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Decorin binding protein A (DbpA) has been shown by several laboratories to be a protective antigen for the
prevention of experimental Borrelia burgdorferi infection in the mouse model of Lyme borreliosis. However,
different recombinant forms of the antigen having either lipidated amino termini, approximating the natural
secretion and posttranslational processing, or nonprocessed cytosolic forms have elicited disparate levels of
protection in the mouse model. We have now used the unique functional properties of this molecule to
investigate the structural requirements needed to elicit a protective immune response. Genetic and physico-
chemical alterations to DbpA showed that the ability to bind to the ligand decorin is indicative of a potent
immunogen but is not conclusive. By mutating the two carboxy-terminal nonconserved cysteines of DbpA from
B. burgdorferi strain N40, we have determined that the stability afforded by the putative disulfide bond is
essential for the generation of protective antibodies. This mutated protein was more sensitive to thermal
denaturation and proteolysis, suggesting that it is in a less ordered state. Immunization with DbpA that was
thermally denatured and functionally inactivated stimulated an immune response that was not protective and
lacked bactericidal antibodies. Antibodies against conformationally altered forms of DbpA also failed to kill
heterologous B. garinii and B. afzelii strains. Additionally, nonsecreted recombinant forms of DbpAy,, were
found to be inferior to secreted lipoprotein DbpAy,, in terms of functional activity and antigenic potency.
These data suggest that elicitation of a bactericidal and protective immune response to DbpA requires a

properly folded conformation for the production of functional antibodies.

Lyme disease (41) or Lyme borreliosis, is caused by a group
of related tick-borne spirochetes classified as Borrelia burgdor-
feri sensu lato (including B. burgdorferi sensu stricto, B. afzelii,
and B. garinii). Recent clinical trials have shown that monova-
lent recombinant subunit vaccines composed of the Borrelia
outer surface protein A (OspA) lipoprotein were efficacious
through two Lyme disease transmission seasons (40, 42). The
mechanism of this protective effect differs from that of other
vaccines. The OspA protein is expressed by spirochetes in the
tick midgut, but this protein is down regulated during tick
engorgement (13) and in the mammalian host (7). Protection
by immunization with OspA therefore involves prevention of
transmission of the spirochetes from the tick to the mammalian
host and is dependent on having a critical threshold level of
antibodies at the time of the tick bite (12). The addition of
mammalian host stage antigens to the OspA vaccines may
extend the duration or enhance the level of protective efficacy
of such transmission-blocking vaccines (28). Alternatively, vac-
cines composed of one or more mammalian-stage antigens
may be effective without OspA.

Several B. burgdorferi proteins expressed in the mammalian
stage have been shown to be effective vaccines for preventing
infection in laboratory animals challenged by experimental or
natural routes. These protective antigens include OspC, P35/
BBK32, P66/Oms66, and decorin binding protein (14, 17, 19,
20, 25, 27, 34). Decorin binding proteins A and B (DbpA and
DbpB) are B. burgdorferi lipoproteins (23, 27) that are surface
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exposed and may act as spirochetal adhesins (24). We have
demonstrated that immunization of mice with DbpA protected
them from challenge with cultured spirochetes (27), and others
(17, 25) have confirmed this protection. DbpA is expressed in
vivo during spirochetemia in the mouse model (7) and is rec-
ognized by human Lyme disease patient sera (8, 29). These
data suggest a potential role for DbpA in an improved Lyme
vaccine.

Studies of DbpA vaccine effectiveness in other laboratories
have relied on Escherichia coli vectors expressing cytosolic
products as fusions to affinity tag sequences, a commonly used
strategy for generating recombinant immunogens. However,
recombinant cytosolic DbpA expressed as amino-terminal fu-
sions to either polyhistidine (25) or glutathione S-transferase
(GST) (17) was less than completely effective in these other
studies. In the present study we sought to determine which
form of the DbpA antigen would be most effective as a vaccine
antigen and whether the protective efficacy of the protein was
conformationally dependent. Due to the ability to measure
ligand binding activity of the DbpA forms, we took advantage
of the opportunity of being able to correlate function and
therefore correct folding with the ability to elicit a protective
response.

MATERIALS AND METHODS

B. burgdorferi and culture conditions. Cloned strains of B. burgdorferi sensu
stricto isolate N40 (3) and mouse-adapted B. afzelii isolate PKo (2) were donated
by S. Barthold. Isolate B. garinii VSBP was donated by R. Johnson (44). Spiro-
chetes were propagated in tightly closed containers at 33 or 37°C in modified
Barbour-Stoenner-Kelly (BSKII) medium (1). The cell densities of these cultures
were determined by dark-field microscopy at xX400.
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Expression and purification of recombinant proteins. Expression in E. coli
BL21(DE3)pLysS and purification of chimeric lipoprotein Lpp:DbpAy,, have
been described previously (7). Lpp:DbpAy,oHs was expressed from plasmid
pWCR129 (27) in E. coli BL21(DE3)pLysS. Membrane-associated proteins were
solubilized in the detergent 3-[(3-cholamidopropyl)dimethylammonio]-1-pro-
panesulfonate (CHAPS) as described previously (7), and LppDbpAy,He was
purified with minor modifications as follows. The CHAPS soluble fraction was
loaded onto Ni-nitrilotriacetic acid Sepharose (Qiagen, Valencia, Calif.) equili-
brated in 20 mM NaPO, (Na,HPO, and NaH,PO, mixed to attain pH 8.0)-300
mM NaCl-10 mM CHAPS. The protein was eluted using a linear gradient of the
starting buffer with 250 mM imidazole. The eluted protein was dialyzed against
phosphate-buffered saline (PBS) (pH 7.4) (HyClone, Logan, Utah)-8 mM
CHAPS

