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Identification of Lysine Residues in the Borrelia burgdorferi DbpA
Adhesin Required for Murine Infection
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Decorin-binding protein A (DbpA) of Borrelia burgdorferi mediates bacterial adhesion to heparin and dermatan sulfate associated
with decorin. Lysines K82, K163, and K170 of DbpA are known to be important for in vitro interaction with decorin, and the
DDbpA structure, initially solved by nuclear magnetic resonance (NMR) spectroscopy, suggests these lysine residues colocalize in
a pocket near the C terminus of the protein. In the current study, we solved the structure of DbpA from B. burgdorferi strain 297
using X-ray crystallography and confirmed the existing NMR structural data. In vitro binding experiments confirmed that re-
combinant DbpA proteins with mutations in K82, K163, or K170 did not bind decorin, which was due to an inability to interact
with dermatan sulfate. Most importantly, we determined that the in vitro binding defect observed upon mutation of K82, K163,
or K170 in DbpA also led to a defect during infection. The infectivity of B. burgdorferi expressing individual dbpA lysine point
mutants was assessed in mice challenged via needle inoculation. Murine infection studies showed that strains expressing dbpA
with mutations in K82, K163, and K170 were significantly attenuated and could not be cultured from any tissue. Proper expres-
sion and cellular localization of the mutated DbpA proteins were examined, and NMR spectroscopy determined that the mutant
DbpA proteins were structurally similar to wild-type DbpA. Taken together, these data showed that lysines K82, K163, and K170
potentiate the binding of DbpA to dermatan sulfate and that an interaction(s) mediated by these lysines is essential for B. burg-

dorferi murine infection.

yme disease, caused by spirochetes in the Borrelia burgdorferi

sensu lato complex, is the most prevalent vector-borne disease
in the United States and Europe (1, 2). The disease develops after
bacteria are introduced into a human via the bite of an infected
Ixodes tick (3-5). Lyme disease initially presents as a localized skin
infection at the bite site, which can develop into the pathogno-
monic erythema migrans rash and is typically accompanied by
nondescript flu-like symptoms. If the early infection is not treated,
bacteria can disseminate from the primary bite site through the
circulatory and lymphatic systems and invade other tissues and
organs, thereby causing the severe secondary multisystemic ill-
nesses associated with Lyme disease (e.g., carditis, arthritis, and
neuroborreliosis) (6—8). The ability of bacteria to disseminate,
colonize, and persist within an infected host is a complex and
multifactorial process (9). Surface-exposed bacterial proteins
called adhesins promote interaction of the bacteria with a host cell
or the extracellular matrix (ECM) and are recognized to be key
mediators of bacterial colonization (10). A number of the host and
bacterial factors that mediate B. burgdorferi attachment to mam-
malian and tick tissues have been identified (5, 11, 12). Specifi-
cally, B. burgdorferi adhesins bind host cell-associated integrins
(13-16), as well as the mammalian ECM components fibronectin
(17-23), type I collagen (23, 24), laminin (23, 25, 26), glycosami-
noglycans (GAGs) (18, 27-29), and decorin (30-32). This capac-
ity to interact with numerous host ligands is predicted to be re-
sponsible for the spirochete’s ability to spread to and infect diverse
host tissues, cause the various disease sequelae, and persist within
the mammal and tick vector (5). Interestingly, strains of B. burg-
dorferi appear to differ in their abilities to cause specific systemic
sequelae, and these differences have been linked in part to their
capacities to bind/colonize certain host tissues (33-36).
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Decorin, a small proteoglycan found in the ECM of numerous
tissues (e.g., dermis and cartilage), is composed of a 36-kDa pro-
tein core covalently linked to a 40-kDa GAG chain of chondroitin
sulfate or dermatan sulfate (37-39). The Ip54 linear plasmid of B.
burgdorferi sensu stricto carries a two-gene operon that encodes
two surface lipoproteins, decorin-binding proteins A and B
(DbpA and DbpB), which bind decorin (30-32). In vitro studies
have shown that both adhesins mediate interaction with the GAGs
heparin and dermatan sulfate (31), but only DbpB binds chon-
droitin sulfate (40). dbpA, and most likely dbpB, is upregulated by
B. burgdorferi during tick feeding and expressed during mamma-
lian infection (41-45). dbpA is presumed to remain highly ex-
pressed throughout infection based on the presence of high levels
of reactive antibodies at 47 weeks postinoculation in macaques
experimentally infected with B. burgdorferi (46). Considering that
dbpA is expressed during mammalian infection and decorin/der-
matan sulfate can be found associated with almost all mammalian
tissues, DbpA and the capacity to bind decorin have long been
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hypothesized to be key determinants in B. burgdorferi colonization
and dissemination within the host. In agreement with this, muta-
tional studies have since confirmed that B. burgdorferi mutants in
which dbpBA was disrupted have a diminished capacity for dis-
semination and infection in mice challenged via needle inocula-
tion (47-50), but dbpA and dbpB are not required for colonization
of Ixodes scapularis ticks (47). However, in contrast to the needle
challenge studies, the dbpBA mutant was capable of being trans-
mitted to and infecting mice via tick bite (47). A recent study also
suggests that the attenuation observed in dbpBA mutants is lim-
ited to early stages of dissemination and that this defect is allevi-
ated during chronic infection (51). Interestingly, this study also
found that the dbpBA mutant was unable to migrate through the
lymphatic system, suggesting that interaction of B. burgdorferi
with decorin/GAGs might be important when utilizing this route
of dissemination. A number of early biochemical and functional
studies characterized the interaction between DbpA and decorin/
GAGs (31,52, 53). Comparison of DbpA sequences from 30 mem-
bers of the B. burgdorferi sensu lato complex identified 11 lysine
residues that were highly conserved among the different strains;
five lysine residues were conserved in all sequences, and six lysine
residues were found in >60% of the DbpA sequences (52). Anal-
ysis of recombinant DbpA proteins carrying mutations in these
individual lysines showed that mutation of K82, K163, or K170
resulted in reduced decorin binding. A recent study also showed
that the highly basic C terminus of DbpA was required for bacte-
rial interaction with decorin, dermatan sulfate, and 293 (human
kidney epithelial) cells (35). Although the in vitro data clearly im-
plicate these residues in DbpA-decorin/GAG interaction, they did
not address their contributions during mammalian infection.

