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BBA68 (BbCRASP-1) of the Lyme disease spirochetes binds human factor H (FH) and FH-like protein 1
(FHL-1). Here we assess transcription of the BBA68 gene and production of BBA68 in infected mice and
humans using real-time reverse transcriptase PCR and immunoblotting. The species specificity of FH binding
to BBA68 was also tested. The data suggest that BBA68 does not play an important role in immune evasion in

animals.

The Lyme disease spirochete, Borrelia burgdorferi, can bind
the human complement regulatory proteins, factor H (FH) and
FH-like protein 1 (FHL-1) (1, 8, 11, 16). FH and FHL-1 serve
as cofactors in the factor I-mediated cleavage of C3b (18). C3b
is an important opsonin and central component of the com-
plement system. The binding of FH and FHL-1 to the bacterial
surface is thought to locally increase the efficiency of C3b
cleavage, locally downregulate the alternative complement cas-
cade, and inhibit C3b-mediated opsonophagocytosis (30). The
FH/FHL-1 binding proteins (FHBPs) identified in B. burgdor-
feri B31MI include the OspE proteins (BBL39, BBN38, and
BBP38) and BBA68 (also referred to as BbCRASP-1) (1, 8, 10,
11, 15, 16). Analyses of in vitro-cultivated bacteria indicate that
BBAGS is the dominant FHBP and is the only paralog of the
14-member protein family 54 (The Institute for Genome Re-
search designation) to exhibit human FH/FHL-1 binding ac-
tivity (10, 15). Inactivation of BBA68 increases sensitivity to
complement in vitro, and the introduction of BBA68 into Bor-
relia garinii strains that lack the gene decreases their serum
sensitivity (3). While it is widely held that BBA68 plays an
important role in immune evasion, earlier studies provided
evidence that it may not be expressed during infection (2, 17,
23, 25). In fact, Tokarz et al. demonstrated that, when human
blood was added to actively growing cultures, BBA68 and
BBAG9 gene transcription was downregulated 1.8-fold. In ad-
dition, Brooks et al. demonstrated a sevenfold reduction in
BBAG6S transcript levels in spirochetes cultivated in dialysis
membrane chambers implanted into the peritoneal cavities of
rats (2, 23). The goals of this study were to further investigate
the putative contribution of BBA68 in immune evasion in
humans and other animals. In summary, the data indicate that
the BBA68 gene is not transcribed during infection in mice and
does not elicit an antibody response in mice and humans. In
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addition, BBA68 does not bind to FH produced by animals
other than humans, and hence it is not likely to be involved in
FH-mediated immune evasion in its natural mammalian res-
ervoirs. Collectively, the data suggest that BBA68 does not
carry out an important function directly in infected humans
and animals.

As one approach to assessing production of BBA68 during
infection we screened for an antibody response to BBA68 in
infected mice and humans. Since an understanding of the po-
tential heterogeneity of BBA6S is an essential first step in
interpreting immunoblot analyses and identifying the appro-
priate test antigen to be employed in the screening, we first
assessed the genetic conservation of BBA68 among strains.
Using previously described primers (13) BBA68 was amplified
by PCR (standard methods) from a diverse panel of previously
described isolates (n = 15) (21), the amplicons were cloned
into the TOPO vector (Invitrogen), and the sequences of in-
dividual clones were determined (MWG Biotech). The se-
quence analyses revealed that BBAG6S is conserved (Fig. 1)
among North American isolates, with amino acid identity val-
ues among orthologs ranging from 96.5% to 100%. The con-
servation of BBA68 among isolates indicates that a single test
antigen (from B. burgdorferi B31MI) is sufficient to assess the
potential antibody response to BBA6S in mice and North
American human Lyme disease patients. --BBA68 was then
generated using ligase-independent cloning methodologies as
previously described (13), and the expression and integrity of
the r protein were demonstrated by Coomassie staining and
screening of an immunoblot strip with horseradish peroxidase-
conjugated S protein (diluted 1:5,000; Invitrogen) (Fig. 2A). In
these and all subsequent blots 1 pg of r-BBA68 was loaded per
lane. To further confirm that the properties of -BBA68 had
not been altered by expression in Escherichia coli, the protein
was tested for its ability to bind FH/FHL-1 using the affinity
ligand binding immunoblot assay (14). r-BBA68 readily bound
FH (Fig. 2A). To determine if BBAG6S elicits an antibody
response during infection in mice, mice were infected with nine
different BBA68-expressing strains of B. burgdorferi and serum
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FIG. 1. Demonstration of the conservation of BBA68 among di-
verse isolates of the Lyme disease spirochetes. The BBA6S gene was
amplified using primers designed to amplify the entire reading frame
minus the leader peptide. The amplicons were cloned into the TOPO
vector and sequenced. The deduced amino acid sequences are pre-
sented. The isolate of origin is indicated to the left. Identical sequences
from different strains are presented together. Periods in the alignment
indicate residues identical to that of BBAGS from B. burgdorferi
B31IMI.