Hy-DbpAyy, was expressed from plasmid pWCR135 in E. coli M15/pREP4.
Plasmid pWCR135 was produced by insertion of a BamHI-HindIII fragment
from pWCR130 (7) encoding the mature DbpAy,, into the expression plasmid
pQE31 (Qiagen Inc., Valencia, Calif.). The cytosolic H;,-DbpAyy, was ex-
pressed using a BamHI-to-HindIII fragment encoding the mature DbpAyy,
from pWCR129 that was ligated into the newly constructed expression vector
pWCR138 to yield pWCR139. Plasmid pWCR138 is a pET19b derivative made
as follows: pET19b was cleaved with BamHI and Bipl and was ligated to the
BamHI-BIp] fragment containing the multiple-cloning site of pET26b to gener-
ate a plasmid that can add a histidine tag to either the amino terminus or the
carboxy terminus of the expressed product. BL21(DE3)pLysS/pWCR139 was
grown, and expression of H,;-DbpAyy, was induced as described previously (7).
M15/pREP4/pWCR135 was grown in Luria-Bertani broth with carbenicillin at 50
pg/ml and kanamycin at 50 pg/ml and induced for 2 h with 1 mM isopropyl-p-
D-thiogalactoside (IPTG). The cell pellets for both cytoplasmically expressed
proteins were resuspended into 20 mM NaPO, (pH 8.0)-300 mM NaCl-1 mM
benzamidine-0.2 mM phenylmethylsulfonyl fluoride, and the cells were dis-
rupted by microfluidization at 10,000 Ib/in®. The cell debris was removed at
10,000 X g for 10 min, and membrane fractions were removed by centrifugation
at 100,000 X g for 1 h. The soluble fraction was loaded onto a Ni-nitrilotriacetic
acid column equilibrated in the resuspension buffer, and the histidine-tagged
protein was eluted with a linear gradient up to 500 mM imidazole.

A plasmid encoding the mutant protein LppDbpAy,oHg (Cys 176, 191 Ser)
was made from pWCR129 by introducing two single-nucleotide changes using
QuickChange (Stratagene Cloning Systems, La Jolla, Calif.). For mutagenesis at
the Cys-176 codon of the DbpAyy, gene, the following oligonucleotides were
used: 5'-CAAAAAACTACaGCGCCCTTGAAAAG-3" and 5'-CTTTTCAA
GGGCGCtGTAGTTTTTTG-3'. After the mutation at cysteine 176 was con-
firmed by sequencing (38), the singly mutated plasmid was used for a second
round of mutagenesis to mutate the Cys-191. The following oligonucleotides
were used to generate the double mutant: 5'- CTGATGAAAAAaGCAAAAA
TAAC-3" and 5'-GTTATTTTTGC({TTTTTCATCAG. The cysteine mutant pro-
tein was expressed and isolated as described above for the wild-type protein.

The gene encoding DbpA from B. afzelii PKo was identified by a PCR-based
approach with primer pairs 10F4 plus WR25 and BM73 plus WR39 that we
previously used for amplification of other B. afzelii alleles of dbpA (38). DNA
encoding the mature DbpAp, was amplified by PCR using the following oligo-
nucleotides: 5'-CCGGATCCTAGTTTAACAGGAAAAGCT-3' and 5'-CGAA
GCTTAGTCGACTTTTTGATTTTTAGTTTG-3'. This PCR product was di-
gested with BamHI and HindIll, and the subsequent fragment was ligated into
the same sites of the lipoprotein expression vector pT7Lpp2 (27) to yield plasmid
pCMBO1. Expression from pCMBO1 and extraction of Lpp:DbpApg,, from the
CHAPS-soluble fraction of BL21/DE3/pLysS/pCMBO01 were carried out as pre-
viously described for other lipoprotein DbpAs (7). The CHAPS-soluble proteins
were passed over a MacroPrep Q (Bio-Rad, Hercules, Calif.) column equili-
brated in 20 mM NaPO,-100 mM NaCl-10 mM CHAPS (pH 7.4). Lpp:
DbpApg, was found in the flowthrough fraction of the column and subsequently
applied to a ceramic hydroxyapatite type 1 column (Bio-Rad). Lpp:DbpApy,, was
eluted into 300 mM NaPO, (pH 7.4)-10 mM CHAPS.

DNA encoding the mature DbpA from B. garinii VSBP (38) was amplified by
PCR using primers 5'-CCGGATCCCGGCTTAACAGGAGAAACTAA-3" and
5'-CTGTCTAAGCTTAGTCGACTGTAGTAGTAGCAGTGT-3'. This PCR
product was digested with BamHI and Sall, and the resulting fragment was
ligated into the same sites of pT7Lpp2 to yield plasmid pWCR133 expressing
Lpp:DbpAysgpHs. Methods used for expression and purification of Lpp:
DbpAysgpHg were similar to those described previously (7).

The purity of the recombinant proteins was >90% as determined by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis with Coomassie blue
staining or Sypro Red (Molecular Probes, Eugene, Oreg.) staining
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Decorin binding assays. A solid-phase plate assay was developed for measur-
ing binding to decorin. Recombinant human decorin (39) was obtained from
David Mann. Wells of Maxisorb (Nunc) plates were coated with 100 wl of
decorin solution at 0.5 mg/ml in PBS and incubated overnight at 4°C. After
unbound decorin was decanted, the plates were blocked with 5% nonfat dried
milk in PBS-0.1% Tween 20. Samples of DbpA were applied to the plate in
blocking buffer at different concentrations and incubated for 1 h at room tem-
perature. The plates were washed with PBS-Tween and incubated with a 1:2,500
dilution of rabbit polyclonal sera against Lpp:DbpAyy,. Rabbit hyperimmune
antiserum was raised as described previously (27). The plates were washed and
incubated with a 1:2,500 dilution of goat anti-rabbit-horseradish peroxidase
conjugate antibody (Kirkegaard & Perry Laboratories, Gaithersburg, Md.) for
1 h at room temperature. The binding of DbpA-antibody complex to the decorin-
coated plate was visualized by addition of 2,2'-aminobis(3-ethylbenzthiazolina-
sulfonic acid) (ABTS) substrate (Kirkegaard & Perry Laboratories). For assays
of the heat-denatured protein, the DbpA was incubated at 65°C for 1 h prior to
assay. Urea denaturation was performed by addition of urea to 8 M and incu-
bation of the sample for 30 min at 37°C. The renaturation was performed by
dilution 1:100 into PBS-0.1% Tween 20 or by dialysis into PBS-10 mM CHAPS.