Despite the abundance of functional and biochemical data avail-
able regarding DbpA, it was not until recently that the solution struc-
ture of DbpA from strain B31 was elucidated using nuclear magnetic
resonance (NMR) spectroscopy (54). In the present study, we sought
to complement the NMR studies by solving the structure of DbpA
from B. burgdorferi strain 297 using X-ray crystallography, as well
as to assess whether lysines K82, K163, and K170 are required
during B. burgdorferi infection. Our crystal structure of a DbpA
monomer (determined at a resolution of 1.60 A) confirmed the
prior NMR structure, as well as the localization of the lysines crit-
ical for the interaction of DbpA with decorin to a common basic
patch near the C terminus of the protein. To test the contributions
of lysines K82, K163, and K170 during mammalian infection,
mice were challenged with B. burgdorferi dbpBA knockout strains
expressing dbpA point mutants in which these lysine residues were
changed to alanine. The dbpBA mutants complemented with K82,
K163, and K170 alanine point mutants were unable to infect mice,
thus correlating the physiological contributions of these residues
to decorin/GAG binding and murine infection.

MATERIALS AND METHODS

Bacterial strains and culture conditions. All the strains and plasmids
used in this study are described in Table 1. Escherichia coli strain TOP10F’
(Invitrogen, Carlsbad, CA) was used for cloning. E. coli strains XL1-Blue
(Stratagene, La Jolla, CA) and B834(DE3) (Novagen, Madison, WI) were
used for protein expression. E. coli transformants were selected in Luria-
Bertani (LB) medium supplemented with 100 pg/ml of ampicillin or 100
pg/ml of spectinomycin. Infectious, low-passage-number B. burgdorferi
strain 297 (Bb297) and the previously characterized B. burgdorferi dbpBA
mutant (BbKH500) were used for these studies (47, 55). B. burgdorferi was
grown in Barbour-Stoenner-Kelley II (BSK-II) medium at 37°C and pH
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7.5 with 3 to 5% CO, and 150 pg/ml of streptomycin or 150 pg/ml of
kanamycin (56).

