INFECTION AND IMMUNITY, Nov. 2010, p. 4477-4487
0019-9567/10/$12.00  doi:10.1128/IAI1.00501-10

Vol. 78, No. 11

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Characterization of Unique Regions of Borrelia burgdorferi
Surface-Located Membrane Protein 1V+%

Xiuli Yang,"* Tiffany R. Lenhart,> Toru Kariu,"* Juan Anguita,* Darrin R. Akins,” and Utpal Pal'-**
Department of Veterinary Medicine, University of Maryland, College Park, Maryland 20742"; Virginia-Maryland Regional College of

Veterinary Medicine, College Park, Maryland 20742° Department of Microbiology and Immunology, University of
Oklahoma Health Sciences Center, Oklahoma City, Oklahoma 73104°; and Department of Veterinary and
Animal Sciences, University of Massachusetts at Amherst, Amherst, Massachusetts 01003*

Received 12 May 2010/Returned for modification 14 June 2010/Accepted 27 July 2010

The pathogen of Lyme disease, Borrelia burgdorferi, produces a putative surface protein termed “surface-
located membrane protein 1” (Lmpl). Lmpl has been shown previously to assist the microbe in evasion of
host-acquired immune defenses and in the establishment of persistent infection of mammals. Here, we show
that Lmpl is an integral membrane protein with surface-exposed N-terminal, middle, and C-terminal regions.
During murine infection, antibodies recognizing these three protein regions were produced. Separate immu-
nization of mice with each of the discrete regions exerted differential effects on spirochete survival during
infection. Notably, antibodies against the C-terminal region primarily interfered with B. burgdorferi persistence
in the joints, while antibodies specific to the N-terminal region predominantly affected pathogen levels in the
heart, including the development of carditis. Genetic reconstitution of Imp1 deletion mutants with the Impl
N-terminal region significantly enhanced its ability to resist the bactericidal effects of immune sera and also
was observed to increase pathogen survival in vivo. Taken together, the combined data suggest that the
N-terminal region of Lmp1 plays a distinct role in spirochete survival and other parts of the protein are related
to specific functions corresponding to pathogen persistence and tropism during infection that is displayed in
an organ-specific manner. The findings reported here underscore the fact that surface-exposed regions of Lmp1
could potentially serve as vaccine targets or antigenic regions that could alter the course of natural Lyme

disease.

Lyme disease is caused by the spirochete Borrelia burgdorferi,
which is transmitted by ticks belonging to the Ixodes scapularis
complex (2, 31). Upon introduction to the host dermis, spiro-
chetes disseminate from the site of infection to distal cutane-
ous areas and navigate to a variety of internal host organs (6).
The colonization of the pathogen in a select set of infected host
organs eventually leads to robust inflammatory responses re-
sulting in multiple clinical complications, such as arthritis, car-
ditis, and neurological disorders (31, 48). In mammalian hosts,
B. burgdorferi infection may persist in diverse tissues despite
the development of a vigorous immune response (5, 8, 13, 16,
24, 44). Understanding the mechanism by which spirochetes
selectively persist in certain tissues and induce a severe inflam-
matory response is important for the development of preven-
tive and therapeutic strategies against Lyme borreliosis.

B. burgdorferi survives in a complex enzootic life cycle. The
varied metabolic and immune host environments have been
shown to dramatically influence spirochete gene expression
(11, 14, 26, 29, 32-34, 41, 43, 49, 51). Microbial antigens that
are produced in a time- or tissue-specific manner might assist
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B. burgdorferi to overcome host defenses and to persist in local
environments. Differentially expressed gene products, particu-
larly surface antigens, could directly participate in host-patho-
gen interaction or host immune evasion, contributing to mi-
crobial survival and organ-specific pathogenesis (36, 51). In
recent years, a few spirochete gene products have been iden-
tified that are either indispensable or contribute significantly to
host or vector infectivity and transmission through the tick-
mouse infection cycle (9, 23, 25, 26, 28, 37, 39, 40, 45, 47, 52,
53). However, in most cases, the genes identified encoded
proteins that lack orthologs in other bacteria; therefore, their
molecular functions in spirochete biology or infectivity remain
unclear.

Recently, a protein termed Lmp1, a chromosomally encoded
antigen with an approximate molecular mass of 128 kDa, was
shown to be induced in infected murine tissues, especially at
early phases of infection in the heart (51). Lmpl has been
suggested to be integral to pathogen persistence and to be
involved in evading the host adaptive immune response during
infection (51). The antigen is localized to the microbial surface,
is immunogenic during animal or human infection (3, 51), and
is conserved across orthologs in other B. burgdorferi sensu lato
isolates. Computer algorithms suggest that Lmpl contains a
typical type I leader peptide, although whether the signal se-
quence is cleaved remains unknown. Lmp1 contains three pos-
sible separate functional regions located at the N-terminal,
middle, and C-terminal portions of the protein. Although the
overall structure of Lmpl is unrelated to known proteins, the
middle region of the protein contains several peptide repeats
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which may be related to adhesins (3). The C-terminal region
contains several tetratricopeptide repeats (TPRs), which are
motifs that are well documented to play important roles in
protein-protein interactions (17, 22, 42). Despite earlier stud-
ies, the molecular function of Lmp1 and the possible unique
role(s) of its individual protein regions with regard to B. burg-
dorferi virulence and Lyme disease pathogenesis remain un-
clear. Characterization of functional protein regions of novel
spirochete virulence determinants, such as Lmpl, will likely
shed further light into how Lmp1 could potentially serve as a
vaccine target or how antibodies against antigenic regions of
Lmpl could alter the course of a natural Lyme disease infec-
tion.