A Western blot format assay (24, 27) was also used to detect decorin binding
activity when the homologous DbpA antiserum was not available. Decorin was
conjugated with biotin using the biotin-XX-sulfosuccinimidyl ester reagent (Mo-
lecular Probes Inc.) as specified by the manufacturer, and biotinylated decorin
was used to probe filters blotted with candidate DbpAs. Recombinant OspCyyg,
a protein whose size and charge are similar to DbpA but which lacks decorin
binding activity (23), was donated by B. Guo and M. Hook and was used here as
a negative control. Decorin binding activity was detected with a streptavidin-
alkaline phosphatase conjugate (Kirkegaard & Perry Laboratories) using en-
hanced chemifluorescence reagent (Amersham-Pharmacia Biotech, Piscataway,
N.J.) for visualization.

Immunization and challenge. Pathogen-free female C3H/HeJ mice were pur-
chased from The Jackson Laboratory (Bar Harbor, Maine) and used at 6 to 8
weeks of age. Prior to immunization, DbpA or control antigens were formulated
in one of five ways. Proteins were emulsified 1:1 (vol:vol) with Freund’s adjuvant
(Difco) or adsorbed with the aluminum adjuvant Alhydrogel (Superfos Biosec-
tor, Kvistgdrd, Denmark) and administered either intraperitoneally or subcuta-
neously in a volume of 100 pl. The primary immunizations with Freund’s adju-
vant were performed in complete Freund’s adjuvant and were followed by a
second immunization 4 weeks later in incomplete Freund’s adjuvant. Some mice
were immunized a third time after another 4-week interval. Protein was diluted
in PBS and injected into vials containing trehalose dimycolate plus monophos-
phoryl lipid A, as supplied by the manufacturer (RIBI Immunochem Research,
Inc., Hamilton, Mont.). The vials were vortexed until an emulsion was formed,
and the material was injected into mice subcutaneously at a volume of 200 pl.
Quil A (Sigma, St. Louis, Mo.) was added to protein to a final concentration of
250 pg/ml. For Alhydrogel + Quil A, protein was allowed to bind to Alhydrogel
first and then Quil A was added to a final concentration of 250 pg/ml. Immuno-
gen was injected subcutaneously at a volume of 100 pl. The mice were challenged
at 2 weeks after the final immunization with 10* B. burgdorferi N40. Infection
status was determined from BSKII cultures of five tissues as described previously
(27).

In vitro growth inhibition assay and ELISA. Microwell titer determinations
for determination of growth-inhibitory titers and immunoglobulin G (IgG) en-
zyme-linked immunosorbent assay (ELISA) titers of DbpA antisera were per-
formed as described previously (27). Spirochetes in BSKII growing for 3 to 5 days
at 33°C, or 37°C for B. afzelii and B. garinii, in the presence of serially diluted
antiserum were enumerated by dark-field microscopy at a magnification of X400.
The inhibition end-point titer was determined as the dilution of antiserum
promoting a >85 to 90% reduction in the number of motile spirochetes com-
pared to control samples, which typically yielded 50 to 75 spirochetes per mi-
croscopic field.

In vitro proteolysis. Samples of H;;-DbpAyy, Lpp:DbpAnyg, Lpp:DbpAy0-
Hg, and the corresponding cysteine mutant form were incubated at either room
temperature or 37°C in the presence of 10% (wt/wt) clostripain (Worthington
Biochemical Corp., Lakewood, N.J.)-10 mM CHAPS-1 mM CacCl,. Clostripain
was activated in 2.5 mM dithiothreitol-1 mM CaCl, prior to use in the assay. The
proteolysis was terminated at different times by addition of reaction aliquots
into EDTA to a concentration of 25 mM. Samples were boiled in SDS sample
buffer and run on a NuPage (Invitrogen, Carlsbad, Calif.) 10% acrylamide gel in
morpholineethanesulfonic acid (MES) buffer provided by the vendor. Proteins
were visualized on a Molecular Dynamics Storm (Amersham-Pharmacia Bio-
tech, Piscataway, N.J.) imager by fluorescence staining with Sypro Red.
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DbpAysq (PAM)3-C...... GLKGETKII- (135 AA)-KNYCALEKKKNPNETDEKCKNN
Lpp2DbpAyao (PAM) 3- CSSLSdpGLKGETKII (135 AA)-KNYCALEKKKNPNFTDEKCKNN
Lpp2DbpAysoHs (PAM) 3-CssisdpGLKGETKII- (135 AA)-KNYCALEKKKNPNEFTDEKCKNNvdklaaalehhhhhhh
Lpp2DbpAysoHs (C176,19183) (PAM) 3-CssisdpGLKGETKII- (135 AA)-KNYSALEKKKNPNFTDEKsKNNvdklaaalehhhhhhh
HioDbpAyso mghhhhhhhhhhssghiddddkhmledpGLKGETKII- (135 AA)- -KNYCALEKKKNPNFTDEKCKNN
HeDbpAyag mrgshhhhhhtdpGLKGETKII- (135 AA)-KNYCALEKKKNPNFTDEKCKNN

FIG. 1. Sequence comparison of five recombinant forms of DbpAy,, and the natural sequence. The amino-terminal and carboxy-terminal
residues of the mature lipoprotein forms of DbpAyyy, both natural (top line) and chimeric recombinant lipoprotein (Lpp) forms, and the
nonlipoprotein forms (H,, or Hg) are shown. (PAM)3- indicates the presumed tripalmitoyl posttranslational modification to the amino-terminal
cysteine of the lipoprotein forms. Nonnatural vector-encoded or mutated residues are underlined and lowercase. The central 135 amino acids are

omitted from the diagrams for clarity.

