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ABSTRACT Borrelia burgdorferi contains unique cholesterol-glycolipid-rich lipid rafts that are associated with lipoproteins.
These complexes suggest the existence of macromolecular structures that have not been reported for prokaryotes. Outer surface
lipoproteins OspA, OspB, and OspC were studied for their participation in the formation of lipid rafts. Single-gene deletion mu-
tants with deletions of �ospA, �ospB, and �ospC and a spontaneous gene mutant, strain B313, which does not express OspA and
OspB, were used to establish their structural roles in the lipid rafts. All mutant strains used in this study produced detergent-
resistant membranes, a common characteristic of lipid rafts, and had similar lipid and protein slot blot profiles. Lipoproteins
OspA and OspB but not OspC were shown to be associated with lipid rafts by transmission electron microscopy. When the abil-
ity to form lipid rafts in live B. burgdorferi spirochetes was measured by fluorescence resonance energy transfer (FRET), strain
B313 showed a statistically significant lower level of segregation into ordered and disordered membrane domains than did the
wild-type and the other single-deletion mutants. The transformation of a B313 strain with a shuttle plasmid containing ospA
restored the phenotype shared by the wild type and the single-deletion mutants, demonstrating that OspA and OspB have redun-
dant functions. In contrast, a transformed B313 overexpressing OspC neither rescued the FRET nor colocalized with the lipid
rafts. Because these lipoproteins are expressed at different stages of the life cycle of B. burgdorferi, their selective association is
likely to have an important role in the structure of prokaryotic lipid rafts and in the organism’s adaptation to changing environ-
ments.

IMPORTANCE Lipid rafts are cholesterol-rich clusters within the membranes of cells. Lipid rafts contain proteins that have func-
tions in sensing the cell environment and transmitting signals. Although selective proteins are present in lipid rafts, little is
known about their structural contribution to these domains. Borrelia burgdorferi, the agent of Lyme disease, has lipid rafts,
which are novel structures in bacteria. Here, we have shown that the raft-associated lipoproteins OspA and OspB selectively con-
tribute to lipid rafts. A similar but non-raft-associated lipoprotein, OspC, cannot substitute for the role of OspA and OspB. In
this study, we have demonstrated that lipoprotein association with lipid rafts is selective, further suggesting a functional adapta-
tion to different stages of the spirochete life cycle. The results of this study are of broader importance and can serve as a model
for other bacteria that also possess cholesterol in their membranes and, therefore, may share lipid raft traits with Borrelia.
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Borrelia burgdorferi is the causative agent of Lyme disease (1, 2)
and affects the skin, heart, joints, and nervous system (3).

B. burgdorferi has outer and inner membranes, and the flagella
occupy the periplasmic space (4). The outer membrane of Borrelia
contains phosphatidylcholine and phosphatidylglycerol, numer-
ous lipoproteins (5–9), and three glycolipids, two of which con-
tain cholesterol. These glycolipids were identified as cholesteryl
6-O-acyl-�-D-galactopyranoside or cholesteryl 6-O-palmitoyl-�-
D-galactopyranoside (ACGal/Bb-GL-I), cholesteryl-�-D-
galactopyranoside (CGal), and mono-�-galactosyl-diacylglycerol
(MGalD) (10–12). Although there are some exceptions, such as

Helicobacter, Mycoplasma, Ehrlichia, Anaplasma, and Brachyspira
species (13–17), the presence of cholesterol and cholesterol glyco-
lipids in prokaryotes is unusual. Functional lipid microdomains
that do not have cholesterol but have prokaryotic homologs of
Flotillin-1 (a major component of eukaryotic lipid rafts) have
been described for other bacteria (18). In eukaryotic cell mem-
branes, sterols form lipid rafts that are ordered areas that are rich
in lipid-anchored proteins (19, 20). Lipid rafts are important for
receptor clustering and lateral sorting of proteins (21, 22), as well
as elasticity, endocytosis, exocytosis, and vesicle formation and
budding (23–26).
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Recently, we demonstrated that cholesterol glycolipids form
lipid rafts in B. burgdorferi (27, 28). Moreover, we showed the
impact of different sterols in lipid raft formation in B. burgdorferi
and the ability of the spirochete to process these sterols and to
form glycolipids (28). However, little is known about the contri-
bution of proteins to the formation and dynamics of the lipid rafts.
It is possible that proteins could influence the raft formation, es-
pecially as large numbers of lipoproteins are abundant in the
membranes of this spirochete (29). Many of these lipoproteins
occur in the outer membrane and have domains that can be de-
tected on the surface by microscopy and by limited proteolysis.
These lipoproteins are known as outer surface proteins (Osp).
OspA and OspB occupy prominent bands (31 and 34 kDa, respec-
tively) in the electrophoretic profile of cultured B. burgdorferi and
are cationic (30, 31). In addition to their expression in culture,
OspA and OspB are expressed in the unfed tick, but they are not
expressed in the mammalian host (32). OspA was used as the
molecular subunit of a vaccine for Lyme disease (33–35) and also
functions as an adhesin in the tick midgut (36). OspB is the target
of an unusual class of bactericidal antibodies (37–39). OspC is an
enigmatic variable lipoprotein that begins to be expressed during
the acquisition of blood by the nymphal tick and in the early stages
of infection in the mammal host (40, 41). OspC is a potential
vaccinogen (42, 43), is used as a marker for human infection (44,
45), and is a receptor for plasminogen (46–48).