MATERIALS AND METHODS

Bacterial strains and mice. A low-passage and infectious isolate of B. burg-
dorferi strain B31-A3 (18), B31-A3-LK (21), and the flacp-795-LK strain (27)
were used in the study and cultivated at 34°C in Barbour-Stoenner-Kelly liquid
medium containing 6% heat-inactivated rabbit serum (BSK-H). For genetic
manipulation of /mpl mutants, the medium was supplemented with kanamycin
(200 to 350 pg/ml) and streptomycin (100 pg/ml). Medium containing gentami-
cin (40 pg/ml), erythromycin (80 ng/ml), or isopropyl-B-p-thiogalactopyranoside
(IPTG; 0.05 mM or 1.0 mM) was used to grow the LK isolates. Four- to
6-week-old female C3H/HeN and BALB/c mice were purchased from the Na-
tional Institutes of Health. All animal procedures were performed in compliance
with the guidelines and approval of the Institutional Animal Care and Use
Committee of the University of Maryland, College Park.

PCR. The primers used in PCR amplification are listed in Table S1 in the
supplemental material. Reverse transcription-PCR (RT-PCR) and quantitative
RT-PCR (qRT-PCR) analyses were performed as described before (51). Briefly,
total RNA was isolated and reverse transcribed into first-strand cDNA, and the
quantitative PCR was performed in an iQ5 real-time thermal cycler (Bio-Rad,
Hercules, CA) using SYBR green supermix (Bio-Rad) and a program consisting
of an initial denaturing step of 3 min at 95°C followed by 40 amplification cycles
consisting of 10 s at 95°C, 60°C for 20 s, and 72°C for 30 s. Standard curves were
prepared from known quantities of flaB and murine B-actin gene to calculate the
target gene transcripts as described previously (15). For the quantification of
spirochete levels in mouse tissues, flaB was used as a surrogate marker and
normalized to the level of the B-actin gene.

Preparation of truncated Lmp1 proteins representing specific regions of the
antigen and generation of antisera. To produce recombinant proteins represent-
ing the three unique regions of Lmp1, the coding region of the /mp1 without its
leader peptide was amplified as separate DNA inserts representing either the
N-terminal (1,026-bp), middle (1,161-bp), or C-terminal (1,107-bp) regions of
the gene using the primers listed in Table S1 in the supplemental material. DNA
inserts were directionally cloned into the BamHI and Xhol sites of the expres-
sion vector pGEX-6P-1 (GE Healthcare, Piscataway, NJ). Expression, purifica-
tion, and enzymatic cleavage of the resulting glutathione-S-transferase fusion
proteins were carried out as described previously (51, 53). For generation of
murine antisera, 10 pg of recombinant protein was dissolved in 100 pl of phos-
phate-buffered saline (PBS), emulsified with 100 wl of complete (first injection)
or incomplete (remaining two injections) Freund’s adjuvant, and subcutaneously
administered into groups of five BALB/c mice at 10-day intervals. Mice were bled
7 days after the final boost, and serum was collected. Antibody titers were
determined by enzyme-linked immunosorbent assay (ELISA) and immunoblot-
ting, as described previously (51, 53).

ELISA. Ninety-six-well plates were coated with Lmp1 proteins (100 ng/well) or
B. burgdorferi lysates (500 ng/well) and incubated overnight at 4°C. The plates
were blocked with PBS-T (0.05% Tween 20, 5% normal goat serum in PBS, pH
7.4) for 2 h at 37°C and washed with PBS. The diluted (1:5,000) mouse sera were
added to each well and incubated 37°C for 1 h. Horseradish peroxidase (HRP)-
conjugated goat anti-mouse immunoglobulin G (IgG) (100 pl of a 1:5,000 dilu-
tion) was added, and the mixture was incubated at 37°C for 1 h. After being
washed three times with PBS, 100 wl of TMB (3,3',5,5'-tetramethylbenzidine)
substrate was added to each well and optical densities at 450 nm (OD,s,) were
measured.

Western blotting. Purified recombinant proteins or whole-cell lysates of B.
burgdorferi were subjected to 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane. The
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membrane was incubated with a 1:1,000 to 1:2,000 dilution of murine antisera
against the various recombinant proteins. Immunoblots were developed by the
addition of HRP-conjugated secondary antibodies and enhanced chemilumines-
cence as previously described (15, 27).

Assessment of Lmpl as an integral outer membrane protein (OMP). B.
burgdorferi outer membranes (OMs) and protoplasmic cylinders (PCs) were
isolated from strain B31-A3-LK and the flacp-795-LK strain (in 0.05 mM or 1
mM IPTG) as previously described (27). Equivalent amounts of whole-cell ly-
sates, OMs, and PCs were separated by SDS-PAGE and immunoblotted with
antibodies specific for BamA, BB0405, Lmp1, OppA 1V, or FlaB as described
below.