Circular dichroism (CD). All spectra were obtained using a Jasco 810 spec-
trapolarimeter (Jasco, Easton, Md.) equipped with a Peltier temperature con-
troller in a 1-mm pathlength cell. Thermal denaturations were performed while
collecting data at 220 nm using a scan rate of 1°C/min from 20 to 80°C. Samples
for denaturation were used at a concentration of 0.1 mg/ml in PBS with 10%
(wt/vol) CHAPS detergent. For full spectral analysis, samples were dialyzed into
20 mM NaPO,-10 mM Zwittergent 3-12 (pH 8.0) prior to analysis to remove
CHAPS interference of the spectra. Full-scan spectra were obtained by scanning
from 260 to 180 nm at a rate of 100 nm/min and averaging two spectra.

RESULTS

Protection of mice from Borrelia infection by immunization
with different recombinant forms of DbpA. We have shown
previously that both passive and active immunization can pro-
tect mice from infection with both cultured (27) and in vivo-
derived (7) borreliae. Our previous work suggested that differ-
ent forms of the antigen may vary in their vaccine efficacy.
Accordingly, we set out to determine the form of the antigen
giving the most protective immune response. We expressed
DbpA from B. burgdorferi strain N40 either as translocated/
lipidated forms or as a cytoplasmically expressed form for the
present study. The salient amino terminal and carboxy-termi-
nal sequences of these different constructs are shown in Fig. 1.

Mice were immunized two or three times with various adju-
vant formulations of three recombinant forms of DbpAy.,
differing in their expression compartment, posttranslational
processing, and carboxy termini. Biological potencies, includ-
ing in vitro borreliacidal activity and protective efficacy, of
immune responses to these various vaccine regimens were
compared for three representative experiments (Table 1). Se-
creted and acylated lipoprotein forms of DbpA (Lpp:DbpAy,,
and Lpp:DbpA.,He) elicited humoral immune responses of
higher biological activity than immune responses against non-
secreted DbpA (HgDbpAy,) even though serum IgG levels
were comparable by ELISA. Nonsecreted H,DbpAy,, re-
quired three vaccinations to elicit borreliacidal antibodies and
protection (compare experiments 1 and 2). Lpp:DbpAy., elic-
ited measurable levels of growth-inhibiting antibodies after
two vaccinations, and the growth-inhibiting activity increased
further after three vaccinations.

Lpp:DbpAn4oHe with the carboxy-terminal extension was
even more potent than Lpp:DbpAy.,, without this tag (exper-
iments 2 and 3). This has also been observed with recombinant
DbpA lipoproteins from B. burgdorferi strain B31, suggesting
that the basis of the difference is conserved between these two
isolates (data not shown). We have also determined that the
lipidated histidine-tagged form of the protein is effective at
eliciting a protective immune response in the absence of adju-
vant (28). Antiserum against an unrelated Haemophilus influ-

enzae antigen expressed similarly to a chimeric lipoprotein with
the carboxy-terminal polyhistidine tag had negligible reactivity
with B. burgdorferi, arguing against the trivial explanation that
the polyhistidine sequence itself elicited biologically relevant
antibodies (data not shown). Lpp:DbpAy,,H, was the superior
antigen among these three recombinant forms of DbpA for
each of the five adjuvant formulations tested. Interestingly,
antiserum from mice immunized three times with the Alhydro-
gel formulation of Lpp:DbpAy,Hg had growth-inhibitory ac-
tivity comparable to that of antiserum against other adjuvant
formulations that elicited much higher total specific IgG levels
measured by ELISA.

Overall, there was a strong correlation between the protec-
tive efficacies of the various DbpA formulations and the in
vitro growth-inhibitory activity of their antisera but no corre-
lation with the total DbpA-specific IgG elicited. When antisera
from groups of mice showing partial protection were analyzed
individually for growth-inhibitory activity, the mice that were
vaccine failures had the lowest growth-inhibitory titers within
their immunization groups (data not shown). Since all three
recombinant forms of the antigen (Fig. 1) share the full mature
sequence of DbpA, we then investigated a structural explana-
tion for the differences in their potency.

Recombinant chimeric DbpAs differ in their functional ac-
tivity. In vitro studies have shown that DbpA binds with high
specificity to decorin, an extracellular matrix dermatan sulfate
proteoglycan (23, 24). At this time, DbpA is one of the few B.
burgdorferi surface proteins with a biochemically defined and
quantifiable function. It seemed likely that this activity was
dependent on proper DbpA conformation and, if so, we could
potentially exploit this structure-function relationship as a tool
for defining conformational serological epitopes. We devel-
oped a solid-phase equilibrium binding assay to assess the
ability to discriminate among the different forms of DbpA in
their binding to decorin. DbpA bound to decorin-coated mi-
crowell plates in a concentration-dependent and saturable
manner. Decorin bound similarly to immobilized DbpA (data
not shown). To minimize variables in plate-coating conditions
among different DbpA forms, we used the immobilized decorin
format. As shown in Fig. 2A, the secreted and lipidated forms
of DbpA bind to the decorin on the plate while the cytoplas-
mically produced amino-terminal histidine-tagged DbpA does
not bind substantially at the same concentration. For this com-
parison, we substituted H,,DbpA., another cytosolic form of
the protein, for H,DbpAy,, since they were essentially equiv-
alent in decorin binding activity and CD spectra (data not
shown). Additionally, H,,DbpAy., was expressed and purified
in higher yield, and use of this form allowed confirmation that
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TABLE 1. Comparison of the immunogenicities and vaccine efficacies in mice of three recombinant forms of DbpAy,, in various
adjuvant formulations, and the in vitro potencies of their antisera

Two immunizations

Three immunizations

Adjuvant® Immunogen®

End-point titer

End-point titer

Expt* Infection Infection
DbpA 1gG?  Growth inhibition®  PreValence”  ppoa1sG? Growth inhibition®  Prevalence”