We have documented the colocalization of OspB with the lipid
rafts on the membrane of B. burgdorferi by microscopy, as well as
documenting the coisolation of OspA and OspB in detergent re-
sistance membranes (DRM) derived from B. burgdorferi mem-
branes (27), which is often a measure of raft association. Here, we
analyze the impacts that OspA, OspB, and OspC, as principal con-
stituents of such structures, have on the genesis and dynamics of
the lipid rafts.

RESULTS

We previously showed that lipoproteins OspA and OspB partition
preferentially in DRM and that OspC is present in small quantities
(27). OspA and OspB were chosen for experiments to determine
the role of lipoproteins in the formation of lipid rafts because of
their abundance in the DRM fractions and because we have shown
previously, using transmission electron microscopy (TEM), that
OspB is associated with the lipid rafts formed by the cholesterol
glycolipids of B. burgdorferi (27). OspC was also chosen, because

this lipoprotein is upregulated in the nymphal-tick blood-feeding
stage and is required for the early stages of mammalian infection
(40, 41, 49). In addition, lipid rafts are important for budding and
vesicle formation (24) and lipoproteins OspA to -D are the most
frequent constituents of multiprotein complexes of the outer
membrane vesicles that bud off of B. burgdorferi cells (50, 51).

All single- and multiple-deletion mutants had DRM. Thin-
layer chromatography (TLC) of single- and multiple-deletion
mutants showed identical lipid profiles (see Fig. S1 in the supple-
mental material). Anti-asialo GM1 antibody was shown previ-
ously to cross-react with Borrelia cholesterol glycolipids and has
been used to detect lipid rafts in B. burgdorferi in previous studies
(27, 28, 52). Cholesterol glycolipids from all mutants and the wild
type (WT) partitioned in the DRM fractions (20 to 30% iodix-
anol) (Fig. 1A). There were some differences in the slot blot pro-
files among the mutants. Cholesterol glycolipids partitioned into
the 25% iodixanol fraction for the �ospB, �ospC, and WT strains,
between the 20% and 25% fractions for the �ospA mutant, and in
the 20% iodixanol fraction for B313. The differences in flotation
in the lipid raft fractions could be due to lower densities of the
�ospA mutant and B313 DRM, which lack the highly abundant
OspA. HtrA, a serine protease (53), was used as a marker for lipid
raft integrity because this protease partitioned almost exclusively
in the lipid raft fractions. Most of the HtrA was present in the
DRM fractions (20 to 30%), confirming its association with lipid
rafts in all mutant and WT strains used (Fig. 1B). Only small
amounts of HtrA could be found in the soluble fraction (35%).
DnaK (Fig. 1C) was used as a control, since it is not associated with
lipid raft proteins and partitions in the soluble fraction.

OspA and OspB but not OspC colocalized with lipid rafts.
TEM with negative staining of WT B. burgdorferi, grown under
normal conditions (33°C), showed colocalization of OspA with
lipid rafts visualized with colloidal gold (Fig. 2A). We obtained
similar results using OspB, confirming previous reports showing
colocalization with lipid rafts (27) (Fig. 2B). The ultrastructural
results with OspA and OspB are concordant with the data ob-
tained by slot blots of DRM. OspC did not colocalize with the
cholesterol glycolipids (Fig. 2C) under various culture conditions
(33°C or 35°C and pH 6.7 to induce expression of OspC).