Cloning wild-type, carboxyl-terminally truncated, and lysine mu-
tant recombinant DbpA proteins. The first 25 amino acids of DbpA from
Bb297 contain the putative signal peptide terminated by a potential con-
sensus sequence for lipoprotein modification (31, 32). To facilitate ex-
pression of the nonlipidated wild-type (WT) protein in E. coli, a DNA
fragment encoding amino acids 26 to 187 of DbpA was amplified by PCR
using Bb297 genomic DNA as the template and the oligonucleotides 5'-
DbpA(26) and 3'-DbpA(187) (Table 2); these primers contained BamHI
and HindIII restriction sites, respectively. The 3'-DbpA(187) primer also
contained tandem stop codons. A variant of DbpA with a C-terminal
truncation was also generated by PCR amplification with the oligonucle-
otide pair 5'-DbpA(26) and 3'-DbpA(173) (Table 2); 3'-DbpA(173) in-
troduces a HindIII site and two tandem stop codons on the 3" end of the
amplified open reading frame (ORF). PCR amplification was performed
using Ex-Taq polymerase (TaKaRa, Madison, WI). The amplified frag-
ments were then digested with BamHI and HindIII and ligated into
pProEX-HTa digested with the same enzymes. The ligation was trans-
formed into E. coli, and the resulting clones were verified by DNA se-
quencing. Confirmed clones were designated pProEX-DbpA,,; and
pProEX-DbpA, . (Table 1).

The construct for the production of the His,-tagged RevA (recombinant
RevA [rRevA]) control protein was previously described (20). Expression
constructs for rDbpA variants carrying the lysine-to-alanine point mutation
K51A, K82A, K124A, K163A, K170A, or K177A were generated by PCR am-
plifying a DNA fragment corresponding to amino acids 26 to 187 of DbpA
using oligonucleotides 5'-DbpA(26) and 3'-DbpA(187). The pJD51 lysine
point mutant shuttle vectors, the derivation of which is discussed below, were
used as the template in these PCRs. Cloning of the DbpA ORFs into pProEX-
HTa was carried out as described above.

Expression and purification of rDbpA. Soluble His,-tagged rRevA
was purified as previously described (35). Expression of rDbpA from
pProEX-HTa generates recombinant protein with an N-terminal His, tag
followed by a tobacco etch virus (TEV) protease cleavage site. For expression,
cultures of XL1-Blue transformed with pProEX-DbpAy, or pProEX-
DbpA - were grown in LB medium containing ampicillin. When the cell
density reached an optical density at 600 nm (ODy,) of 0.6, the culture
was induced for 3 h with 400 uM isopropyl-1-thio-B-p-galactopyrano-
side (IPTG). Cells were collected by centrifugation; suspended in 20 mM
HEPES (pH 7.5), 20 mM NaCl; and lysed by extrusion with an EmulsiFlex
(Avestin, Ontario, Canada). To pellet cell debris, the lysate was centri-
fuged at 27,000 X g for 15 min. rDbpA was purified from the supernatant
on Ni** affinity resin (Qiagen Inc., Valencia, CA) and eluted with 20 mM
HEPES (pH 7.5), 300 mM NaCl, 500 mM imidazole. The elution buffer
was exchanged with 20 mM HEPES (pH 7.5), 50 mM NaCl, 15 mM
B-mercaptoethanol (buffer A) using an Amicon Ultra-15 10,000-molec-
ular-weight cutoff (MWCO) centrifugal-filtration unit (Millipore, Bil-
lerica, MA). The His, tag was cleaved from rDbpA by adding 1 mg of
His,-TEV protease per 30 mg of recombinant protein. Proteolysis reac-
tion mixtures were incubated overnight at room temperature and stopped
using an Ni*" affinity column to remove the cleaved His, tag and His,-
TEV protease. The rDbpA protein was then concentrated to a final volume
of 1 ml and resolved on a HiLoad 16/60 Superdex 75 gel filtration column
using an Akta fast-performance liquid chromatography (FPLC) system
(GE Healthcare Biosciences, Piscataway, NJ). The protein was eluted with
buffer A ata flow rate of 1 ml/min, and samples of the fractions containing
protein were analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) to assess purity. SDS-PAGE indicated that the
protein was pure to apparent homogeneity (i.e., >95%). Fractions con-
taining purified DbpA were pooled and concentrated to 18 to 40 mg/mlin
buffer A for crystallization and binding experiments.