1 Freund’s Lpp:DbpAnso 2,048,000 1,280 0/5¢ ND/ ND ND
H,DbpAnyo 1,024,000 <160 5/5 ND ND ND

E. coli 128,00 <40 5/5 ND ND ND

2 Freund’s Lpp:DbpAn,H, 512,000 80 ND 2,048,000 ND 0/5¢
Lpp:DbpAns, 256,000 <40 ND 512,000 ND 0/5¢

H,DbpAnso 512,000 ND ND 512,000 ND 0/5¢

E. coli 4,000 ND ND 2,000 ND 5/5

TDM/MPL Lpp:DbpAssH, 256,000 40 ND 128,000 ND 0/5¢
Lpp:DbpAnso 256,000 <40 ND 256,000 ND 2/5

H,DbpAnuo 8,000 ND ND 256,000 ND 4/5

E. coli 16,000 ND ND 4,000 ND 5/5

3 Freunds Lpp:DbpAn,oH, 2,048,000 400 ND 1,024,000 2,560 0/5¢
Lpp:DbpAnsH, 512,000 100 ND 512,000 640 1/5¢

E. coli 4,000 <25 ND 32,000 <40 5/5

Quil A Lpp:DbpAssH, 4,096,000 200 ND 4,096,000 >2,560 0/5¢
Lpp:DbpAnso 2,048,000 <25 ND 1,024,000 640 0/5¢

E. coli 64,000 ND ND 128,000 ND 5/5

Alhydrogel Lpp:DbpAn,H, 128,000 200 ND 128,000 2,560 0/5¢
Lpp:DbpAnso 256,000 <25 ND 128,000 640 0/5¢

E. coli 4,000 ND ND 2,000 ND 5/5

Alhydrogel + Quil A Lpp:DbpAnsgH, 1,024,000 1,600 ND 256,000 >2,560 0/5¢
Lpp:DbpAns, 4,096,000 <25 ND 512,000 640 1/5¢

E. coli 2,000 ND ND 2,000 ND 5/5

“ Immunizations were intraperitoneal in experiment 1 and subcutaneous in experiments 2 and 3.
® Freund’s, complete Freund’s adjuvant for first immunization and incomplete Freund’s adjuvant thereafter, TDM/MPL, trehalose dimycolate plus monophosphoryl

lipid A.
¢ Immunogens were 20 pg for DbpA or 5 pg for E. coli (negative control).

@ Values are the means of duplicate ELISA titer determinations against Lpp:DbpAyy, on antisera pooled from the five mice within each immunization group.
¢ Values are the means of duplicate inhibition titer determinations on antisera pooled from the five mice within each immunization group.

/'ND not determined.
&P < 0.05 versus control (Fisher’s exact test).
" Number infected/number tested.

some unidentified property of the amino-terminal sequence of
HDbpAy., did not influence the structure and function of
DbpA.

Alterations to DbpA structure diminish protective immune
responses. The above data suggested a correlation between the
ability of the DbpA to bind to decorin and its ability to elicit a
protective immune response in mice. If this is so, then pertur-
bations of the protein structure that lead to a decrease in the
ability to bind to decorin should also lead to a diminution in its
potency as a protective immmunogen. In an attempt to gener-
ate such a functionally altered immunogen, we tested the abil-
ity of DbpA to bind to decorin following the unfolding of the
protein by either heat denaturation or urea denaturation. As
shown in Fig. 2B, the ability of the DbpA to bind to the decorin
is retained in samples treated with 8 M urea but is lost on heat
treatment at 65°C for 1 h.

DbpA from B. burgdorferi isolate 297 was shown by circular
dichroism (CD) to have about 50 to 60% o-helical secondary
structure (23), and we have found DbpA,, to be similar. We
used CD to confirm the loss of Lpp:DbpAy.oHs secondary
structure after denaturation by heat or in the presence of urea.
Rapid removal of urea by dilution allowed the recovery of Lpp:
DbpAn.oHe secondary structure (data not shown), as ex-
pected from the functional assay. Measured at ambient tem-

perature, the secondary structures of Lpp:DbpAy., and
H,,DbpAy4, were substantially similar to that of Lpp:
DbpAn.He, suggesting that differences in tertiary structure
may account for the functional and immunological differences
among these proteins.

A comparison of the 30 DbpA sequences from various iso-
lates of B. burgdorferi sensu lato determined by this laboratory
revealed no obvious sequence motifs that are conserved among
all DbpAs and might contribute to conserved structural ele-
ments (38). However, one or more conserved lysine residues
distributed throughout DbpA have been shown by others to
play a role in decorin binding activity (6). Of these 30 DbpA
sequences, there are only 7 that contain cysteine residues other
than the lipidation site amino-terminal cysteine. DbpAy, is of
this type that contains two closely spaced carboxy-terminal
cysteine residues. The presence of a putative disulfide bond in
DbpAy. provided an opportunity to introduce an alteration
to the tertiary structure of this protein that was less destructive
than complete denaturation by heat or chemicals. To investi-
gate the importance of these residues for the vaccine potency
and structure of the N40 protein, we mutated these two cys-
teine codons in Lpp:DbpAy,oH, to serine. We compared the
immune responses to the mutant Lpp:DbpAy, H, (C176,
191S) with those to the unaltered and heat-denatured forms of
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FIG. 2. Binding of different forms of DbpAyy,, to immobilized de-
corin. (A) Binding of Lpp:DbpAy,,He (solid squares), Lpp:DbpAn,,
(solid triangles) and H;,-DbpAy,, (solid diamonds) to decorin. (B)
Binding of LppDbpAy,,He (solid squares) treated with urea (solid
triangles) or after heat treatment at 65°C for 1 h (solid diamonds).
A,osnm absorbance at 405 nm.