Triton X-114 phase partitioning. Triton X-114 phase partitioning assays were
performed as previously described (12, 30). Briefly, 10° spirochetes were resus-
pended in 200 ul of PBS (pH 7.4), sonicated on ice, mixed with 200 wl of 10%
Triton X-114, and incubated overnight. The lysates were centrifuged to remove
Triton X-114-insoluble material, and the supernatant was incubated at 37°C for
15 min, followed by separation of the aqueous and detergent phases by centrif-
ugation at 15,000 X g for 15 min at room temperature. The separated phases
were washed five times and mixed with 10 volumes of ice-cold acetone to
precipitate the protein from corresponding phases by centrifugation at 13,000 X
g for 15 min at 4°C. Protein pellets were finally resuspended in PBS and subjected
to SDS-PAGE and immunoblot analysis using Lmp1 antibody or antibodies
against known hydrophilic (BBA74) or amphiphilic (OspA and OppAIV) pro-
teins as detailed in references 12 and 30.

Proteinase K accessibility assay. Proteinase K accessibility assays were per-
formed as detailed in reference 15. Briefly, 10® spirochetes were incubated in
PBS in the absence or presence of proteinase K (Sigma Chemical Company, St.
Louis, MO) at a concentration of 200 wg/ml for 20 min, treated with phenyl-
methylsulfonyl fluoride (Sigma Chemical Company), pelleted, and resuspended
in PBS for subsequent immunoblot analysis using antibodies against Lmp1, FlaB,
or OspA.

Immunofluorescence assay. Antiserum binding to unfixed or fixed B. burgdor-
feri spirochetes was examined by immunofluorescence assay as described previ-
ously (36). Silylated glass slides (PGC Scientific, Frederick, MD) were spotted
with 1 X 107 spirochetes: one group remained without fixation, while another
group was fixed with methanol for 10 min at room temperature. For immuno-
fluorescence labeling, the spirochetes were blocked with PBS-T and incubated
with specific antiserum directed against the three Lmp1 regions (1:500 dilution in
PBS-T), Lp6.6 (38), or OspA (35) followed by secondary antibodies and pro-
cessed for microscopic examination as described previously (36).

In vitro bactericidal assay. Mouse antisera collected from hosts immunized
with the region-specific Lmp]1 proteins or antisera collected following 2 weeks of
B. burgdorferi infection were used for bactericidal assays. The experiments were
performed using undiluted sera with or without complement inactivation, which
were stored at —70°C until use. The ability of the antisera to kill live B. burg-
dorferi spirochetes was determined by enumeration of spirochetes after labeling
with Live/Dead BacLight viability kit (Molecular Probes, Eugene, OR), as de-
tailed in reference 51. Additionally, 24 h following the addition of antiserum, 1
wl of medium containing spirochetes was added to 1 ml of fresh BSK-H medium
to assess the spirochetes’ ability to regrow in the culture. Spirochetes were
incubated at 33°C and were enumerated by dark-field microscopy at 24, 48, 60,
72, and 84 h, as described previously (35).

Antibody blocking studies in vivo. Groups of five C3H/HeN mice were immu-
nized with the region-specific Lmpl proteins according to the immunization
regimen described above. A control group of mice immunized with PBS con-
taining an equal volume of adjuvant preparations served as a control. Seven days
after the final booster injection, the titers and specificities of antibodies against
the truncated proteins were tested by ELISA and immunoblotting. Mice were
then infected by intradermal inoculation with B. burgdorferi (10° spirochetes/
mouse) as described previously (36). At days 14 and 21 following B. burgdorferi
challenge, selected organs, including heart, joints, and bladder, were harvested
for RNA extraction. The spirochete levels in different tissues were measured by
qRT-PCR analysis.

Generation and phenotypic analysis of N-terminal Lmpl region-comple-
mented B. burgdorferi isolates. Generation of Lmp1N-complemented B. burgdor-
feri isolates was achieved by reinsertion of a truncated version of the /mpl gene
into a previously generated /mp! deletion mutant (51). The upstream sequence
of Impl, which corresponds to open reading frame bb0210, lacks an obvious
promoter, and it overlaps with the preceding gene encoding tetratricopeptide
repeat domain protein (bb0209) by 8 nucleotides. Thus, we assumed that Impl
and bb0209 may share a promoter, which is likely housed within the nucleotide
sequence upstream of bb0209. RT-PCR analysis confirmed that bb0209 and Imp1
are indeed cotranscribed as a bicistronic message. Therefore, a 200-bp upstream
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FIG. 1. Region-specific Lmp1 antibodies detect the target recombinant protein and the native Lmp1. (A) Schematic drawing of region-specific
Lmpl1 proteins. Positions of leader peptide, N-terminal region (Lmp1N), a middle region (Lmp1M) with seven tandem peptide-repeats of 54 amino
acids, and a C-terminal region (Lmp1C) containing several tetratricopeptide repeat (TPR) motifs are indicated. (B) Antibody response against
region-specific truncated Lmp] proteins. The recombinant proteins were probed with region-specific antisera, revealing detection of Lmp1N (34
kDa), Lmp1M (38 kDa), and Lmp1C (37 kDa) without detectable cross-reactivity. (C) Region-specific Lmp1 antibodies recognize the native
protein. B. burgdorferi lysates were immunoblotted with antisera against region-specific truncated Lmp1 proteins. Impl, Impl mutant.

