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The binding of Borrelia burgdorferi OspE, OspF, and family 163 (Elp) proteins to factor H/factor H-like
protein 1 (FHL-1) and other serum proteins from different animals was assessed. OspE paralogs bound factor
H and unidentified serum proteins from a subset of animals, while OspF and Elp proteins did not. These data
advance our understanding of factor H binding, the host range of the Lyme spirochetes, and the expanding role
of OspE in pathogenesis.

Borrelia burgdorferi, a causative agent of Lyme disease, binds
the complement regulatory proteins factor H and factor H-like
protein 1 (FHL-1) (4, 19, 22, 31, 32). Factor H/FHL-1 function as
cofactors in the factor I-mediated cleavage of C3b (3, 6, 19, 21,
29). C3b cleavage at the cell surface inhibits opsonophagocytosis
and facilitates immune evasion. FHL-1 binding may also promote
adherence and invasion, as demonstrated for group A strepto-
cocci (35) and postulated for Treponema denticola (27). B. burg-
dorferi B31MI produces several factor H-binding proteins, includ-
ing BBA68 (also referred to as BbCRASP-1) and the OspE
proteins (3, 6, 19, 21, 29). BBA68 binds both factor H and FHL-1,
while OspE binds only factor H. In B31MI, the OspE protein
family consists of three members, designated by TIGR as BBL39,
BBN38, and BBP38. BB stands for Borrelia burgdorferi, the next
letter designates the plasmid of origin (plasmid L, N, or P), and
the number indicates its numerical open reading frame (ORF)
designation and relative location on its specific plasmid (www.tigr
.org) (15). The genetic elements that carry the ospE genes are
circular molecules of 32 kb that have been referred to as cp32s,
for circular plasmids of 32 kb (39). However, Eggers and Samuels
had originally hypothesized that the cp32s are actually prophages
(13) and Zhang and Marconi recently provided evidence to sup-
port this hypothesis (44). Some B. burgdorferi strains carry as
many as nine copies of these prophages (10, 24, 44, 47), but only
three carry ospE genes, and of these ospE genes, BBL39 and
BBP38 are identical in sequence. Hence, in this report we do not
differentiate between BBL39 and BBL38 and refer to them col-
lectively as BBL39. One or more OspE paralogs have been dem-
onstrated to be expressed during infection in ticks and mammals,
indicating that they may carry out important functions in these
environments (16–18, 20, 32–34, 38). Interestingly, while BBA68
has clear factor H/FHL-1 binding ability, it is not expressed during
infection; thus, its role in pathogenesis is unclear (6, 26, 42, 43).

The ospE, ospF, and elp genes have been collectively re-
ferred to by some as erp (OspE-related protein) genes (36). B.
burgdorferi B31MI carries 12 highly divergent genes that have
been included in the Erp group (1, 23, 24, 39, 40) (www.tigr
.org). However, it is now evident that this diverse group of
genes actually constitutes three distinct gene families (10, 18,
24, 28, 41) that are transcriptionally responsive to different
environmental signals and differentially expressed (1, 5, 8, 9,

* Corresponding author. Mailing address: Department of Microbiology
and Immunology, Medical College of Virginia at Virginia Commonwealth
University, 1112 E. Clay St., Richmond, VA 23298-0678. Phone: (804)
828-3779. Fax: (804) 828-9946. E-mail: rmarconi@hsc.vcu.edu.

TABLE 1. Primer sequences (5� to 3�)