this protein and to nonsecreted H,,DbpAy.,. Alhydrogel for-
mulations of all four forms of DbpAy,, elicited antisera with
comparable specific IgG levels (Table 2). Both structurally
altered forms of Lpp:DbpAy.,Hs were inferior to the unal-
tered form in their ability to elicit borreliacidal antibodies and
protection of mice from B. burgdorferi challenge. After two
immunizations, H,,DbpAy,, was intermediate in vaccine po-
tency for borreliacidal antibodies and protection, and three
immunizations were required for this antigenic form to elicit
vaccine potency equivalent to that of Lpp:DbpAy.oHg, simi-
lar to that seen with H,DbpAy., (Table 1). Unexpectedly, the
mutant Lpp:DbpAy,oHs (C176, 191S) protein had decorin
binding activity nearly equivalent to that of the unaltered form
of Lpp:DbpAy,Hs (data not shown), suggesting that the
(C176, 191S) mutant protein is able to fold into an active
conformation, at least in the presence of its ligand. Addition-
ally, we observed that recombinant DbpA from B. burgdorferi
B31 remained effective as a vaccine after urea denaturation
and renaturation (data not shown).

DbpA antibodies that are cross-reactive and borreliacidal
for different B. burgdorferi sensu lato species are directed
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against conformational epitopes. We showed previously that
antiserum against a single DbpA immunogen could kill diverse
isolates of B. burgdorferi, B. garinii, and B. afzelii (27). These
diverse isolates had substantial heterogeneity in their DbpA
sequences, which prompted speculation that the epitopes bind-
ing the cross-reactive borreliacidal antibodies were composed
of discontiguous amino acids (38). The availability of antisera
against forms of DbpAy,, that are conformationally and anti-
genically distinct allowed us to test this hypothesis directly.

For this analysis we screened representative isolates of
B. garinii and B. afzelii that were divergent in primary structure
from the N40 immunogen for their vulnerability to killing by
antiserum against DbpA from B. burgdorferi N40. We deter-
mined that B. garinii isolate VSBP was killed by antiserum
against Lpp2:DbpAy4oHs, and DbpAy,, has 52.6% identity to
DbpAsgp that we reported previously (38), so this isolate was
selected as representative of this species.

B. afzelii strain PKo was also found to be vulnerable to
Lpp2:DbpAy4oH, antiserum. To characterize the target for
the borreliacidal antibodies, we cloned the dbpA gene from
strain PKo using a PCR approach and primers that were pre-
viously successful for dbpA genes from other B. afzelii isolates
(38). The putative dbpA gene from B. afzelii PKo was identical
to the sequence reported for the recently described osp!7 gene
from this same isolate (29). Ospl7 was characterized as an
immunodominant surface protein, but its function was not
addressed in that study. The product of our candidate dbpA
gene from B. afzelii PKo is 92.4% identical to the deduced
DbpA sequence we reported previously for B. afzelii ACAl
and highly similar to several other B. afzelii DbpAs (38). To
address whether osp17 is equivalent to the B. afzelii PKo allele
of dbpA, the recombinant product of our cloned B. afzelii gene
encoding the putative DbpApk, was compared to DbpAyy,,
and DbpA,ggp in the decorin binding assay. DbpAy.o,
DbpA,ssp, and putative the DbpAp, all bound to decorin,
while the negative control protein, OspC, did not (Fig. 3). On
the basis of our genetic and biochemical evidence, we conclude
that DbpApk, and Ospl7;,k, are the same protein, and we will
use the DbpA nomenclature here. DbpAy,, and DbpApk,
have 37.2% identity. Strain PKo was selected as representative
of B. afzelii.

The antisera from the previous experiment evaluating al-
tered forms of DbpAy,, for vaccine effectiveness against the
homologous strain (Table 2) were then tested for killing activ-
ity against the heterologous VSBP and PKo borreliae. Anti-
serum against Lpp2:DbpAy, He had borreliacidal activity
against B. garinii VSBP and B. afzelii PKo, but antisera against
the altered forms of this immunogen were inactive against both
the homologous N40 strain and the heterologous VSBP and

FIG. 3. Decorin binding activity blot. Protein samples on a poly-
vinylidene difluoride membrane were probed with biotinylated decorin
and were visualized using a streptavidin-alkaline phosphatase conju-
gate using ECF reagent. Lanes: 1 Lpp:DbpAN,,Hy; 2, Lpp:DbpAp,;
3, Lpp:DbpAysgp-Hg; 4, OspCpyp-*, migration position of OspC.
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TABLE 2. Comparison of the immunogenicities and vaccine efficacies in mice of physically or mutationally altered forms
of DbpAy,, adjuvanted with aluminum, and the in vitro potencies of their antisera

Two immunizations

Three immunizations

Immunogen® End-point titer Infection End-point titer Infection
DbpA IgG? Growth inhibition® prevalence® DbpA IgG” Growth inhibition® prevalence®
Lpp:DbpAnoH, 32,000 200 1/5 32,000 400 1/5¢
Lpp:DbpAyoH, 65°C 32,000 <50 4/5 32,000 <50 4/5
Lpp:DbpAysoHc(C176, 191S) 32,000 50 5/5 32,000 50 5/5
H,,DbpAnso 32,000 100 2/5 32,000 400 1/5¢
E. coli 1,000 <50 5/5 500 <50 5/5

¢ Immunogens, 10 pg for DbpA or 2.5 pg for E. coli (negative control), were formulated with Alhydrogel and injected subcutaneously. Lpp:DbpAn,oHg 65°C, Lpp:
DbpAngoH, heated for 60 min at 65°C. Lpp:DbpAy,oHe(C176, 191S), Cys codons 176 and 191 of Lpp:DbpAy,oHs mutated to Ser.

> Values are the means of duplicate ELISA titer determinations against Lpp:DbpAy,, on antisera pooled from the five mice within each immunization group.

¢ Values are the means of duplicate inhibition titer determinations on antisera pooled from the five mice within each immunization group.

4P < 0.05 versus control (Fisher’s exact test).
¢ Number infected/number tested.