DNA sequence of bb0209 was amplified, ligated to a DNA fragment encompass-
ing the ImpIN gene fragment by using Ndel, and cloned into the BamHI and Sall
sites of pKFSS1 (20), which contains a streptomycin resistance cassette (aadA).
An insert containing the predicted promoter-ImpIN gene fusion and the aadA
cassette was further digested with BamHI and Smal from the recombinant
plasmid pKFSS1-ImpIN and cloned into the corresponding restriction sites of
plasmid pXLF14301 (28), which contains 5’ and 3" arms required for homolo-
gous recombination into B. burgdorferi chromosomal locus bb0444-bb0446. The
locus bb0444-bb0446 was chosen as insertion site of the complementing gene as
genetic manipulation at this site does not impose polar effects on the transcrip-
tion of surrounding genes (28, 51). The plasmid construct was sequenced to
confirm its identity, and 25 wg of the plasmid DNA was electroporated into the
Impl mutant. Four clones were identified based on their ability to grow in the
presence of both kanamycin and streptomycin. PCR analysis was used to confirm
the intended recombination events, and one of the /mpIN-complemented clones
that contained the same plasmid profiles as the wild type was chosen for further
study. For in vitro growth analysis, spirochetes were diluted to a density of 10°
cells/ml, grown until stationary phase (~10° cells/ml), and counted by dark-field

microscopy using a Petroff-Hausser cell counter as detailed in reference 51. For
phenotypic analysis of ImpIN-complemented isolates in vivo, groups of mice (3
animals/group) were injected intradermally with B. burgdorferi via needle inoc-
ulation (10° spirochetes/mouse). Mice were sacrificed at 14 and 28 days following
inoculation. Murine tissues, including skin, heart, joints, and bladder, were col-
lected, and B. burgdorferi levels were measured by qRT-PCR analysis as previ-
ously described (51). Joint swelling in the ankles of infected mice was measured
with digital calipers as described previously (51).

Assessment of carditis. Heart samples from B. burgdorferi-infected mice were
collected, fixed in 10% formalin, and processed for hematoxylin and eosin stain-
ing. Twenty randomly chosen sections from each mouse group were assessed for
histopathological comparisons, and signs of carditis were evaluated based on the
inflammatory cell infiltration, as detailed in references 7 and 10.

Bioinformatics and statistical analysis. The Lmpl middle (LmpI1M) and C-
terminal (LmplC) TPR regions (corresponding to residues 453 to 697 and
residues 775 to 1087, respectively) were searched and modeled using the Swiss-
Model automated platform (http://swissmodel.expasy.org) (4). All results in the
article are expressed as the mean * standard error of the mean (SEM). The
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FIG. 2. B. burgdorferi BamA (BB0795) likely aids in localization of Lmp1 into the outer membrane. (A) BB0795 aids in membrane localization
of Lmpl. Outer membrane (OM) and protoplasmic cylinder (PC) fractions were isolated from B. burgdorferi flacp-795-LK strain cultures grown
in either 0.05 mM or 1.0 mM IPTG and from B31-A3-LK cultures grown in IPTG-depleted media. Equivalent amounts of OMs (left panels) and
PCs (right panels) from each culture condition were subjected to immunoblot analyses with specific antiserum against Lmp1 and known integral
OM proteins BB0795 and BB0405. Antibody against the inner-membrane-anchored lipoprotein OppAIV was used to ensure proper fractionation
of borrelial cells. (B) BamA depletion does not affect Lmp1 production in B. burgdorferi. Whole-cell lysates of the B. burgdorferi flacp-795-LK strain
grown in either 0.05 mM or 1.0 mM IPTG and of B31-A3-LK grown in IPTG-depleted medium were immunoblotted with anti-BamA and
anti-Lmp1 antibodies. Lysates were also probed with FlaB antiserum to ensure equivalent loading.
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FIG. 3. Integral membrane protein Lmpl1 is exposed on the spirochete surface via the Lmp1N, Lmp1M, and Lmp1C regions. (A) Triton X-114
phase partitioning of B. burgdorferi proteins. Spirochete lysates were subjected to Triton X-114 phase partitioning of aqueous (lane A) and
detergent (lane D) phases and immunoblotted using Lmp1 antibody or antibodies against known hydrophilic (BBA74) or amphiphilic (OspA)
proteins. (B) Immunofluorescence analysis of surface exposure of Lmpl regions. Unfixed B. burgdorferi spirochetes were probed with antisera
against region-specific Lmpl or subsurface membrane protein Lp6.6 followed by fluorescein isothiocyanate (FITC)-labeled goat anti-mouse
secondary antibodies. Spirochetes are also simultaneously labeled with anti-OspA sera followed by Alexa 568-labeled goat anti-rabbit secondary
antibodies. The images were acquired with the 40X objective of a laser confocal microscope.

significance of the difference between the mean values of the groups was eval-
uated by Student’s ¢ test.