was collected out to 12 weeks postinfection as previously de-
scribed (5). The sera (diluted 1:1,000) were used to screen
immunoblot strips containing a lane of r-BBA68 and a lane of
B. burgdorferi B31MI cell lysate. The specific strains that were
used to generate the infection serum are indicated below each
blot in Fig. 2B. None of the serum samples collected from mice
displayed immunoreactivity with --BBA68, but all were immu-
noreactive with the B. burgdorferi B31MI cell lysate (Fig. 2B).
Even after prolonged exposure, antibody to BBA68 was not
detected. As verification of the sensitivity of the assay, the
same serum samples reacted strongly with the same amount of
r-OspC and 1-OspE (data not shown), which are proteins
known to be expressed during infection in mice and humans (5,
7, 16, 20, 22, 27). Based on the conservation of BBA6S it is
clear that failure to detect an antibody response in mice in-
fected with different strains is not due to antigenic differences
in the protein.

To determine if an antibody response to BBA68 develops
during human infection, immunoblot strips of r-BBA68 were
screened with serum collected from patients with early (ery-
thema migrans; n = 11)- or late-stage (arthritis; n = 16) (19)
Lyme disease. Serum samples were provided by Allen Steere
(Harvard Medical School) and were collected from patients
that met the Centers for Disease Control and Prevention cri-
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teria for Lyme disease. The serum samples from patients with
early-stage infection were assayed for an immunoglobulin G
(IgG) response to BBA68 and to whole-cell lysates of B. burg-
dorferi B31MI. All human serum samples were tested at a 1:400
dilution with the appropriate secondary antibody (Pierce) at
1:10,000. None of the serum samples were positive for a re-
sponse to BBA68 but were strongly reactive with cell lysates of
B. burgdorferi B31MI (Fig. 2C and D). Collectively, the immu-
noblot data indicate that BBA68 is not produced during infec-
tion. However, an alternative possibility is that BBA6S is non-
antigenic. In light of the surface exposure of BBAGS, its
biochemical properties, and the ability of -BBAG68 to elicit a
strong antibody response in mice (13), the possibility that it is
nonantigenic seems unlikely.

To address potential questions surrounding the antigenicity
of BBAGS, we directly tested for BBA68 expression during
infection using an antibody-independent approach, real-time
reverse transcriptase PCR (RT-PCR). All procedures were as
previously described (29). The template RNA was extracted
from ear punch biopsy samples collected from B. burgdorferi
B31MlI-infected mice (n = 3; time frame of infection = 4
weeks). The possible expression of BBA69, a family 54 mem-
ber whose gene maps immediately downstream of the BBA6S
gene, was also assessed. The BBA68 and BBA69 gene primer
sequences (5’ to 3") were as follows: A6BRT74F, GCGCACC
TTTTAGCAAAATC; A68RT226R, GCTCTGAAGCGATA
GTTTCCAT; A69RTI0F, AATCAATCCCAAGGCAAATG;
A69RT205R, CGCCAAGGTCTCCAGATTTA. The flaB prim-
ers, which target the constitutively expressed flaB gene, have been
previously described (29). While the flaB transcript was readily
detected by real-time RT-PCR, the transcripts from the BBA6S
and BBA69 genes were not (Fig. 3A). To determine if the ele-
vated temperature encountered by the spirochetes in mammals
might in and of itself downregulate BBA68 expression and to
verify that the primers employed were functional, real-time RT-
PCR was performed using RNA extracted from B. burgdorferi
B31MI temperature shifted to either 25, 33, or 37°C (Fig. 3B).
After normalization against flaB transcript levels (as described
previously [29]), BBA68 gene transcription was determined to be
slightly elevated at 37 versus 25°C. In contrast, BBA69 gene tran-
scription showed a clear increase at 37°C. Consistent with the
apparent absence of BBA68 gene transcription in tissue, Tokarz
et al. previously demonstrated that BBA68 is downregulated in
vitro when human blood is added to Borrelia cultures (23). Brooks
et al. also demonstrated that both BBA68 and BBA69 are down-
regulated approximately sevenfold in spirochetes propagated in
dialysis membrane chambers implanted in rats (2), and Lederer et
al. reported that transcription of the gene encoding the BBA68
ortholog of B. burgdorferi ZS7 could not be detected in infected
mouse tissue (12). Collectively these analyses indicate that host-
specific factors, and not temperature alone, are responsible for
the downregulation of BBA6S.