PKo strains (Table 3). Antiserum from mice immunized three
times with H,,DbpAy,, was similar to Lpp2:DbpAy,,He
antiserum for growth-inhibitory activity against the homolo-
gous N40 strain, but antiserum against the cytosolic form of
DbpAn4 Was somewhat less effective against the heterologous
strains.

Structural stability of different recombinant DbpA forms.
The immunization experiments indicated a substantial differ-
ence in the epitope structures of Lpp:DbpAy.oHs and Lpp:
DbpAn4oHg(C176, 191S) that was not evident by CD or de-
corin binding assays. We next used the Arg-specific protease
clostripain as a probe of the structural differences between
Lpp:DbpAn40He and Lpp:DbpAy4,He(C176, 1918S), reflected
in a differential accessibility of their four Arg residues. Lpp:
DbpAy. and H,(DbpAy,, were also included in this compar-
ison. At room temperature, incubation with 10% (wt/wt) clos-
tripain resulted in a shift from the full-length Lpp:DbpAy.oH,
molecule to a carboxy-terminally truncated form of the protein
that was confirmed by Western blotting with a monoclonal
antibody against the histidine tag. This single-cleavage product
accounts for 50% of the remaining protein after 60 min of
incubation (Fig. 4). In marked contrast, the (C176, 191S) mu-
tant had lost 82% of the total protein after 15 min of incuba-
tion. The cysteine mutant DbpA protein was cleaved to a ~14-
kDa limited digestion product which did not accumulate in
the unaltered Lpp:DbpAy,oH, protein. At 37°C, the unaltered
Lpp:DbpAyn.oH protein was nominally more sensitive to
cleavage than at room temperature, whereas the cysteine mu-
tant was almost completely degraded after 10 min of incuba-
tion. Lpp:DbpAny, and H, DbpAy.,, showed only a limited
sensitivity to clostripain digestion at either temperature, and a
substantial amount of each full-length protein remained after
the 60-min incubation. These data suggested that the cysteine
mutant is less stable or structurally rigid than the unaltered
Lpp:DbpAn4oHe protein and the other two forms of DbpA.
The (C176, 191S) mutant protein was also the least effective
vaccine antigen among these four.

To further assess the relative stability of the proteins, the
effect of thermal denaturation on the secondary structure of
the proteins was measured by CD. The CD spectrum of the
cysteine mutant did not differ substantially from the unaltered
Lpp:DbpAn4oH, protein at room temperature, demonstrating
that these proteins have similar secondary structures (data not

shown). Increasing the temperature caused a marked increase
in the ellipticity at 220 nm. Comparison of the forms of the
DbpA by thermal denaturation shows that the cysteine mutant
form is less stable to increases in temperature than are Lpp:
DbpAnsoHg, Lpp:DbpAys, and H;\DbpAN40 proteins (Fig.
5). The cysteine mutant underwent what appeared to be a
biphasic transition. There was a small change in ellipticity at
30°C, followed by a larger change in ellipticity at a T,,, of 51°C.
In contrast, the Lpp:DbpAy.oHs and the two other forms
showed a structural transition at 65°C.

DISCUSSION:

Conformational B-cell epitopes contribute to the effective-
ness of many vaccine antigens. Biochemical confirmation of
native folding is not possible for antigens lacking a quantifiable
function. With a few possible exceptions (14, 33), this is true of
experimental and approved vaccines for B. burgdorferi. The
biochemical activity of decorin binding proteins is measurable
by numerous assays (23, 24) and appears to promote a physi-
ologically relevant function, extracellular matrix adherence, for
the borreliae. Point mutants of DbpA,,, have been made and
tested for their ability to bind to decorin in various assay
formats. These studies indicate lysine residues that may be
important to decorin binding either directly or as a conse-

TABLE 3. Comparison of the effects of physical or mutational
alterations to DbpAyy, on its vaccine potency for in vitro
growth inhibition activity against homologous and
heterologous B. burgdorferi sensu lato isolates

Antiserum growth inhibition
titer against’:

Immunogen”
B. burgdorferi B. garinii B. afzelii

N40 VSBP PKo
Lpp:DbpAn,oHs 400 100 200
Lpp:DbpAn,Hg 65°C <50 <50 <50
Lpp:DbpA40H(C176, 191S) 50 <50 <50
H,,DbpAn 400 50 100
E. coli <50 <50 <50

¢ Immunogens, as described in Table 2, footnote a, were formulated with
Alhydrogel and injected subcutaneously three times.

® Values are the means of duplicate inhibition titer determinations on antisera
pooled from the five mice within each immunization group.
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FIG. 4. Sensitivity of recombinant forms of DbpAyy, to proteolysis. Proteins were incubated with 10% (wt/wt) clostripain at either 22 or 37°C.
Aliquots were taken at the times indicated, and the reactions were quenched with 50 mM EDTA. Samples were run on a 10% Bis-Tris
polyacrylamide gel in MES buffer, and proteins were visualized by Sypro Red staining.

quence of their affects on the conformation of the DbpA (6).
We have now demonstrated further evidence of the impor-
tance of conformation in the activity of DbpA, and we have
shown that eliciting a potent, protective immune response to
DbpA required a properly folded form of the immunogen.
Denaturation or mutations in the DbpA that lead to decreased
thermal stability and increased protease sensitivity lead to an
immune response that was not protective, suggesting that lin-
ear epitopes are less important for protection than are confor-
mational epitopes. This is also consistent with the cross-reac-
tivity of borreliacidal DbpA antibodies among divergent B.
burgdorferi sensu lato isolates that lack candidates for con-
served linear DbpA epitopes.