Clusters of lipid rafts were confirmed in WT, �ospA, �ospB,
�ospC, and B313 strains by qualitative and quantitative ultra-
structural analysis. To determine if there were any differences in
the distribution of the 6-nm colloidal gold particles (anti-asialo

FIG 1 Slot blot analysis of gradient fractions of B. burgdorferi wild type (WT), single osp mutants, and B313 obtained after whole spirochetes were subjected to
Triton X-100 treatment at 4°C overnight and separated by an iodixanol density gradient. Membranes were probed with a rabbit polyclonal antibody to asialo
GM1 (A), rabbit polyclonal antibody to HtrA (B), and mouse monoclonal antibody to DnaK (C). Primary antibodies were followed by goat anti-rabbit IgG IR800
(A, B) and anti-mouse IgG IR800 (C).
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GM1 antibody), the spirochetes were examined for the presence of
clusters by TEM. The WT and all mutant strains had similar dis-
tributions of clusters of colloidal gold particles (Fig. 3A to E).
Based on the ultrastructural results, there were no differences in
the distribution of lipid raft clusters on the membranes of WT and
mutant B. burgdorferi strains. Quantitative comparisons were ob-
tained using an analytical approach with Ripley’s K function. The
analytical results for clustering of lipid rafts were in agreement
with the visual assessment of ultrastructure, with positive cluster-
ing [L(r) � r] values above the 95% confidence limit (Fig. 3F).

Single-deletion osp mutants and the WT had similar levels
and stabilities of ordered/disordered domain segregation.
Given that there were no biochemical (Fig. 2A and B) or ultra-
structural (Fig. 3A to F) differences in the composition and clus-
tering of lipid rafts among single osp mutants and WT B. burgdor-
feri, we carried out fluorescence resonance energy transfer (FRET)
analysis in live spirochetes using two probes, 1-(4-
trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene
p-toluenesulfonate (TMA-DPH [donor]) and octadecyl rhoda-
mine B chloride (ODRB [acceptor]). TMA-DPH has a moderate
affinity for ordered domains, while ODRB has a high affinity for
disordered domains. The coexistence of ordered and disordered
domains in a membrane is detected as weak FRET, i.e., a high
value of residual donor fluorescence in the presence of the accep-
tor (measured as the ratio of fluorescence intensity with acceptor
to that without acceptor [F/Fo]) (54). Donor fluorescence in the
presence of the acceptor decreases as the temperature increases
due to the melting of ordered domains at high temperatures,
which in turn results in increased proximity between donor and
acceptor. When donor fluorescence (F/Fo) in the FRET assay was
measured as a function of increasing temperature, the WT had
F/Fo ratios similar to those of the �ospA, �ospB, and �ospC mu-

FIG 2 TEM image shows colocalization of lipoproteins and lipid rafts on the
membrane of B. burgdorferi cells labeled with a murine monoclonal antibody
to OspA (A) OspB (B), or OspC (C) and rabbit polyclonal antibody to asialo
GM1, followed by antibody to mouse IgG and to rabbit IgG conjugated with
18-nm and 6-nm colloidal gold, respectively. Bars � 100 nm.

FIG 3 B. burgdorferi WT and single osp mutants form lipid raft clusters. (A to E) TEM images of lipid raft clusters on the surface of �ospA (A), �ospB (B), �ospC
(C), B313 (D), and WT (E) cells were probed with rabbit polyclonal antibody to asialo GM1, followed by an antibody to rabbit IgG conjugated with colloidal gold
(6 nm). Bars � 100 nm. (F) Statistical analysis of the gold particle distribution on the surface of B. burgdorferi using Ripley’s K function. The confidence index
(CI) was estimated by simulating 100 random particles.
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tants (Fig. 4A). The F/Fo ratios for all strains at all temperatures
tested were not statistically different.

Multiple osp mutant B313 had a significantly reduced mem-
brane order that was restored to wild-type levels in B313-
pBOA-1. Strain B313, which does not express OspA and OspB
(Fig. 5), had a significantly decreased level of domain segregation
compared to the results for the WT, �ospA, �ospB, or �ospC strain
(Fig. 4A). At 15°C, the F/Fo ratio of B313 was significantly reduced
relative to those of the other strains, and at higher temperatures,
F/Fo decreased until it reached a minimum at 30°C. In contrast,
the other strains started at higher F/Fo ratios at 15°C (0.45 to 0.50),
which gradually decreased as a function of the temperature but
did not reach a minimum in the temperature range studied.