RESULTS

Putative organization of Lmpl and generation of region-
specific Lmp1 antibodies. Lmpl is a virulence determinant of
B. burgdorferi, which contains three distinct protein regions
representing the N-terminal (Lmp1N), middle (Lmp1M), and
C-terminal (LmplC) regions (Fig. 1A). Homology modeling
efforts suggested that while the Lmp1N region is structurally
unrelated to known proteins, Lmp1M and Lmp1C, it houses
several TPR motifs aligned with certain TPR motif-containing
proteins (data not shown), such as a mitochondrial surface
protein, Tom70 (50), and O-linked N-acetylglucosaminyltrans-

ferase (OGT) (46), respectively. To gain experimental evi-
dence on the role of distinct Lmpl regions in microbial per-
sistence, truncated Lmpl proteins representing individual
regions were produced in Escherichia coli. These included gen-
eration of recombinant LmplN, LmpIM and LmplC with
predicted molecular masses of 34 kDa, 38 kDa, and 37 kDa,
respectively (Fig. 1B). Murine antisera against the individual
region-specific Lmp1 truncated proteins were raised that spe-
cifically recognized the target regions with undetectable cross-
reactivity (Fig. 1B). As expected, the region-specific Lmpl
antisera recognized the 128-kDa native protein in B. burgdor-
feri (Fig. 1C).

Lmpl is an integral membrane protein with extracellular
exposure via distinct regions. Recently the B. burgdorferi gene
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FIG. 4. Host antibody response against specific regions of Lmp1. (A) Region-specific Lmp1 proteins (upper panel) and B. burgdorferi lysates
(bottom panel) were incubated with sera collected from mice following 1 to 9 weeks of B. burgdorferi infection. Antibody response was obvious
against all regions; however, a higher response was recorded against Lmp1N (black triangle) than that against Lmp1M (gray triangle) or Lmp1C
(white triangle) between 3 and 9 weeks of infection (P < 0.05). (B) Recognition of specific Lmp1 regions by infected murine serum. Recombinant
proteins were immunoblotted with sera collected from mice following 6 weeks of B. burgdorferi infection. The additional band recognized in the
case of the Lmp1M immunoblot likely represents nonspecific reactivity of the antisera.

bb0795 has been shown to encode an ortholog of the E. coli
BamA protein, which is a key protein known to be involved in
the localization of integral outer membrane proteins (OMPs)
into bacterial outer membranes (OMs) (27). Lmp1 is a surface-
exposed membrane protein (51) that possesses a putative type
I leader peptide. As Lmp1 does not contain identifiable trans-
membrane motifs, how the antigen is anchored to the mem-
brane remains uncertain. To determine if integration of Lmpl
into the borrelial OM is BamA mediated, which would be
expected of an integral OMP, localization experiments were
performed using a regulatable bamA mutant of B. burgdorferi
(27). As shown in Fig. 2A, the amount of Lmp1 exported into
the OM increased with increasing expression of the B. burg-
dorferi BamA protein. As a control, levels of a known integral
OMP, BB0405, were also increased (Fig. 2A). In contrast, the
levels of Lmp1 and BB0405 remained unchanged in the pro-
toplasmic cylinder fractions (Fig. 2A, right panels), indicating
that they are readily exported to the inner membrane but are
inhibited from insertion into the OM when BamA is not ex-
pressed at normal levels. Analysis of cellular Lmpl1 levels sug-
gested that Lmpl production is not impacted by the BamA
level (Fig. 2B). Together, the results strongly suggest that
Lmpl is inserted into the OM of B. burgdorferi in a BamA-
dependent manner, which would be expected of an integral
OMP. In agreement, when whole-cell lysates of B. burgdorferi
were fractionated using a Triton X-114 phase-partitioning as-
say, Lmpl was predominantly extracted into the detergent-
enriched phase that retains amphiphilic proteins (Fig. 3A). We
next analyzed the surface exposure of individual Lmp1 regions
in B. burgdorferi. As assessed by an immunofluorescence assay,
antiserum specific to the N-, middle, and C-terminal Lmpl
regions bound to the unfixed (Fig. 3B) or fixed (data not
shown) spirochetes. Overall, the above series of experiments

suggested that Lmpl is an integral membrane protein with
extracellular exposure through multiple regions of the protein.

Lmpl-specific antibody responses during murine infection
are directed against distinct regions. We next assessed the
kinetics of Lmp1-specific antibody development against each
of the distinct regions during the first 9 weeks of B. burgdorferi
infection of mice. To achieve this, mice (5 animals/group) were
infected with B. burgdorferi (10° cells/mice), and serum samples
were collected at weeks 1 through 9 on a weekly basis following
infection. Equal amounts of recombinant region-specific Lmp1
proteins (LmplN, LmplM, or LmplC) (100 ng/well) or B.
burgdorferi lysates (500 ng/well) were used to detect the Lmp1-
specific host antibodies that developed during infection, using
ELISA. The results showed that the antibody response was
readily detected for all three distinct regions, with the highest
response against the N-terminal portion between weeks 3 and
9, compared to that against the middle or the C-terminal re-
gions (P < 0.05) (Fig. 4A). Immunoblot analysis showed that
the murine sera collected after 6 weeks of infection specifically
recognized all three region-specific Lmpl proteins (Fig. 4B).
Collectively, these results suggested that, during infection, the
Lmp1-specific antibody response was directed against all three
Lmpl regions, with a pronounced response being observed
against Lmp1N.