Recombinant DbpA expressed in the cytosol of E. coli with
either of two different polyhistidine tags instead of the signal
peptide was less effective as a vaccine antigen. These proteins
were different structurally and functionally from secreted and
acylated DbpA, suggesting that the subcellular compartment in
which the antigen folds also influenced its antigenicity. Al-
though we have not excluded the formal possibility that both of
these polyhistidine tags altered an important protective anti-
genic epitope near the amino terminus of recombinant DbpA,
we consider this unlikely since that end of the natural protein
is proximal to the tripalmitoyl cysteine membrane anchor,
which would limit its accessibility to antibodies on intact spi-
rochetes. The production of DbpA as a lipoprotein has multi-
ple advantages from a vaccine efficacy standpoint. First and
foremost is that the DbpA as expressed in Borrelia is a secreted
lipoprotein, and the expression of the DbpA as a recombinant
lipoprotein should best maintain its normal context and post-
translational processing. The folding of the DbpA in the peri-
plasm is likely to be different from that in the cytoplasm, since
the presence of chaperone proteins differs between these two
compartments (31). Second, the lipid moiety serves as an in-
tegral adjuvant and as an activator of the immune response,
which may improve the overall immunogenicity of the antigen.
The effects of the cysteine-to-serine mutations on DbpAy,,
stability and antigenicity highlight the importance of the ter-
tiary structure of the carboxy-terminal portion of the protein,

presumably stabilized through a loop formed by a disulfide
bond. In gram-negative bacteria and eukaryotes, disulfide
bonds are catalyzed by extracytoplasmic oxidoreductases (37).
Disulfide bonds in recombinant H{DbpAy,, and H;,DbpAy.,
may form spontaneously, albeit inefficiently, once they are re-
leased from the reducing environment of the E. coli cytosol, as
has been shown to occur for the periplasmic enzyme alkaline
phosphatase (11). Partial oxidation of cytosolic DbpAy,, dur-
ing purification, leading to the formation of the putative disul-
fide bond, would explain the intermediate vaccine efficacy of
HDbpAy., and H,,DbpA.,. Most DbpAs lack this carboxy-
terminal cysteine pair and are presumably stabilized by other
intrachain interactions.

Evidence for protective conformational epitopes has also
been reported for other B. burgdorferi membrane proteins.
Oms66 (or p66) is an outer membrane-spanning surface-ex-
posed protein of Borrelia spp. that has recently been shown to
be protective against infection by in vivo-adapted borreliae in
a mouse model (14). This study showed that natural p66 anti-
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FIG. 5. CD thermal denaturation scans of four recombinant
forms of DbpAy,. Ellipticity was measured at 220 nm as a function
of temperature for Lpp:DbpAy,oHe (——), Lpp:DbpAnsg (----- ),
H,,DbpAyy (- ——-), and Lpp:DbpAy,,He (C176, 191S) (- ---— ).
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gen isolated from B. burgdorferi had membrane channel-form-
ing (porin) activity and was protective against the homologous
isolate, but recombinant p66 produced in the E. coli cytosol as
a GST fusion lacked porin activity and was not protective (14).
OspC lipoprotein has also been shown to be an in vivo-ex-
pressed protective antigen; however, this protein is a protective
immunogen against homologous challenge but not against het-
erologous challenge (5, 35, 36). OspC immunogen was shown
to be sensitive to SDS or thermal denaturation (20, 21). The
denatured forms of the OspC protein were not protective and
did not elicit borreliacidal antibodies.

B. burgdorferi is unusual in its abundance of membrane
lipoproteins, and several of these have shown substantial ef-
fectiveness as vaccines. However, even more putative or bio-
chemically confirmed lipoproteins have shown partial or no
protection. Most of these partially effective or apparently in-
effective recombinant vaccine antigens have been expressed in
E. coli as fusions to the cytosolic protein GST, including OspE
and the related p21, OspF and the related pG, BmpA(P39),
p30, p37, p55, BBK50/P37, and 1p6.6 (4, 9, 10, 15, 16, 19, 30, 32,
43). It is possible that this convenient expression and purifica-
tion strategy may have, in some cases, altered the folding of
these otherwise-secreted proteins and compromised the vac-
cine efficacy of the recombinant products, as was the case with
Oms66/p66 (14). Several B. burgdorferi lipoproteins expressed
as GST fusions, including OspA, OspB, OspC, and p35/
BBK32, have shown vaccine efficacy, however (18, 19, 45).

We have previously reported that Freund’s adjuvant formu-
lations of cytosolically expressed recombinant DbpA protected
mice from B. burgdorferi challenge (27), and this was confirmed
by others (17, 25). In vitro growth inhibition assays with anti-
serum against a cytosolic polyhistidine-tagged form DbpA
failed to yield reproducible results in the study by Hagman
et al. (25). The results of our present study suggest that the
poor biological activity of this antiserum may have been due to
their use of a suboptimal DbpA immunogen. We have now
shown, by direct comparison, that secreted forms of DbpA are
more effective than nonsecreted DbpA when formulated with
Freund’s or Ribi adjuvants. Secreted lipoprotein DbpA was
also effective when formulated with Alhydrogel (this study), a
clinically relevant adjuvant, or injected without adjuvant (28).
Hagman et al. recently reported that a Freund’s adjuvant for-
mulation of cytosolic polyhistidine-tagged DbpA failed to elicit
sterilizing immunity in mice against B. burgdorferi challenge by
multiple tick bite (26). This study also reported evidence that
DbpA targets for protective immunity are expressed by tick-
borne B. burgdorferi only in the mammalian stage, unlike OspA
and OspC, which are expressed by spirochetes within ticks and
are targets for transmission-blocking immunity (13, 22). Previ-
ously we have shown that immunization with secreted lipopro-
tein DbpA elicits antibodies that can kill mammalian-stage
spirochetes that are resistant to OspA antibody (7). A more
conformationally correct form of the immunogen may achieve
effective DbpA immunity against infection or disease caused by
tick transmitted B. burgdorferi. Experiments are in progress to
address this possibility. Recent observations by Ohnishi et al.
(32a) reveal a previously unappreciated heterogeneity in the
antigenic profile of the population of tick-borne B. burgdorferi.
DbpA was not examined in that study. Even if DbpA is not
sufficient as a monovalent subunit vaccine to prevent tick-
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borne infection, it may serve as a component of an effective
multisubunit vaccine combined with other in vivo-expressed
antigens or in combination with OspA (28).
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