The FRET experiments were repeated to determine F/Fo as a
function of temperature from 35°C to 40°C. The F/Fo ratios of
B313 did not decrease with an increase in temperature (Fig. 4B),
indicating that increasing temperature in this range did not alter
domain properties, either because domains no longer existed or
because they were too small to be detected by FRET. In contrast,
above 35°C, the WT and the other single osp mutants exhibited
decreased F/Fo ratios at higher temperatures, displaying increas-
ing loss of detectable domain formation up to at least 40°C. At
40°C, the F/Fo values for the B313 and other strains became simi-
lar, suggesting that they had similar levels of domain formation.

To demonstrate that the decreased F/Fo ratios (i.e., stronger
FRET) observed in B313 were due to the simultaneous lack of the

FIG 4 Fluorescence resonance energy transfer on live cells of B. burgdorferi WT, B313, �ospA, �ospB, and �ospC strains was measured using TMA-DPH (donor)
and ODRB (acceptor) probes. Shown are F/Fo ratios as a function of temperature from 15°C to 35°C (A) or 35°C to 40°C (B) for the indicated strains. P values
for the differences between B313 FRET values and those of the other strains are indicated as follows: *, P � 0.05; **, P � 0.01; ***, P � 0.001.

FIG 5 B. burgdorferi B313-pBOA-1 produces OspA, which is expressed on the surface. (A to C) Immunofluorescence assay images showing surface localization
of OspA on WT (A), B313 (B), and B313-pBOA-1 (C) cells, all using the same exposures for microscope settings. (D) Western blot analysis of OspA, OspB, and
OspC in WT, B313, and B313-pBOA-1 strains.
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lipoproteins OspA and OspB, we transformed B313 with ospA
under the control of its native promoter using the shuttle vector
pKFSS1. The resulting transformant, named B313-pBOA-1, has
the same plasmid profile as the parental strain B313. The parental
strain B313 used for the transformations lacks the major lipopro-
teins OspA, -B, and -D due to the absence of plasmids lp38 (car-
rying ospD) and lp54 (carrying ospA and ospB), but it has cp26,
which carries ospC. B313-pBOA-1 produced OspA at levels simi-
lar to those in the wild-type strain, and the OspA localized on the
surface, as determined by immunofluorescence assay (IFA)
(Fig. 5A to C) and immunoblotting (Fig. 5D).

The FRET experiments were repeated with the transformant
B313-pBOA-1. The results showed that the F/Fo fluorescence ratio
was restored to WT levels and that it decreased with increasing
temperatures similarly to the WT values (Fig. 6A). These results
indicate that the decreased ratio observed in B313 reflects the si-
multaneous lack of both OspA and OspB and can be restored with
the expression of just one of the lipoproteins (OspA), demonstrat-
ing redundant functions of OspA and OspB in lipid raft organiza-
tion. A transformant with the control plasmid pKFSS1 did not
express OspA, and the FRET values did not change.

Multiple osp mutant B313 has a significantly reduced mem-
brane order that is not restored to wild-type levels by overex-
pression of OspC. To determine whether overexpression of OspC
could restore FRET to wild-type levels, we transformed B313 with
the pBSV2G-ospC plasmid. OspC overexpression in this transfor-
mant was shown by the electrophoretic profiles and by immuno-
blotting (see Fig. S2A and B in the supplemental material). The
transformation of B313 with pBSV2G-ospC plasmid resulted in
the overexpression of OspC but did not change its localization.
This indicates that OspC is not associated with lipid rafts in any
stage of the B. burgdorferi life cycle. The level of domain segrega-
tion in the transformant was measured by FRET. The results
showed that the F/Fo fluorescence ratio was similar to that of B313
and was significantly lower than the WT ratio (Fig. 6B). These
results indicated that the decreased ratio observed in B313 was due
to the lack of lipid raft-associated lipoproteins and could not be
restored by the overexpression of a nonraft lipoprotein at very
high levels, demonstrating that raft-associated proteins are im-
portant for lipid raft formation.