Immunization with recombinant unique Lmp1 regions sig-
nificantly interferes with B. burgdorferi persistence in organ-
specific manners. As distinct Lmp1 regions are exposed to the
microbial surface (Fig. 3B) and are variably immunogenic dur-
ing infection (Fig. 4), we next assessed whether immunization
of mice with a specific Lmp]1 region could influence B. burg-
dorferi persistence in vivo and severity of disease. Groups of
five C3H/HeN mice were separately immunized with recombi-
nant proteins specific to distinct Lmpl regions. As a control,
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FIG. 5. Immunization with region-specific Lmp1 proteins reduces
B. burgdorferi persistence in murine tissues. Groups of five mice were
immunized with recombinant Lmp1 and then challenged with B. burg-
dorferi (10° cells/mouse). Parallel groups of mice were similarly immu-
nized with PBS containing adjuvant and served as controls. The tissues,
including heart, joints, and bladder, were collected at day 14 and day
21 following initial inoculum. Pathogen levels were detected using
quantitative RT-PCR analysis with flaB and normalized to the level of
the mouse B-actin gene. Mice immunized with LmpIN had signifi-
cantly less B. burgdorferi burden in the heart (*, P < 0.004) and in joint
tissue at day 14 (P < 0.001). Reduction of spirochete levels in Lmp1C-
immunized mice was restricted only to joint tissue (**, P < 0.001).
Bars represent the mean = SEM from three independent experiments.

parallel groups of mice were also immunized with PBS emul-
sified with an equal amount of adjuvant. ELISA demonstrated
the generation of high-titer (>1:50,000) antibodies against
each of the target regions. Seven days after the final immuni-
zation, mice were challenged with B. burgdorferi (1 X 10°
spirochetes/mouse), and the pathogen levels in the heart,
joints, and bladder were measured at days 14 and 21 postin-
fection. B. burgdorferi persistence in the bladder of the immu-
nized mice remained unaltered compared to that in the control
immunized mice (P > 0.05) (Fig. 5). However, immunization
with Lmp1N significantly reduced pathogen levels in the heart
(P < 0.004) (Fig. 5) and in the joints at day 14 of infection (P <
0.001). In contrast, immunization with Lmp1M failed to influ-
ence pathogen persistence (P > 0.05) (Fig. 5), while that with
Lmpl1C reduced B. burgdorferi burden selectively in the joints
(P < 0.001) (Fig. 5). Although the levels of development of
ankle swelling in all groups of mice remained similar (data not
shown), inflammation was less pronounced in the hearts of the
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FIG. 6. In vitro borreliacidal activities of region-specific Lmp1 an-
tisera. B. burgdorferi was incubated with normal mouse serum (NMS),
or region-specific Lmp1 or OspA antisera. The number of viable spi-
rochetes was determined in a dark-field microscope. Data represent
the mean number of viable spirochetes per field = SEM from three
independent experiments. Region-specific antisera did not show a sig-
nificant difference in borreliacidal activities compared to that of nor-
mal serum (P > 0.05).

mice immunized with Lmp1N than in those of mice immunized
with Lmp1M or Lmp1C (see Fig. S1 in the supplemental ma-
terial). Despite the effects on B. burgdorferi survival in vivo,
none of the antisera against the Lmp1 regions had significant
borreliacidal activities against the cultured spirochetes in vitro
(Fig. 6).

