellulose and reacted with a 1:1,000 dilution of
each serum pool. Blots were incubated with peroxidase-labeled anti-human IgG. The positions of proteins comigrating with OspA (31 kDa)
and OspB (34 kDa) are shown. Molecular masses are in kilodaltons. The difference in migration of the molecular mass standards between
panels A and B is a reflection of the slight variability between separate experiments.
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FIG. 3. Immunoblots of B. burgdorferi polypeptides with MAbs directed against B. burgdorferi surface proteins OspA and OspB and

41-kDa flagellar proteins. B. burgdorferi (5 x 107 cells) was subjected to Triton X-114 phase partitioning, and polypeptides in each phase were
separated on SDS-PAGE. Lane 1, Protoplasmic cylinders; lane 2, aqueous-phase proteins; lane 3, detergent-phase proteins; lane 4, whole B.
burgdorferi cells. Polypeptides were transferred to nitrocellulose and probed with a 1:10 dilution of hybridoma clone supernatants of H5332
(anti-OspA) (A), H6831 (anti-OspB) (B), or H9724 anti-41-kDa endoflagellar subunit) (C). Molecular masses of proteins are in kilodaltons.

None of the B. burgdorferi detergent-phase immunogens
were recognized by human syphilitic sera (Fig. 2A).
The major integral membrane protein immunogens of B.

burgdorferi are lipoproteins. We sought to extend to B.
burgdorferi our previous finding that the major detergent-
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extractable immunogens of T. pallidum are lipoproteins (18).
B. burgdorferi was cultivated in BSK II medium containing
[3H]palmitate. Radiolabeled proteins were separated by
SDS-PAGE and visualized by fluorography (Fig. 4A). Whole
cells of B. burgdorferi incorporated [3H]palmitate into at
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FIG. 4. Triton X-114 fractionation and radioimmunoprecipitation of B. burgdorferi proteins biosynthetically labeled with [3H]palmitate.
(A) Whole B. burgdorferi cells (5 x 108) (lane 1), protoplasmic cylinders (lane 2), and aqueous-phase (lane 3) and detergent-phase (lane 4)
proteins were separated on SDS-PAGE and fluorographed. (B) Detergent-phase proteins from [3H]palmitate-labeled B. burgdorferi (lane 1;
same as panel A, lane 4) were radioimmunoprecipitated with MAbs H5332 (anti-OspA) (lane 2), H6831 (anti-OspB) (lane 3), and H9724
(anti-41-kDa endoflagellar subunit) (lane 4). Molecular masses of proteins are in kilodaltons.

INFECT. IMMUN.

"Aniamob-1. ",

:1,40nipl, :;;,

21.5-.



LIPOPROTEINS OF B. BURGDORFERI 987

-53,58

-37

- 34 (OspB)
-31 (OspA)

_-21
_,-19

m -15

-10,12

2
FIG. 5. Comparison of Triton X-114-extracted detergent-phase

proteins from B. burgdorferi biosynthetically labeled with either
14C-amino acids (lane 1) or 3H-fatty acids (lane 2). Triton X-114
detergent-phase proteins (50 ,ug of protein) were separated by
SDS-PAGE and visualized by fluorography.

least 10 major proteins having apparent molecular masses of
58 to 53 (doublet), 37, 34, 31, 21, 19, 15, and 12 to 10
(doublet) kDa (Fig. 4A, lane 1). The 19-kDa species some-
times resolved as a doublet (Fig. 4B, lane 1). All of the
[3H]palmitate-labeled polypeptides partitioned exclusively
into the detergent phase of Triton X-114 (Fig. 4A, lane 4);
their molecular masses corresponded well with those of the
major B. burgdorferi immunogens shown earlier (Fig. 2B,
lane 3). Radioimmunoprecipitations with the OspA and
OspB MAbs confirmed the identities of the 31- and 34-kDa
[3H]palmitate-labeled proteins (Fig. 4B, lanes 2 and 3). In
contrast, when a 14C-amino acid mixture was used for
biosynthetic labeling of B. burgdorferi, a large number of
proteins partitioned into the detergent phase after Triton
X-114 extraction (Fig. 5). No detergent-phase proteins ap-
peared to become labeled exclusively with radioactive lipid.