Primer Sequence

BBL39-LIC-F..........GACGACGACAAGATGCTTATAGGTGCTTGCAAG
BBL39-LIC-R.........GAGGAGAAGCCCGGTTTATTTTAAATTTCTTTT

AAGCTC

BBN38-LIC-F .........GACGACGACAAGATGCTTATAGGTGCTTGCAAA
ATTC

BBN38-LIC-R ........GAGGAGAAGCCCGGTTTATTTTAAATTTTTTTA
AGCAC

BBN39-LIC-F .........GACGACGACAAGATCAAGAATTTTGCAACTGGT
AAAG

BBN39-LIC-R ........GAGGAGAAGCCCGGTTTACTGACTGTCACTGAT
GTATCC

BBO40-LIC-F.........GACGACGACAAGATTAAAAATTATGCAACTGGT
AAAG

BBO40-LIC-R ........GAGGAGAAGCCCGGTTCAATATGAATTACTATC
CTCAATG

BBP39-LIC-F..........GACGACGACAAGATTAAGAATTATGCAATTAAA
GAT

BBP39-LIC-R .........GAGGAGAAGCCCGGTTTAATCTTCTTCATCATA
ATTATCC

BBM38-LIC-F ........GACGACGACAAGATTTACGCAAGTGGTGAAGATG
BBM38-LIC-R........GAGGAGAAGCCCGGTTTATTCTTTTTTATTAGA

ATC

BBO39-LIC-F.........GACGACGACAAGATTTATGCAAGTGGTGAA
BBO39-LIC-R ........GAGGAGAAGCCCGGTTTATTCTTTTTTATCTTC

TTC

BBR42-LIC-F .........GACGACGACAAGATTGATGTAACTAGTAAAGAT
TTA

BBR42-LIC-R ........GAGGAGAAGCCCGGTCTTTATTCTTTTTTACCT
TCTACA
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14, 17, 18, 28). One published study suggested that these di-
verse proteins may still share a common functional role and be
key players in factor H-mediated complement evasion (37).
Furthermore, it was hypothesized that some OspE, OspF, and
Elp proteins may differentially and preferentially bind to factor
H from different animals and that this would serve to increase
the potential host range of the Lyme disease spirochetes (37).
While the literature is in strong agreement regarding the abil-
ity of OspE to bind factor H, there are conflicting reports
regarding factor H binding to the OspF and Elp proteins (2, 4,
19, 26, 32, 37). Accurate identification of the Borrelia proteins
involved in factor H binding and their binding specificity is an
essential step in defining the contribution of this virulence
mechanism to Lyme disease pathogenesis and in determining if
differential factor H binding influences host range. The goals
of this study were to address remaining questions regarding the
factor H binding ability and specificity of the B. burgdorferi
B31MI OspE (BBL39 and BBN38), OspF (BBM38, BBO39,
and BBR42), and Elp (BBN39, BBO40, and BBP39) proteins.

To examine factor H/FHL-1 binding, recombinant proteins
were generated using a PCR-based approach with primers
(Table 1) that carry tails to allow for ligase-independent clon-
ing into the pET32 Ek/LIC vector (Novagen) (45). The result-
ing recombinant proteins, which carry N-terminal S and His
tags, were purified as previously described (32). Size, integrity,
and purity of the recombinant proteins were assessed by Coo-
massie staining (data not shown) and by screening an immuno-
blot with horseradish peroxidase (HRP)-conjugated S protein
(1:40,000; Novagen). The HRP-conjugated S protein interacts
with the N-terminal tag in an antibody-independent manner,

a point which is of significance in assessing the “reverse” af-
finity ligand binding immunoblot (ALBI) analyses presented
below. All recombinant proteins were found to be of high
purity, with little or no breakdown products (Fig. 1A). Binding
of human factor H to the recombinant proteins was deter-
mined using the ALBI assay approach as previously described
(32), with some modifications. Briefly, the recombinant pro-
teins were subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) with 15% Criterion precast
gels (Bio-Rad), immunoblotted, and incubated with purified
human factor H (5 ng �l�1; Calbiochem), and bound factor H
was detected using goat anti (�)-human factor H antiserum
(1:8,000; Calbiochem), followed by HRP-conjugated rabbit
�-goat immunoglobulin G (1:40,000). Consistent with earlier
studies, the OspE paralogs BBL39 and BBN38 readily bound
human factor H while each individual OspF and Elp protein
did not exhibit any detectable binding (2, 19, 21, 30, 32). One
earlier study had reported that OspF and Elp protein family
members bind human factor H (37). However, analysis of the
immunoblots presented in that study revealed that factor H
binding to the OspF and Elp proteins, if occurring at all, is at
a very low level. In addition, in some cases the weak binding
that was observed was to proteins with masses not consistent
with those of known OspE, Elp, or OspF proteins. Hence, in
contrast to the suggestion that factor H binding is a property
common to all members of the OspE, OspF, and Elp protein
families (37), the data presented here demonstrate that this
activity is unique to the OspE proteins.