To determine if BBA68 gene transcription might be con-
trolled via the RpoN and RpoS regulatory network, immuno-
blot analyses were conducted using cell lysates of B. burgdorferi
isolate 297 RpoN and RpoS knockout mutants (and the com-
plemented strain) (28) (kindly provided by Michael Norgard,
University of Texas Southwestern). The RpoN/RpoS regula-
tory network controls in part the expression of some important
Borrelia virulence factors including OspC (4, 6, 28). BBA68
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FIG. 2. Demonstration that BBA68 does not elicit an antibody response in mice or humans infected with the Lyme disease spirochetes. (A) The
loading and integrity of r-BBA68 (1 wg per lane) and cell lysates of B. burgdorferi B31MI were assessed by Coomassie staining and by screening

with horseradish peroxidase-conjugated S protein. r-BBA68 was also te

sted for factor H binding ability using the affinity ligand binding immunoblot

assay. (B) Immunoblot strips containing B31MI cell lysate and r-BBA68 were screened with serum from mice infected with different strains of B.
burgdorferi (indicated below each blot). Identical immunoblots were screened with serum from human Lyme disease patients with either early (C)-
or late (D)-stage infections, respectively. All methods are described in the text.

production was not affected by inactivation of either RpoN or
RpoS (Fig. 3C). As a control, an immunoblot was screened
with anti-OspC antiserum, and as expected OspC production
was eliminated in the RpoN and RpoS knockout mutants, with
production fully restored in the complemented strain. The
molecular mechanisms associated with the transcriptional con-
trol of the BBA68 gene and other genes that are turned on/off
in the mammalian environment are yet to be determined.
Even though BBAG68 is not expressed in humans and mice,
the possibility remained that it could be expressed and function
during infection in other animals. In that the only known li-
gands bound by BBA68 are human FH and FHL-1, we sought
to determine if BBA68 can bind to FH/FHL-1 from other
animals. To test this, serum from several different animals
(Valley Biomedical) was fractionated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) using
Criterion precast gels (Bio-Rad) under nonreducing condi-
tions. Hovis et al. have demonstrated that electrophoresis un-
der nonreducing conditions is required to allow for the binding
of FH binding proteins to membrane-immobilized FH (9).
Nonreducing conditions maintain conserved disulfide bonds
within the short consensus repeats of FH that are the basis for
its beaded globular structure and presumably important in the
formation of its interaction domain (30). BBA68 bound a pro-
tein of a size consistent with FH only in the human serum sample,
indicating a strictly species-specific interaction (Fig. 4A). Hence,
BBAGS differs significantly from the FH binding OspE protein,
which has recently been demonstrated to bind FH and other
serum proteins from a wide range of animals using the exact