DISCUSSION

The presence of lipid groups increases the hydrophobic properties
of proteins. Acylation of proteins promotes their association with
membranes and, specifically, their ability to be a part of lipid-
ordered microdomains (lipid rafts). This structural arrangement
has never been demonstrated in prokaryotes. In this study, our

most compelling finding is that lipoproteins selectively affect lipid
raft formation, proving that raft-associated proteins can modify
their environment. In addition, we demonstrated that acylation is
not the only requirement for protein-raft association. Lipid rafts
are macromolecular complexes rich in cholesterol that contains a
subset of selected proteins and that represents a unique structure
among the prokaryotes. Lipid rafts in Borrelia reveal a level of
structural and, possibly, functional sophistication thus far unex-
pected in bacteria. In addition, and specifically for Borrelia, we
have demonstrated that there is selectivity to lipoprotein associa-
tion with lipid rafts, further suggesting a functional adaptation to
different stages of the spirochete life cycle.

We previously demonstrated that B. burgdorferi has
eukaryotic-like lipid rafts with cholesterol glycolipids and that the
type of sterol present in B. burgdorferi is key to their formation (27,
28). In this study, by using a novel FRET technique with live or-
ganisms, we showed that lipid raft-associated lipoproteins also
contribute to these structures. The use of live organisms offers a
marked advantage over experiments using passive membrane
models composed of isolated lipids. To study the importance of
proteins in the formation of lipid rafts, we compared a WT strain
to single-deletion mutant strains with deletions of the major raft-
associated lipoproteins OspA and OspB and a non-raft-associated
protein, OspC, and a double mutant, B313, that lacks both raft-
associated proteins (OspA and -B). All of the Borrelia mutants
tested had the same lipid profile by TLC, showing the presence of
cholesterol and cholesterol glycolipids that are needed for lipid
raft formation. In addition, the ultrastructural data showed that
all of the mutants had similar lipid raft domains. Therefore, these
data suggest that the cholesterol and cholesterol glycolipids in Bor-
relia are sufficient for lipid raft formation.

However, when we used a more sensitive approach, FRET with
live spirochetes, the spontaneous mutant B313 (55), which does
not express the raft-associated lipoproteins OspA and OspB, had a
significantly increased FRET compared to those of the WT and
single lipoprotein mutants. Also, FRET reached a maximum at a
lower temperature in B313 than in the WT and single mutant
strains. These results are consistent with the presence of fewer or
smaller lipid raft domains in the B313 strain. Based on previous
studies showing strong FRET being associated with loss of lipid
microdomain formation in B. burgdorferi (28), there is likely to be
a complete loss of domain formation at the temperature at which
FRET reaches a maximum.

The transformant B313-pBOA-1 expressed OspA (under its
native promoter) in the membrane at a level similar to the WT
level and had FRET values similar to those of the WT and single
mutants. Moreover, a higher FRET was detected only in B313 and

FIG 6 Fluorescence resonance energy transfer on live B. burgdorferi cells of the indicated strains was measured using TMA-DPH (donor) and ODRB (acceptor)
probes. Shown are F/Fo ratios as a function of temperature. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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not in the single osp mutants. This demonstrated that the B313
phenotype was due to the lack of both of the raft-associated lipo-
proteins, indicating that lipoproteins affect the formation of lipid
rafts and have active roles in their formation. Also, this suggests
that the abundance of the raft-associated lipoproteins might be
more important than the type of protein itself, since the contribu-
tions of lipoproteins OspA and OspB to lipid rafts seem to be
redundant. Also, the fact that the single ospA/ospB mutants, the
WT, and B313-pBOA-1 had similar FRET values suggests that
lower combined amounts of OspA/OspB than are present in the
WT are sufficient for maximum domain formation.

However, despite the redundancy of OspA and OspB, not all
lipoproteins associate with lipid rafts. The overexpression of OspC
(under the flaB promoter) did not result in restoring FRET values
to those of the WT or the single lipoprotein mutants, suggesting
that association with lipid rafts is selective. These FRET results and
the lack of colocalization of OspC as found by TEM make a con-
vincing case that there is no association of this lipoprotein with
lipid rafts. All three lipoproteins (OspA, -B, and -C) have acyl
chains that are the most likely domains for association with the
lipid rafts. Furthermore, all three form ligand binding pockets that
could potentially bind small molecules, such as cholesterol glyco-
lipids (27). Despite these similarities, however, OspC is quite dif-
ferent from OspA/-B in that it forms a homodimer and has a
strong alpha-helical structure and a negatively charged cap (56,
57). These biophysical differences could potentially account for
the lack of association of OspC with the lipid rafts.