The formation and presentation of the factor H-binding
pocket of BBA68 and the OspE proteins have been demon-

FIG. 1. Analysis of factor H/FHL-1 binding by the B. burgdorferi B31MI OspE, OspF, and Elp proteins. Recombinant S-tagged fusion proteins
(the TIGR-assigned ORF designations are indicated above each lane) were generated, purified, separated by SDS-PAGE (15% Criterion precast
gels), and immunoblotted. To assess expression and integrity of the recombinant proteins, a blot was screened with HRP-conjugated S protein (A).
The proteins were then tested for factor H/FHL-1 binding by use of the ALBI assay (B), as described in the text. Molecular mass standards are
indicated.

FIG. 2. “Reverse” ALBI analyses: analysis of the abilities of recombinant OspE, OspF, and Elp proteins to bind to immobilized serum proteins.
Serum proteins from different animals (indicated in each panel) were separated by SDS-PAGE with either 7.5% or 12.5% Criterion precast gels
under nonreducing conditions. The proteins were immunoblotted and incubated with individual recombinant S-tagged proteins (100 �g ml�1), as
indicated in each panel. Note that the blots shown in panels C and D were screened with BBO39 and BBN39, respectively. Identical results were
obtained with BBM38, BBR42, BBO40, and BBP39 (data not shown). In all assays, bound recombinant protein was detected using HRP-
conjugated (conj.) S protein. All methods were as described in the text. Purified human factor H (FH) was included as a positive control with all
immunoblots. The location of factor H on the immunoblots presented in panels A and B is indicated by an arrow for reference. Note that in panel
E the serum proteins were separated using reducing conditions and were screened with goat �-human factor H antiserum. With longer exposure,
factor H was detected in all animals except duck, horse, rat, and chicken.
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strated to be dependent on conformational or structural de-
terminants that are defined by highly stable coiled-coil do-
mains (25, 30). For both OspE and BBA68, these structural
determinants either are resistant to denaturation during SDS-
PAGE or rapidly reform following immunoblotting, as dem-
onstrated for herpes simplex virus glycoprotein D (11). How-
ever, it is possible that OspF and Elp proteins did not bind
factor H because they are more sensitive than OspE to struc-
tural perturbations introduced by the assay conditions em-
ployed. To test the abilities of the OspE, OspF, and Elp pro-
teins to bind to human factor H and factor H from other
animals under different experimental conditions, a “reverse”
ALBI was developed and employed. In this assay, sera from 16
different animals were diluted 1:4 with phosphate-buffered sa-
line and each sample was separated by SDS-PAGE under
nonreducing conditions with 7.5% or 12.5% Criterion precast
Tris-HCl gels (Bio-Rad). The conditions used for nonreducing
electrophoresis have been previously described (32). Nonre-
ducing conditions were employed to maintain disulfide bonds
that may be important in factor H/FHL-1 functional activity
(46). As in several other studies, serum served as the source of
factor H in these assays because only purified factor H from
humans is commercially available. The serum proteins were
immunoblotted, and a series of identical blots were incubated
with individual recombinant S-tagged proteins, as indicated
above each panel of Fig. 2 (room temperature, 3 h; 100 �g
ml�1 in blocking buffer). Unbound protein was removed by
washing, and bound protein was detected using HRP-conju-
gated S protein (1:40,000 dilution; Novagen). As a negative
control, a blot was screened with HRP-conjugated S protein
alone, and no signal was observed (Fig. 2F). The OspE pro-
teins were found to bind factor H and to several additional
serum proteins (Fig. 2A and B), while the OspF and Elp
proteins did not (Fig. 2C and D).