Analysis of fatty acids bound to B. burgdorferi lipoproteins.
To verify that the 3H radiolabeling of the detergent-phase
proteins was due to the covalent attachment of radioactive
fatty acids, [3H]palmitate in either ester or amide linkage of
OspA and OspB proteins (within gel slices) was released by
sequential alkaline and acid hydrolyses. For OspA, 977,300
dpm was released after alkaline hydrolysis and 490,608 dpm
was released after subsequent hydrolysis in acid. With
OspB, 467,317 alkali-sensitive dpm and 261,031 acid-sensi-
tive dpm were released. As predicted for conventional
bacterial lipoproteins (31, 58), the ratio of alkali-labile (ester-
linked) to acid-labile (amide-linked) radioactivity was thus

about 2:1 for OspA (ratio of 1.99:1) and OspB (ratio of
1.79:1). HPLC analysis with derivatized fatty acid standards
confirmed that the radioactivity released after alkali and acid
hydrolyses comigrated with [3H]palmitate (16:0) (Fig. 6 and
7); radioactivity was thus released unaltered from these
lipoproteins.

DISCUSSION
Elucidation of the surface topology and antigenic compo-

sition of B. burgdorferi has been an ongoing activity in a
number of laboratories. The major goal of such studies has
been the characterization of diagnostically useful antigens
and molecules that contribute to the immunopathogenesis of
Lyme disease (2, 21, 22, 24, 39; for a review, see reference
3).
We previously employed Triton X-114 phase partitioning

(15) to demonstrate the existence in T. pallidum of a group of
highly immunogenic integral membrane proteins (46, 47);
more recently, these immunogens were biochemically char-
acterized as lipoproteins (18). In the present study, the same
methods were used to demonstrate that the major immuno-
gens of B. burgdorferi, including the well-characterized
OspA and OspB (2, 4, 6-8, 10, 32), are also amphiphilic
proteins that can be radiolabeled during in vitro incubation
of organisms with [3H]palmitate. Furthermore, for both
OspA and OspB, sequential alkaline and acid hydrolyses
confirmed that fatty acids are covalently linked to these two
polypeptides in a 2:1 ester-to-amide linkage that is typical of
most bacterial lipoproteins (31, 58). Fatty acids in ester
linkage are sensitive to mild alkaline hydrolysis, whereas
amide-linked fatty acids require acid hydrolysis for their
removal (17). These biochemical results are consistent with
the nucleotide sequences of the OspA and OspB genes (11).
Both genes contain signal sequences with consensus sites
(Leu-X-Y-Cys) (58) for processing by signal peptidase II, the
bacterial enzyme that processes bacterial lipoproteins (58),
and for the covalent addition of fatty acids to the resulting
N-terminal cysteine.

Similar biochemical analyses of the other 3H-lipid-labeled
B. burgdorferi proteins were not performed. However, it is
reasonable to assume that these molecules also contain
covalently attached fatty acids, particularly since they re-
mained radiolabeled after boiling in SDS and electrophoresis
in SDS-polyacrylamide gels. Further biochemical analyses
of these other borrelial lipoproteins are necessary to deter-
mine whether fatty acids are linked to some of them in ratios
other than those described for conventional bacterial lipo-
proteins. In addition to lipoproteins with typical 2:1 ester-
to-amide linkages, T. pallidum appears to contain at least
one, the 47-kDa immunogen, with unconventional lipid
linkages (18, 19). Putative unconventional lipoproteins in
Mycoplasma caprkicolum have also been described (25).

It is noteworthy that no evidence for beta oxidation,
desaturation, or chain elongation of radioactive fatty acids
was found, since [3H]palmitate was recovered unaltered
from both Osp proteins after alkaline and acid hydrolyses.
Similar results were found in previous analyses of three
lipoproteins of T. pallidum (18; unpublished data), an organ-
ism in which the metabolic pathways described above have
not been demonstrated (44, 49). It is interesting to speculate
that B. burgdorjiri may have similar metabolic limitations
(4). Furthermore, in contrast to the large number of poly-
peptides labeled with '4C-amino acids, only a discrete subset
was labeled with [3Hlpalmitate. This implies that radioactive
fatty acid was not degraded before incorporation into these
proteins.
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FIG. 6. HPLC of fatty acids from the B. burgdorferi OspA protein labeled with [3H]palmitate. (A) Radioactivity recovered after alkaline

hydrolysis of OspA protein in polyacrylamide gel slices; (B) radioactivity recovered after sequential acid hydrolysis of OspA gel slices
previously depleted of alkali-labile radioactivity. Positions of fatty acid standards (arrowheads): 12:0, laurate; 14:0, myristate; 16:1,
palmitoleic; 16:0, palmitate; 18:1, oleate; 17:0, heptadecanoic acid (internal standard).