The physiological functions of OspA and OspB are not known,
but they have essential roles in colonization in the tick stage. OspA
anchors in the outer leaflet of the outer membrane through the
involvement of a BamA ortholog (58, 59). To the extent that OspA
and OspB are associated with the lipid rafts, it would follow that
this association is important throughout the tick stage of B. burg-
dorferi. As part of the lipid rafts, OspA and OspB could have a
stabilizing function in the membrane of this spirochete in the
low-temperature and nutrient-deficient environment of the tick
midgut. The participation of OspB in membrane integrity has
been demonstrated by its susceptibility to attack by bactericidal
antibodies (27, 37, 38).

In contrast, OspC did not show colocalization with lipid rafts
in culture, even when it was overexpressed. OspC is induced dur-
ing the blood meal and in the course of early infection of mammals
(40, 60) but is not required for later stages (41, 61). It has been
proposed that there is a succession of functionally equivalent pro-
teins that are sequentially expressed at various stages of infection
(62, 63). This is an intriguing model to test whether lipoproteins
uniquely present at different stages of infection perform the same
function in the context of lipid rafts. However, from our results,
we conclude that this sequence of lipoprotein expression may not
be tied to inclusion in the lipid raft complex.

Lipid rafts are dynamic structures that are temperature sensi-
tive. Mouse-derived spirochetes show fewer lipid rafts, and those
present are highly packed (27). At temperatures above 35°C, all of
the strains tested showed high FRET values, suggesting that the
role of OspA and OspB is critical at low temperatures (tick) but
not at high temperatures (mammal), when other lipoproteins,
such as OspC, that are not raft related are expressed. The selective
association of lipoproteins with lipid rafts could reflect their be-
havior in vivo and provide insights into their structure and func-
tion.

The identification of lipoproteins that associate selectively with
lipid rafts further suggests that the membrane of spirochetes has
structures that are functionally equivalent to those of eukaryotic
lipid rafts. This type of membrane organization is novel and un-
expected in the eubacteria. The presence of these lipoprotein-lipid
raft complexes could represent membrane platforms that segre-
gate proteins that function at different stages of infection. Thus,
the integrity of these complexes could be essential for promoting
or inhibiting the physiological processes that are related to adap-
tation to the different hosts.

Our findings also have broader significance to microbiology in
that the presence of cholesterol and cholesterol glycolipids in pro-
karyotic membranes is increasingly being recognized in many
genera of bacteria. Thus, the presence of similar lipid rafts in other
bacterial pathogens is very likely. The knowledge obtained about
Borrelia lipid rafts will be immediately applicable to other patho-
gens that share cholesterol-protein complexes. The structure of
prokaryotic lipid rafts is a virtually unknown area of investigation
with broad applicability to bacteriology and to studies on the evo-
lution of these membrane microdomains.

MATERIALS AND METHODS
Bacteria, cultures, and antibodies. Different strains and mutants of
B. burgdorferi (see Table S1 in the supplemental material) (41, 64) were
grown in BSK-II supplemented with 6% rabbit serum (Sigma) at 33°C
and, for some experiments, at pH 6.7 at 35°C. Murine IgG1 monoclonal
antibodies to OspA (65) and OspB (66), murine and rabbit polyclonal
antibodies to OspC (67) and asialo GM1 (Abcam), and rabbit polyclonal
antibody to HtrA (68) were used for different procedures. Mouse and
rabbit antibodies to OspC were generated from a recombinant construct
made from plasmid pET46 LIC, provided by Richard T. Marconi (Vir-
ginia Commonwealth University). The �ospA and �ospB mutants were
provided by Thomas Schwan, and the �ospC and B313 strains were pro-
vided by Patricia Rosa (both from the Rocky Mountain Laboratories,
NIH). Plasmid pBSV2G-ospC was also provided by Patricia Rosa (41), and
plasmid pKFSS1 was provided by Scott Samuels from the University of
Montana (69).

Detection methods for lipids. Lipids from B. burgdorferi were ex-
tracted using chloroform-methanol (1:2) (70) and were spotted on a high-
performance TLC silica plate (EM Separations), followed by resolution
with a chloroform-methanol (85:15) mobile phase, drying, and staining
with iodine vapor. The standards included phosphatidylcholine, phos-
phatidylglycerol (Avanti Polar Lipids), and cholesterol (Sigma). Known Rf

values from identical solvent systems (11, 12) were also used to determine
lipid identity.