Focusing first on a discussion of factor H binding, while in
several serum samples the OspE paralogs bound to a 150-kDa
protein that is presumed to be factor H, no binding of OspF or
Elp proteins to a similarly sized protein in any of the samples
tested was observed (Fig. 2C and D). To determine the migra-
tion position of factor H separated under nonreducing SDS-
PAGE conditions, purified human factor H was included in all
experiments. In addition, the presence of factor H in the serum
samples was confirmed by screening an immunoblot with goat
�-human factor H antiserum (Fig. 2E). The goat �-human
factor H antiserum recognized factor H from human, monkey,
dog, cow, pig, mini-pig, rabbit, guinea pig, and cat. With longer
exposure, factor H was detected in all animals except duck, rat,
chicken, and horse (data not shown). The quantitative differ-
ences in detection level are likely due to factor H sequence
divergence among animals. For example, while both mouse
and human express factor H at a high level, mouse factor H
was not detected by the antiserum. This is not surprising since
these proteins exhibit only 61% identity. It is important to note
that the immunoblot used in this specific control was generated
using serum samples separated by SDS-PAGE under reducing
conditions. The data presented here do not support the sug-
gestion put forth by Stevenson et al. that factor H binding is a
universal feature of the OspE, OspF, and Elp proteins (37).

The overall factor H and serum protein binding patterns for
the two different OspE paralogs were found to exhibit signif-

icant differences. BBN38 bound to factor H from a broader
group of species than did BBL39. This observation suggests
that the contribution of individual OspE paralogs in factor
H-mediated complement evasion may differ within different
animals. The fact that factor H binding patterns differed for
BBL39 and BBN38 raises the possibility that OspE sequence
variation as it develops in nature could serve as an adaptive or
selective response that facilitates persistence in different mam-
malian reservoirs. The inability of OspE to bind to mouse
factor H is particularly noteworthy. Mice serve as a major
reservoir for B. burgdorferi and are the primary animal model
for the study of Lyme disease pathogenesis. It was previously
reported that the OspE paralogs can bind mouse factor H (37).
This discrepancy may be due to the absence of a critical control
in that study. Stevenson et al. incubated mouse serum with
membrane-immobilized recombinant OspE, and then factor H
binding was detected by screening the blots with goat �-human
factor H antiserum. However, a control blot of the recombi-
nant proteins screened with �-human factor H antiserum alone
was not presented. Metts demonstrated that when immuno-
blots of recombinant OspE are incubated with goat �-human
factor H antiserum with no exogenous factor H added, the
antiserum reacts with OspE (32). It was postulated that either
the antiserum cross-immunoreacts with OspE or goat factor H
present in the goat �-human factor H antiserum binds to
OspE, thus allowing for the subsequent detection of bound
factor H by the antiserum. However, as demonstrated here,
BBL39 and BBN38 do not bind to goat factor H, so the latter
explanation seems unlikely. In any event, the binding of mouse
factor H by OspE reported by Stevenson et al. appears to
represent an experimental artifact. Alitalo et al. also reported
that an OspE variant, designated P21 (12), binds to mouse
factor H (2). However, the interaction of P21 with mouse
factor H, as measured by surface plasmon resonance, was ap-
proximately 50% of that observed with human factor H (2).
P21 exhibits 85% and 71% amino acid sequence identity with
BBN38 and BBL39, respectively. The differing abilities of
OspE paralogs to bind mouse factor H are most likely due to
specific sequence differences. This suggestion is supported by
the paralog-specific serum protein binding patterns that we
observed in this report for BBN38 and BBL39. The inability of
the OspE paralogs BBN38 and BBL39 to bind to mouse factor
H also suggests that the mouse model may not be an appro-
priate system for examining the effects of ospE gene inactiva-
tion on factor H-mediated immune evasion by the Lyme spi-
rochetes.