In Escherichia coli, Braun lipoprotein serves as a physical
link between the outer membrane and peptidoglycan, with
the amino-terminal lipid portion inserted into the outer
membrane and the COOH terminus covalently associated
with peptidoglycan (31). Another group of peptidoglycan-
associated lipoproteins are closely but noncovalently asso-
ciated with peptidoglycan (28). Both gram-positive and
gram-negative bacteria also contain membrane-bound lipo-
proteins that are subsequently secreted with the amino-
terminal lipid either still attached, as with Klebsiella pneu-

moniae pullulanase (20), or proteolytically removed, as with
Bacillus licheniformis penicillinase (37). In B. burgdorferi, it
is difficult to speculate on the functional significance of the
lipid moieties of the lipoproteins because the biological
activities of these molecules, including OspA and OspB,
have yet to be determined. Nevertheless, it is likely that the
lipid moieties act as hydrophobic membrane anchors that
enable hydrophilic polypeptides to be positioned on the
functionally appropriate membrane face of the bacterium.
This is supported by our recent nucleotide sequence analy-
ses for three T. pallidum lipoprotein immunogens (33, 56;

unpublished data) and the findings that all three of these
proteins are hydrophilic when synthesized in an in vitro
transcription-translation system where acylation does not
occur (19, 56; unpublished data).
Comparison between the '4C-labeled and 3H-labeled de-

tergent phases revealed that the lipoproteins represent only
a subset of the total membrane proteins of B. burgdorferi.
The poorly immunogenic, nonacylated '4C-labeled polypep-
tides presumably include integral membrane proteins whose
amphiphilic characters and membrane anchors arise from
their amino acid constituents rather than from modifications
such as the covalent addition of lipid. Recent freeze-fracture
analysis of B. burgdorferi outer membranes revealed in-
tramembranous particles (unpublished data), structures gen-
erally thought to represent transmembrane domains of mem-
brane proteins (48). Proteins anchored in membranes
exclusively via lipid moieties would not be expected to form
intramembranous particles during freeze-fracture (48).
Therefore, at least some of these poorly immunogenic am-
phiphilic proteins are likely to be located in the outer
membrane and to be potential virulence factors.

osp A alkaline hydrolysis
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FIG. 7. HPLC of fatty acids from the B. burgdorferi OspB protein labeled with [3H]palmitate. (A) Radioactivity recovered after alkaline

hydrolysis of OspB protein in polyacrylamide gel slices; (B) radioactivity recovered after sequential acid hydrolysis of OspB gel slices
previously depleted of alkali-labile radioactivity. Positions of fatty acid standards are as in Fig. 6.

Our immunoblot results essentially agreed with those from
other laboratories; the human Lyme disease sera used in this
study recognized from whole-cell lysates polypeptides with
molecular masses similar to those reported in previous
studies (2, 3, 21, 39). In addition, the use of Triton X-114
phase partitioning revealed that human antibodies recog-
nized a detergent-phase immunogen possessing an apparent
molecular mass of 37 kDa. The previously described 41-kDa
endoflagellar antigen could not be detected when detergent-
phase proteins were probed with a specific MAb. In view of
the similar SDS-PAGE mobilities of these two proteins, it is
possible that the amphiphilic 37-kDa protein may have been
mistaken for the endoflagellar protein in previous immuno-
blotting analyses by others that employed total antigens of
whole organisms. In support of this view, additional exper-
iments have shown that when whole-cell lysates and deter-
gent-phase proteins were coelectrophoresed and probed
with hyperimmune Lyme sera, the predominant reactivity in

this molecular mass region was against the 37-kDa detergent-
phase protein, and little, if any, antibody was detected
against the 41-kDa endoflagellar protein (data not shown).
These two proteins thus migrate as close but distinct bands
on immunoblots of whole B. burgdorferi cells; this minor
difference may not be readily apparent when blots from
separate experiments are compared.

Cross-reactivity between antigens of B. burgdorferi and
those of other spirochetes, especially T. pallidum, has been
a major cause of false positivity in serological tests for Lyme
disease that employ whole B. burgdorferi as the antigen (34,
40). The 41-kDa endoflagellar protein, in particular, has been
shown to cross-react with antibodies to the endoflagella of
other spirochetes (34, 40). None of the B. burgdorferi
detergent-phase immunogens were recognized by human
syphilitic sera. Because the endoflagella either remain asso-

ciated with the protoplasmic cylinders or enter the aqueous
phase during phase partitioning, this antigen is eliminated as
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a source of nonspecific reactivity. These results suggest that
the B. burgdorferi-specific immunogens within the Triton
X-114 detergent-phase proteins could provide the basis for a
more specific serologic test for Lyme disease than those
currently available.
The precise role of lipid modification in conferring immu-

nogenicity upon bacterial proteins is unclear. However, the
lipopeptide from the outer membrane of E. coli (Braun
lipoprotein) has been shown to constitute a potent B-lym-
phocyte mitogen and polyclonal B-cell activator in vitro (43).
In other studies, the covalent attachment of lipid to protein
has been shown to confer significant immunogenicity to such
modified proteins or lipopeptides (12, 13). The in vivo
correlates of these observations, particularly in the cases of
Lyme disease and syphilis, remain to be elucidated.
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