same experimental protocol and serum samples as those em-
ployed here (9). As an additional control to demonstrate the
presence of FH in serum from each animal, the serum samples
were separated by SDS-PAGE under reducing conditions, im-
munoblotted, and screened with goat anti-human FH anti-
serum (Calbiochem; diluted 1;800) followed by rabbit anti-goat
IgG antiserum (Calbiochem; diluted 1:40,000). As expected
human and monkey FH reacted strongly with the antiserum
(Fig. 4B). With longer exposure, FH was detected in all other
animals tested except ducks, chickens, rats, and horses (Fig.
4C). Weaker or no immunoreactivity is not surprising in light
of sequence variation in FH among animals. In any event, this
control and the earlier study by Hovis et al. (9) demonstrate
that FH is available for binding in the serum samples tested.
Interestingly, BBA68 also bound to unidentified serum pro-
teins of approximately 75 kDa in several serum samples. These
proteins were not immunoreactive with anti-human FH anti-
serum and were not bound by other control S-tagged proteins
including BBO39 and BBR42 (data not shown). The identities
of these serum proteins are unknown, and the significance of
the interaction remains to be determined. It is interesting that
BBAG6S8 did not bind to FH from mice, which are important
natural reservoirs for the Lyme disease spirochetes. While
BBAG68 has been demonstrated to be expressed in ticks (25)
and the protein has been demonstrated on the surface of spi-
rochetes that have just entered mouse skin (24), its lack of
expression in animals and its inability to bind mouse FH with
high affinity suggest that it does not function to protect against
mouse complement in an FH-dependent manner during the
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FIG. 3. Real-time RT-PCR analysis of BBA68 and BBA69 gene
transcription and analysis of the effect of RpoN and RpoS knockouts
on protein production. RNA was isolated from infected mouse tissue
and tested by real-time RT-PCR for BBA68 and BBA69 gene and flaB
transcripts. Detection of flaB served as the positive control, and reac-
tions run without reverse transcriptase served as the negative controls.
As an additional positive control, the primers were also assessed for
their ability to PCR amplify their corresponding target genes using
genomic DNA as the template. After 40 cycles, an aliquot of each
reaction mixture was analyzed by agarose gel electrophoresis and
ethidium bromide staining (A). (B) Data from real-time RT-PCR
analysis of BBA68 and BBA6Y gene and flaB transcription in B. burg-
dorferi B31MI grown at either 25, 33, or 37°C in BSK-H complete
media. Reactions were run in triplicate with two replicates, and the
variance is indicated. RNA isolation and all associated methods were
exactly as previously described (29). (C) Immunoblots of B. burgdorferi
strain 297 in which RpoS or RpoN had been inactivated were screened
with anti-BBA68 (a-BBA68) and anti-OspC antiserum (positive con-
trol). As controls, the wild type (WT) and the RpoN (RpoN"/N*)
complemented strain were included on each blot.

blood meal. When one considers that humans are only acci-
dental hosts of the Lyme disease spirochetes, the biological
rationale for the evolution of species-specific binding of human
FH by BBAGS is puzzling and somewhat of a paradox.

In closing, based on the observation that BBA68 is the most
dominant FHBP produced by in vitro-cultivated Lyme disease
spirochetes, we and others have postulated that BBA6S likely
plays a critical role in immune evasion and persistence in
animals (3, 10, 13, 15, 26). In fact, Brooks et al. demonstrated
that the inactivation of BBA68 led to increased susceptibility to
human serum and that introduction of BBAG6S into a B. garinii
strain lacking the BBA6S gene resulted in increased serum
resistance (3). However, it is important to note that the serum
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FIG. 4. Demonstration of the species specificity of BBA68 binding
to FH and detection of additional BBA68 binding serum proteins.
Serum from several different animals (as indicated above each lane)
was diluted 1:4 with phosphate-buffered saline and prepared in non-
reducing SDS-PAGE sample buffer. The samples were incubated at
37°C for 30 min, and then the proteins were separated in 7.5% Crite-
rion gels (Bio-Rad). The proteins were transferred to polyvinylidene
difluoride membranes, blocked with 5% milk, and screened with S-
tagged recombinant BBA68 (100 ng ul1 ') (A). After a washing, bound
BBAG8 was detected with horseradish peroxidase-conjugated S protein
(diluted 1:40,000). Serum samples were also fractionated by SDS-
PAGE under reducing conditions, immunoblotted, and screened with
goat anti-human FH antiserum (diluted 1:800; Calbiochem) (B). Rab-
bit anti-goat IgG antiserum served as the secondary antibody. In panel
C, a longer exposure of the several lanes of the immunoblot presented
in panel B is shown. Molecular mass standards are indicated.

sensitivity assays were done in vitro using in vitro-cultivated
bacteria. The data presented here indicate that BBA6S is not
expressed during infection in humans and mice and that it is
not able to bind FH from other potential mammalian reser-
voirs. Hence the specific role of BBA68 in immune evasion in
spirochetes residing within animals remains to be determined.
Analyses are under way to further investigate the possible role
of this highly conserved protein in spirochetes residing within
ticks, the only natural environment in which BBA68 gene tran-
scription has been demonstrated.
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