Regarding the binding of OspE to other non-factor H
serum proteins, the binding patterns differed significantly
among paralogs. BBL39 bound one or more proteins in the
70- to 75-kDa-size range in 13 of the 16 serum samples
tested. In contrast, BBN38 bound only weakly to these pro-
teins (Fig. 2, compare panels A and B) and instead bound to
one or more proteins of �60 kDa in eight of the species
tested. None of these proteins were bound by the OspF or
Elp proteins. It is important to note that when the serum
samples were separated by SDS-PAGE under reducing con-
ditions the binding of OspE to factor H and other serum
proteins was completely abolished. This finding suggests
that the OspE binding sites on these proteins require disul-
fide bond formation for their presentation. As discussed
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above, the short consensus repeats of factor H/FHL-1 pos-
sess highly conserved Cys residues that are important in
defining their structure and functional activity (46).

Several observations indicate that the binding of OspE to
serum proteins is a specific interaction and not mediated by
charge or influenced by the S tag. First, none of the other
S-tagged proteins analyzed bound to serum proteins and hence
it can be concluded that the interaction is not due to the S tag.
The differential binding of BBN38 and BBL39 to different sets
of proteins also points to a specific interaction. To further
assess the specific nature of protein binding by BBL39, the
abilities of two BBL39 variants (BBL39-8 and BBL39-9) to
bind to factor H and other serum proteins were determined.
These BBL39 variants, which were generated by random mu-
tagenesis, harbor a single (but different) amino acid substitu-
tion (relative to the wild type) that was previously demon-
strated to abolish human factor H binding ability (30).
Specifically, BBL39-8 has a G61-to-R change while BBL39-9
has an S82-to-L change. As demonstrated here, these variants
did not bind factor H from most animals and exhibited atten-
uated binding to other serum proteins (Fig. 2G and H). It is
unlikely that two independent, single-amino-acid changes
would disrupt binding if the interaction was nonspecific. Of
note is the fact that the binding of BBL39-8 and BBL39-9 to
factor H from dog, pig, mini-pig, and rabbit was unaffected.
This suggests that different determinants of OspE may be in-
volved in binding to factor H from different animals.

The selective and differential binding of BBL39 and BBN38
to factor H and other serum proteins has important implica-
tions for understanding the host-pathogen interaction, the role
of OspE in pathogenesis, and the enzootic cycle of B. burgdor-
feri. First, the species selectivity of the OspE-factor H interac-
tion indicates that OspE may play an important role in medi-
ating factor H-based immune evasion in some animals but not
in others. It is also evident that different OspE paralogs within
a cell may have different functions and contribute to patho-
genesis in distinctly different ways. The generation of sequence
diversity within OspE as a result of mutation or recombination
could influence factor H and serum protein binding character-
istics. Recent analyses have demonstrated that the circular
plasmids of 32 kb that carry the ospE genes are prophages (13,
44), and a large late operon consisting of 32 ORFs has been
defined (44). ospE, which lies outside of this operon, appears
to represent a classic “moron” (44). Morons are defined by
Brussow et al. as phage-carried genes of bacterial origin that
serve to enhance the fitness of the lysogen (7). The natural
development of sequence variation within ospE and the lateral
transfer of these prophage-carried genes could serve as a fit-
ness-enhancing, adaptive mechanism that ensures survival of
the spirochetes at the population level in diverse animals. With
regard to the binding of serum proteins by OspE, the biological
significance of this interaction in Borrelia pathogenesis is cur-
rently unknown. If factor H and serum proteins compete for
binding to OspE, one possibility is that competitive binding
could influence or modulate OspE-mediated factor H comple-
ment evasion. Another possibility is that serum protein binding
serves as a form of molecular mimicry that conveys host-like
properties to the spirochetes, which shields them from the
immune response. Last, OspE binding to factor H and serum
proteins could facilitate adherence to endothelium or immune

effector cells, that present serum proteins on their surface. It is
becoming increasingly apparent that the potential role of OspE
in virulence may extend beyond solely factor H-mediated im-
mune evasion. The identity of OspE-binding serum proteins,
their relative affinities for OspE, and possible competition
among these ligands for binding are important areas for future
research.
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