Selective restoration of the N-terminal Lmpl region in an
isolate of Lmp1-deficient B. burgdorferi. The previous studies
suggested that the N-terminal Lmp1 region (Lmp1N) is likely
involved in B. burgdorferi infectivity. As Lmp]1 protects spiro-
chetes against the bactericidal effect of host antibodies (51), we
next wished to assess the involvement of the N-terminal Lmpl1
region in this process. Therefore, we engineered an Impl de-
letion mutant (51) to produce a truncated version of Lmpl
encompassing LmpIN. As the native promoter of /mp! is un-
identified, we first characterized the native promoter and then
used it to drive the expression of ImpIN containing amino acids
1 to 380 of the protein. An analysis of the Impl (bb0210 locus)
upstream and subsequent RT-PCR analysis (Fig. 7A) sug-
gested that Imp]1 is transcribed as a bicistronic transcript along
with its upstream gene (bb0209) and that a 200-bp intergenic
region upstream of bb0209 likely contains the promoter. The
putative promoter region was therefore amplified and fused to
the truncated Imp1 open reading frame encoding the N-termi-
nal region (ImpIN), including the leader peptide (Fig. 1A). For
stable integration of the complemented construct, the promoter-
ImpIN fusion along with an antibiotic resistance cassette, aadA
(Fig. 7B), was inserted into the B. burgdorferi chromosome via
allelic exchange. PCR analysis confirmed that one of the iden-
tified ImpIN-complemented isolates retained all of the known
B. burgdorferi plasmids present in the parental isolate (data not
shown). RT-PCR and immunoblotting further showed that the
ImpIN-complemented isolates expressed truncated Impl
mRNA (Fig. 7C) and protein (Fig. 7D). The ImpIN-comple-
mented isolates displayed growth kinetics similar to those of
Impl deletion mutants and the wild-type B. burgdorferi (data
not shown). Triton X-114 phase-partitioning assays further
demonstrated that the LmplIN region was primarily ex-
tracted into the detergent-enriched phase in complemented
isolates (Fig. 7E), similar to full-length Lmpl in wild type
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FIG. 7. Genetic restoration of the /mpIN gene in the Impl deletion mutant. (A) Impl (bb0210) is cotranscribed with bb0209. The upper panel
indicates schematic representation of the bb0209-bb0210 locus in the B. burgdorferi genome. The arrows indicate the positions of primer pairs used
in RT-PCR analysis. The lower panel indicates RT-PCR analysis of cotranscription of bb0210 (Imp1) and bb0209. The DNA ladder in base pairs
is noted to the left (lane 1). RT-PCR analysis in the absence (—; lane 2) or presence (+, lanes 3 and 4) of reverse transcriptase is shown. A 150-bp
portion of bb0210 (Impl) transcript (arrowhead) was amplified using primers P3 and P4 (lane 3), while a 520-bp portion of bicistronic transcript
(arrow) spanning bb0209-bb0210 was amplified using primers P1 and P2 (lane 4). (B) Construction of pXLF14301-lmpIN. The putative promoter
and open reading frame of /mpl encoding LmpIN and the streptomycin resistance cassette (figBp-aadA) were cloned into pXLF14301 for
recombination into B. burgdorferi chromosome. (C) Detection of the Impl gene expressing the /mpIN. Total RNA was isolated from the wild type
(WT), ImpI mutant (Impl), or ImpIN-complemented (ImpIN-Com) B. burgdorferi strain, converted to cDNA, subjected to PCR analysis with flaB
and /mpl primers, and analyzed on a 1.5% agarose gel. (D) Detection of the Lmp1N protein. Lysates of B. burgdorferi were separated on an
SDS-PAGE gel and were either stained with Coomassie blue (left) or transferred to nitrocellulose membrane and blotted with antiserum against
Lmpl1N or FlaB (right). (E) Triton X-114 phase partitioning of /mpIN-complemented B. burgdorferi proteins. Separated aqueous (lane A)- and
detergent (lane D)-phase proteins were immunoblotted using Lmp1N antibody or antibodies against control hydrophilic (BBA74) or amphiphilic
(OspA and OppA 1V) proteins. (F) Immunofluorescence analysis. Unfixed /mpIN-complemented B. burgdorferi spirochetes were probed with
antisera against LmpIN or Lp6.6 and OspA followed by secondary antibodies, as detailed in Fig. 3B. The images were acquired with the 40X
objective of a laser confocal microscope. (G) LmplN is surface exposed in the /mpIN-complemented isolate. The ImpIN-complemented B.
burgdorferi strain was incubated in the presence (+) or absence (—) of proteinase K and subjected to immunoblotting with antisera against Lmp1N,
FlaB, and OspA.

sera and its persistence in the murine host. To test this, spiro-
chetes were exposed to immune sera collected from mice 2 weeks

bacteria (Fig. 3A). Furthermore, like full-length Lmpl,
LmplIN was exposed on the borrelial surface, as demon-

strated by immunofluorescence analysis using unfixed (Fig.
7F) or fixed (data not shown) cells as well as by a proteinase
K accessibility assay (Fig. 7G).

N-terminal Lmpl1 region is sufficient to confer B. burgdorferi
protection against host immune serum in vitro and contributes
to spirochete survival ir vivo. Lmpl1 is involved in spirochete
resistance to borreliacidal immune sera and pathogen persis-
tence in vivo (51). As the N-terminal Lmp1 region is exposed
on the microbial surface, we next assessed its contribution to
microbial resistance against the bactericidal activity of immune

after initial infection. The results showed that while the lmpl
deletion mutants remained highly susceptible to the borreliacidal
effects of immune sera, the /mpIN-complemented isolates dis-
played viability comparable to that of the wild-type spirochetes
(Fig. 8). As previously reported (51), similar viability was also
observed in the cases of spirochete exposure to immune serum
with or without complement inactivation (data not shown). To-
gether, these data suggested that the N-terminal region is likely
involved in Lmpl-mediated B. burgdorferi resistance to bacteri-
cidal antibodies developed during infection.
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laser confocal microscope, is presented. Live B. burgdorferi spirochetes were stained with Syto 9 (green), and the dead spirochetes were stained
with propidium iodide (red). (B) Growth of spirochetes following antiserum treatment. B. burgdorferi spirochetes were treated with antisera as
shown in Fig. 8A, and following 24 h, 1 pl of medium was inoculated into 1 ml of fresh medium and the growth of the spirochetes was assessed

by dark-field microscopy at the indicated time periods.

Finally, we also assessed the role of N-terminal Lmpl
region in spirochete persistence in mice. Groups of mice (3
animals/group) were infected with equal numbers (10° cells/
mouse) of wild-type spirochetes, the Impl mutant isolate, or
the Impl mutant isolates complemented with either full-
length Imp1 (51) or the ImpIN construct. Spirochete levels
in murine skin, heart, joint, and bladder tissues were as-
sessed at day 14 and day 21 following infection. The mice
were also monitored for joint swelling on a weekly basis
from the day of spirochete inoculation until sacrifice. The
results are in agreement with a previous study (51) demon-
strating that the effects of /mpI deletion in spirochete per-
sistence were most prominent in the heart and least prom-
inent in the bladder (Fig. 9). However, in comparison with
the Impl deletion mutant, /mpIN-complemented isolates
persisted at significantly higher levels in mice, especially in
the heart at day 14 (P < 0.01) (Fig. 9) and in the heart,
joints, and skin samples at day 21 (P < 0.05) (Fig. 9).
Compared to the wild-type or full-length /mpl-comple-
mented B. burgdorferi spirochetes, however, the level of the
ImpIN-complemented spirochetes remained dramatically
lower (Fig. 9) and was unable to induce inflammation in the
heart and joints (data not shown).