Isolation, detection, and analysis of DRMs of B. burgdorferi. DRMs
were isolated from WT and mutant strains of whole B. burgdorferi by
detergent insolubility using Triton X-100, followed by gradient separation
using the caveola/raft isolation kit (Sigma) (27). Fractions were diluted in
phosphate-buffered saline (PBS; Gibco), applied to nitrocellulose in a
PR-648 slot blot apparatus (Hoefer), and blocked with 2% casein in PBS.
The primary antibodies included a rabbit polyclonal IgG against asialo
GM1 for cholesterol glycolipids and rabbit anti-HtrA protease antibody as
markers for the DRM fractions and murine IgG1 monoclonal antibody to
DnaK as a control for the soluble fraction (65). The secondary antibodies
used were anti-rabbit IgG IR800 conjugate (Rockland Immunochemi-
cals) for anti-asialo GM1 and anti-HtrA antibodies and anti-mouse IgG
IR800 conjugate for DnaK. All slot blots were read in an Odyssey scanner
(Li-Cor Biosciences) in the 800-nm channel.

FRET measurements of live B. burgdorferi cells. The fluorescent
probes used for FRET measurements, 1-(4-trimethylammoniumphenyl)-
6-phenyl-1,3,5-hexatriene p-toluenesulfonate (TMA-DPH) (Invitrogen)
and octadecyl rhodamine B (ODRB) (Invitrogen), were stored in ethanol
at �20°C, and concentrations determined by absorbance using � �
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84,800 M�1 cm�1at 353 nm and 125,000 M�1 cm�1 at 555 nm, respec-
tively. FRET measurements were made on a PC1 photon counting fluo-
rometer (ISS, Inc.) using quartz semimicrocuvettes. FRET between the
donor, TMA-DPH, and the acceptor, ODRB, in live spirochetes was cal-
culated from TMA-DPH fluorescence at an excitation wavelength of
352 nm and an emission wavelength of 430 nm. Briefly, 2.1 �l of TMA-
DPH (from a 175 �M stock solution) was added to 4 ml of spirochetes at
a concentration of 4 � 108 cells/ml and incubated at room temperature
for 10 min. The cells were divided into four 900-�l aliquots. Two of the
aliquots were defined as Fo samples, and for the other two aliquots (F
samples), 5.2 �l of ODRB (322 �M stock solution) was added, followed by
incubation at 35°C for 15 min. The ratio of fluorescence intensity with
acceptor to that without acceptor (F/Fo) was calculated (after subtraction
of background values from samples prepared without TMA-DPH) as a
function of decreasing temperature for every 5°C from 35°C to 15°C or
each 2.5°C from 40°C to 35°C. Spirochetes subjected to the procedures
described above were returned to BSK medium to determine growth and
viability.

Transmission electron microscopy. Spirochetes were fixed to polyvi-
nyl formal-coated grids (Ted Pella) using 1% glutaraldehyde (Sigma)
(38). For the detection of lipoproteins, murine monoclonal antibodies to
OspA and to OspB and murine polyclonal serum to OspC in 1% bovine
serum albumin (BSA) were added to the fixed spirochetes. Goat antibody
to mouse IgG conjugated to 18-nm colloidal gold (Jackson Immuno-
chemicals) in 1% BSA was added to the grids for 1 h, followed by 3 washes
with PBS. Cholesterol glycolipids were detected by probing grids with
rabbit antibody to asialo GM1 (rabbit polyclonal IgG; AbCam) in 1% BSA
for 1 h. This was followed by detection with goat anti-rabbit IgG conju-
gated to 6-nm colloidal gold (Jackson Immunochemicals) in 1% BSA for
1 h and then by 3 washes with PBS. Antibody binding was followed by
staining with 0.5% phosphotungstic acid (PTA; negative stain) for 35 s as
described previously (38). Controls for all TEM procedures included ex-
periments with irrelevant isotype-matched antibodies and with secondary
colloidal gold-conjugated antibodies without primary antibodies.