For the production of selenomethionine (SeMet)-labeled protein,
pProEX-DbpA,y or pProEX-DbpA, . was transformed into the E. coli
methionine auxotroph B834(DE3). Cells were cultured in 5% LB-95%
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TABLE 1 Plasmids and strains used in this study

Plasmid or strain Description® Source
Plasmids
pGEM-T Easy TA cloning vector; Amp" Promega
pProEX-HTa Expression construct; N-terminal and TEV-cleavable His, tag; Amp® Invitrogen
pProEX-DbpA 1 pProEX HTa::DbpA (aa 26-187); Amp" This study
pProEX-DbpA, pProEX HTa:DbpA (aa 26-173); Amp" This study
pProEX-DbpAgs; o pProEX HTa:DbpA,, with K51A mutation; Amp" This study
pProEX-DbpAgg,a pProEX HTa::DbpA,, with K82A mutation; Amp" This study
pProEX-DbpAy ,4a pProEX HTa:DbpA,,r with K124A mutation; Amp” This study
pProEX-DbpAg 634 pProEX HTa::DbpA,, with K163A mutation; Amp" This study
pProEX-DbpAg,,0a pProEX HTa::DbpA,, with K170A mutation; Amp* This study
pProEX-DbpAy; 74 pProEX HTa:DbpA,,r with K177A mutation; Amp* This study
pRevA pQE30::RevA (aa 20-160); Amp” 20
pJD51 B. burgdorferi and E. coli shuttle vector; Spec” Strep" 47
pKH2000 pJD51:PdbpBA-dbpA ORF complementation vector; Spec” Strep” 47
pDbpAgsia pKH2000 with DbpAys, , mutation; Spec” Strep” This study
PDbpAggra pKH2000 with DbpAyg, . mutation; Spec/Strep” This study
PDbpAL 4a pKH2000 with DbpAy,,, mutation; Spec/Strep” This study
pDbpA 6 pKH2000 with DbpAy 45, mutation; Spec/Strep” This study
PDbpA;0a pKH2000 with DbpAy,,,, mutation; Spec/Strep" This study
PDbpAL;,7a pKH2000 with DbpAy,,,, mutation; Spec/Strep” This study
pJSB568 pGEM-T Easy::flaB-actin qQPCR standard; Amp" This study
Strains
E. coli
TOPI10F’ F’ [lacIf Tnl10 (Tet")] mcrA A(mrr-hsdRMS-mcrBC) &b80lacZAM15 AlacX74 rec A1 araA139 Invitrogen
A(ara-leu)7697 galU galK rpsL (Str") endA1 nupG
XL1-Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac[F' proAB lacl% ZAM15::Tn10 (Tet")] Strategene
B834(DE3) F~ ompT hsdSg(rg~ my ") gal dcm met (DE3) Novagen
B. burgdorferi
Bb297 Strain 297; infectious, human spinal fluid isolate 55
BbKH500 Strain 297; dbpBA::PflgB-Kan mutant; Kan" 47
BbKH501 BbKH500 complemented with pKH2000; Kan" Strep” 47
BbDbpAgs; A BbKH500 complemented with pDbpAys, ,; Kan" Strep” This study
BbDbpAgsoa BbKH500 complemented with pDbpAyg, 4; Kan® Strep” This study
BbDbpAg s4a BbKH500 complemented with pDbpAy,,,; Kan® Strep” This study
BbDbpAg 634 BbKH500 complemented with pDbpAy4;4; Kan" Strep” This study
BbDbpAg,50a BbKH500 complemented with pDbpAy,,.,; Kan® Strep® This study
BbDbpAg, /74 BbKH500 complemented with pDbpAy,,,,; Kan® Strep” This study

“aa, amino acids; Amp', ampicillin resistant; Kan", kanamycin resistant; Spec’, spectinomycin resistant; Strep”, streptomycin resistant.

M9 minimal medium containing 125 mg/liter each of adenine, uracil,
thymine, and guanosine; 2.5 mg/liter thiamine; 4 mg/liter p-biotin; 20
mM glucose; 2 mM MgSO,; 50 mg/liter each of 19 L-amino acids (with the
exception of methionine); and 50 mg/liter L-selenomethionine. The cul-
tures were induced, and the protein was purified as described above.

Crystallization, data collection, and structure determination. Crys-
tals of a proteolytic fragment of wild-type rDbpA (rDbpA,, ) were grown
at 20°C using the vapor diffusion method in hanging-drop mode by mix-
ing 2 ul protein (25 mg/ml) in 20 mM HEPES, pH 7.5, 50 mM NaCl, 15
mM B-mercaptoethanol with 2 pl reservoir solution composed of 30 to
35% (wt/vol) polyethylene glycol (PEG) 3000, 100 mM 2-(N-cyclohexyl-
amino)ethanesulfonic acid (CHES), pH 9.5, 50 mM NaCl and equilibrat-
ingagainst 1 ml of reservoir solution. The crystals exhibit the symmetry of
space group P4, and were cryoprotected in reservoir solution supple-
mented with 10% (vol/vol) ethylene glycol and then flash cooled in liquid
nitrogen.