DISCUSSION

B. burgdorferi Lmpl plays an important role in pathogen
persistence in the murine host (51). However, the occurrence
of unique N-terminal, middle, or C-terminal regions of the
protein suggests that Lmp1 could be a multifunctional protein.
Here we show that Lmpl is an integral membrane protein that
is exposed to the microbial surface via multiple immunogenic
regions. Antibody-mediated targeting of recombinant Lmpl
representing specific regions differentially influenced B. burg-
dorferi persistence in specific organs. This raises the possibility
that the function of diverse Lmp1 regions could be more pro-
nounced for pathogen persistence in a specific host tissue en-
vironment. Additionally, the data suggest that the N-terminal
Lmpl region contributes to the spirochete’s ability to resist
borreliacidal activities of host immune sera and enhance
pathogen survival during infection.

Our data strongly suggest that Lmp1 is an integral mem-
brane protein likely harboring three unique surface-exposed
regions. While the N-terminal region lacks homology to known
proteins, the middle and C-terminal regions house several po-
tential TPR motifs, which are known to mediate diverse pro-
tein-protein interactions and the assembly of multiprotein
complexes in other organisms (1, 17, 22, 42). Thus, the pre-
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FIG. 9. Genetic restoration of Lmp1N partially rescues phenotypic defects of /mpl mutants to persist in mice. Groups of mice (3 animals/group,
10° spirochetes/mouse) were injected with wild-type B. burgdorferi (WT; white bars), the Impl mutant (ImpI; black bars), or ImpI-complemented
(Imp1-Comy; light gray bars) and /mpIN-complemented (/mpIN-Com; dark gray bars) B. burgdorferi strains. The spirochete burden was analyzed
at day 14 and day 21 in heart, joint, skin, and bladder tissues following spirochete infection by measuring copies of the B. burgdorferi fluB gene,
which were normalized to the mouse B-actin gene. Bars represent the mean = SEM of four quantitative RT-PCR analyses of B. burgdorferi levels
derived from two independent animal experiments. A significant increase in the B. burgdorferi levels in the heart at day 14 and heart, joint, and
skin tissues at day 21 were recorded in cases of infection with /mpIN-complemented isolates, compared to that of /mpl mutant isolates (P < 0.05).

dicted structure of Lmpl contains multiple TPR motifs that
result in a likely multidomain, multifunctional protein that is
involved in diverse cellular functions, which is similar to the
transmembrane mitochondrial translocase Tom70 (50) and the
O-linked GIcNAc transferase (46). Alternatively, diverse Lmp1
regions could be associated with the same function that is
reflected at different levels in various tissue environments.
Nevertheless, as an integral membrane protein, Lmp1 could be
involved in the interaction with unidentified borrelial proteins
and/or could possibly be involved in host-pathogen interaction
(3). Additionally, while the N-terminal region lacks TPR or
other known protein motifs, it maintains its surface topology
even when produced as a truncated Lmp1 protein (Fig. 7E to
G), suggesting its independent association with the borrelial
membrane, which also contributes to B. burgdorferi survival,
most likely in environments involving pathogen interaction
with host-generated bactericidal antibodies.

Borreliacidal antibodies generated during infection can con-
tribute to microbial clearance, thereby affecting pathogenesis
(16). Antibodies could also influence microbial virulence with-
out apparent effects on pathogen levels. For example, anti-
serum against decorin binding protein A or arthritis-related
protein (Arp) reduces murine disease without an effect on
spirochete levels (7). Moreover, Arp induces arthritis-resolving
immunity but does not influence the resolution of carditis,
suggesting that the protective immunity and disease-resolving
immunity involving different host organs are independent
events that may be correlated with distinct B. burgdorferi target
antigens or immune responses (19). Antibodies raised against
truncated Lmp1 proteins were unable to exert borreliacidal

effects in vitro. Notably, in our study, immunization with the
middle region also failed to influence B. burgdorferi virulence
or Lyme disease pathogenesis. These results could be the con-
sequence of poor accessibility of the antibodies to the antigenic
epitopes of Lmp1 during the infectious process. Overall, they
suggest that the target epitopes may be inaccessible when the
protein is in its native conformation. This could either due to
their structural localization within the protein, which results in
a lack of epitope exposure, or alternatively because of the
topological constraints when the protein is inserted in the
membrane, possibly resulting in greater subsurface localiza-
tion. Importantly, antibodies against Lmp1N and Lmp1C, both
of which are exposed on the microbial surface, exerted a mark-
edly different influence on spirochete persistence and inflam-
mation. Although a precise reason for such disparate effects of
region-specific antibodies remains unclear, it is tempting to
speculate that the role of a specific Lmpl region could be
relevant to spirochete persistence in specific host tissue envi-
ronments or unique niches in the mammalian host. Further
elucidation of the molecular function of Lmp1, an important B.
burgdorferi virulence determinant, will likely shed light on a
complex mechanism of pathogen persistence in the host and
also will likely help contribute to the development of novel
ways to interfere with the spirochete during infection.
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