The distribution of gold particles bound to the rabbit anti-asialo GM1
antibody in the TEM micrographs was analyzed using the common linear
transformation of Ripley’s K function for an analytical assessment of clus-
tering (71–73). Briefly, TEM images of B. burgdorferi were cropped to
include only the largest straight cropped image possible, and a total of 15
random images per condition were analyzed. All the images were sub-
jected to a computational analysis using self-written MatLab algorithms.
The positions of the particles were highlighted manually on the images,
and a script assigned them x/y coordinates. To avoid edge effects, we only
included particles that were �80 nm away from the edge of the image.
These x/y coordinates were analyzed with a MatLab script using the fol-
lowing formula for transformation of Ripley’s K function:

L(r) � r � �N(r)

D�
� r � �K(r)

�
� r

where N(r) is the number of particles within a radius r of a given particle
and D� is the average particle surface. L(r) � r measures whether cluster-
ing exists. It reflects the excess of particles within a circular region with a
radius r centered on any given particle compared to a random distribu-
tion. L(r) � r will be within zero � confidence index (CI) for particles
with a random distribution and will be positive for clustering particles.
The CI was estimated by simulating 100 random particle distributions and
calculating the L(r) � r value for each one.

Expression of OspA in B313. The ospA gene, including its native pro-
moter, was amplified using the primers OspAF (5= GTCTGCATGCTAT
TTGTTATTTGTTAATC 3=) and OspAR (5= TCTCGTCGACTTATTTT
AAAGCGTTTTT 3=), which introduced restriction sites for the enzymes
SphI and SalI. The amplicon was purified and cloned into the pKFSS1
plasmid (69), provided by Scott Samuels (University of Montana), to
create pBOA-1. E. coli DH5� (Invitrogen) was transformed with pBOA-1
and plated in LB agar containing 10 �g/ml of streptomycin. Plasmids

from E. coli DH5� colonies were purified and screened for the presence of
ospA to confirm the presence of pBOA-1 by PCR.

B. burgdorferi strain B313, an avirulent clone of strain B31 that lacks
both OspA and OspB but not OspC, was electroporated with 1 �g of
plasmid DNA and plated in semisolid medium and in liquid BSK-II.
Transformants were selected with 80 �g/ml of streptomycin. The pres-
ence of OspA was confirmed by indirect immunofluorescence and by
immunoblotting. The plasmid profile remained unaltered after transfor-
mation of B313. Transformants with the empty vector, pKFSS1, were also
made as described above.

Overexpression of OspC in B313 To overexpress OspC in B313, spi-
rochetes were electroporated with 1 �g of the pBSV2G-ospC plasmid con-
taining the gene for OspC under the flaB promoter (41). Gentamicin-
resistant transformants were screened for plasmid content, and one of the
clones was selected for comparison of OspC production with that of B313.
Overproduction of OspC by B313 containing the pBSV2G-ospC plasmid
was confirmed by electrophoresis and immunoblotting.

Immunoblots Each sample, containing a total of 106 bacteria, was
resuspended in 20 �l of PBS and received 10 �l of 3� SDS-PAGE sample
buffer with 2-mercaptoethanol, followed by boiling for 5 min. Each sam-
ple was separated by electrophoresis (12.5% SDS-PAGE), and the proteins
were transferred to nitrocellulose membranes (GE Healthcare). Murine
monoclonal antibodies were used to detect OspA and OspB, whereas
OspC was detected by a rabbit polyclonal antiserum. The immunoblots
were resolved with goat anti-rabbit IgG IR800 and goat anti-mouse IgG
IR800 and visualized by examination with an Odyssey imaging system.
For slot blots, the gradient fractions from WT, �ospA, �ospB, �ospC, and
B313 strains were analyzed with anti-asialo GM1 antibody and anti-HtrA
antibody as described above.

Immunofluorescence. IFA was performed to show that B. burgdorferi
B313-pBOA-1 expressed OspA in the outer membrane. Briefly, B. burg-
dorferi was harvested from the mid-log-phase culture, washed with cold
PBS (Invitrogen), and incubated in Hank’s balanced salt solution (HBSS)
(Invitrogen) with mouse anti-OspA antibody at 35°C for 1 h. After being
washed in cold PBS, the spirochetes were added to the wells of Teflon-
coated slides (Erie Scientific), dried at 33°C, and fixed in 100% methanol.
Goat anti-mouse IgG conjugated to fluorescein isothiocyanate (FITC)
(Abcam) was added to each well, followed by incubation for 1 h in a wet
chamber. Slides were washed with PBS and mounted with slow-fade me-
dium (Invitrogen). Slides were viewed with a Nikon Eclipse E600 micro-
scope equipped with a super-high-pressure mercury lamp.

Statistics. Data were analyzed using analysis of variance and the
Tukey-Kramer multiple comparison test with the GraphPad InStat 3.10
statistical program (GraphPad Software, Inc.).
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