Crystals of selenomethionyl-derivatized rDbpA , - were grown at 20°C
using the vapor diffusion method in hanging-drop mode by mixing 1 .l
protein (25 mg/ml) in 20 mM HEPES, pH 7.5, 50 mM NaCl, 15 mM
B-mercaptoethanol with 1 pl reservoir solution, 30 to 35% (wt/vol) PEG
3000, 0.1 M CHES, pH 9.5, 50 mM NaCl and equilibrating against 1 ml of
reservoir solution. The crystals exhibit the symmetry of space group
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P2,2,2, and were cryoprotected in reservoir solution supplemented with
10% (vol/vol) ethylene glycol and then flash cooled in liquid nitrogen.

Phases obtained from a two-wavelength selenium (Se) anomalous-
dispersion experiment were refined with the program MLPHARE (57),
resulting in an overall figure of merit of 0.44 for data between 61.3 and
2.40 A. The phases were further improved by density modification and
3-fold averaging with the program DM (58), resulting in a figure of merit
of 0.63. An initial model containing 89% of all rDbpA residues was auto-
matically generated by alternating cycles of the programs Resolve (59, 60)
and ARP/wWARP (61). Phases for the proteolytic fragment of rDbpA in the
P4, cell were obtained via molecular replacement in the program PHASER
(62), using the coordinates of DbpA from the orthorhombic cell as a search
model. Additional residues for rDbpA were manually modeled in the pro-
gram O (63). Refinement was performed with the data collected on the pro-
teolytic fragment of rDbpAsy to a resolution of 1.60 A using the program
PHENIX (64), with a random 5% of all data set aside for free refinement (R)
factor (Ry,,) calculation. Phasing and model refinement statistics are pro-
vided in Table 3.

Site-directed mutagenesis of DbpA. Mutation of selected lysine resi-
dues in DbpA was performed by overlap extension PCR. Primers 5' DbpA
prom and 3" DbpA ORF represent the 5" and 3" outermost primers, re-
spectively, used for all amplifications. The internal primers used to mutate
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TABLE 2 Oligonucleotide primers used in this study

Primer designation

5'-DbpA(26)
3'-DbpA(187)

Sequence”

ATATGGATCCGGGACTAACAGGAGCAACA
ATATAAGCTTITATTACGATTTAGCAGTGC

TGTCT
3'-DbpA(173) CGATTTAGCAAGCTTCTACTAGTCTTGGTT
TTTCTTGTGA
5’ DbpA prom AGATCTTTGATTCAATTTGCAAAATAACCA
3’ DbpA ORF GCATGCCTTTGGGTTAATTGCTTTAAC
5" DbpA internal seq GTAAGACCAAACAGCCCAACAC
K51A sense GATGCAATTAAAGCAAAGGCTGC
K51A antisense GCAGCCTTTGCTTTAATTGCATC
K82A sense CTTGAAGCAGCAGTGCGAGCTAC
K82A antisense GTAGCTCGCACTGCTGCTTCAAG
K124A sense GAAGTCTCAGCACCATTACAAG
K124A antisense CTTGTAATGGTGCTGAGACTTC
K163A sense ATGAGAGAAGCATTACAAAGGGTTC
K163A antisense GAACCCTTTGTAATGCTTCTCTCAT
K170A sense GTTCACAAGGCAAACCAAGACACC
K170A antisense GGTGTCTTGGTTTGCCTTGTGAAC
K177A sense CCTTAAAGGCAAAAAATACCGAAG
K177A antisense CTTCGGTATTTTTTGCCTTTAAGG
flaBE-STD GGATCCTCACCAGCATCACTTTCAGGGTCTC
flaBR-STD GGATCCACCTAAATTTGCCCTTTGATCAC
ActF-STD GGATCCACCCACACTGTGCCCATC
ActR-STD GGATGCCACAGGATTCCAT
FlaB-ABI-F TTATGCAGCTAATGTTGCAAATCTT
FlaB-ABI-R TTCCTGTTGAACACCCTCTTGA
FlaB-ABI-Probe CTCAAACTGCTCAGGCTGCACCGG
Act-ABI-F GACGGACTACCTCATGAAGATCCT
Act-ABI-R CACGCACGATTACCCTCTCA

Act-ABI-Probe ACCGAGCGTGGCTACAGCTTCATCA

“ Relevant restriction sites are italicized. Stop codons are underlined. Nucleotides
changed to generate mutant codons are in boldface.

selected lysine amino acids to alanine (e.g., K51A, K82A, K124A, K163A,
K170A, and K177A) are indicated with their intended mutation and de-
noted as sense or antisense (Table 2). The numbering of the mutated
lysine residues is based on the full-length dbpA ORF from Bb297 (31).
Oligonucleotides 5" DbpA prom and 3" DbpA ORF were paired with the
mutational antisense and sense oligonucleotides, respectively. DNA frag-
ments were amplified with Ex-Taq polymerase using pKH2000 as the
template. pKH2000 (47), which encodes the native promoter for the
dbpBA operon fused directly to the dbpA ORF, is a borrelial shuttle vector
used in prior studies for genetic complementation of dbpA expression in
the B. burgdorferi dbpBA mutant (BbKH500). Amplicons from the indi-
vidual reactions were gel purified and combined to serve as the DNA
template in a second PCR using the outermost oligonucleotides, 5" DbpA
prom and 3’ DbpA ORF. The resulting amplicons for the point mutants
were cloned in pGEM-T Easy and confirmed by DNA sequencing with
vector-specific primers and the 5" DbpA internal seq oligonucleotide. The
primers 5" DbpA prom and 3" DbpA ORF incorporated BglII and Sphl
restriction sites, respectively, to facilitate cloning of the mutated dbpA
alleles into the borrelial shuttle vector pJD51 (Table 1).

Quantitative ELISA to measure decorin and dermatan sulfate bind-
ing. Quantitative enzyme-linked immunosorbent assay (ELISA) for decorin
and dermatan sulfate binding by rDbpA proteins was performed similarly to
that previously described (65). Briefly, wells of 96-well microtiter plates were
coated with 1 pg of decorin, dermatan sulfate, or bovine serum albumin
(BSA); 100 pl of increasing concentrations (0.007, 0.015, 0.03125, 0.0625,
0.125, 0.25, 0.5, and 1 uM for decorin binding; 0.03125, 0.0625, 0.125, 0.25,
0.5, 1, and 2 pM for dermatan sulfate binding) of His,-tagged rRevA protein
(20), rDbpAy 1, or the lysine rDbpA mutant proteins was then added to the
wells. To detect the binding of recombinant proteins, a 1:200 dilution of
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mouse anti-His, antibody (Sigma, St. Louis, MO) and a 1:1,000 dilution of
horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (Invitrogen)
were used as primary and secondary antibodies, respectively. The plates were
washed three times with PBST (0.05% Tween 20 in phosphate-buffered saline
[PBS]), and 100 .l of tetramethylbenzidine (TMB) solution (KPL, Gaithers-
burg, MD) was added to each well and incubated for 5 min. The reaction was
stopped by adding 100 .l of 0.5% hydrosulfuric acid to each well. The absor-
bance was then read at 405 nm using an ELISA plate reader (SpectraMAX 250;
Molecular Devices, Sunnyvale, CA). Statistical significance was determined
using the Student ¢ test; P values of =0.05 were considered significant. To
determine the dissociation constant (K;), the data were fitted by the following
equation using KaleidaGraph software (version 2.1.3; Abekbecj software,
Reading, PA) where OD 50 \max) denotes the maximum absorbance at
an optical density (OD) of 450 nm: OD,5, = OD,50max) X [DbpA
protein]/K,; + [DbpA protein].

SPR. Surface plasmon resonance (SPR) was measured using a Biacore
3000 (GE Healthcare). Dermatan sulfate (EMD Millipore, Billerica, MA)
and decorin (Sigma) were biotinylated using EZ-Link Biocytin Hydrazide
(Pierce, Rockford, IL) and then dialyzed in PBS using a Slide-A-Lyzer
cassette (Pierce) with a 10,000-kDa-molecular-mass cutoff. Ten micro-
grams of biotinylated dermatan sulfate or decorin was conjugated on a
streptavidin SA sensor chip (GE Healthcare). A control flow cell was in-
jected with PBS buffer lacking dermatan sulfate or decorin. For quantita-
tive SPR experiments to measure decorin binding, 20 pl of increasing
concentrations (0, 0.03125, 0.0625, 0.125, 0.25, 0.5, and 1 wM) of rDb-
pAyyr or the rDbpA lysine mutants was injected into the control cell and
decorin-bound flow cells. To measure dermatan sulfate binding, 20 .l of
various concentrations (0, 0.09375, 0.1875, 0.375, 0.75, 1.5, and 3 uM) of
recombinant protein was added to flow cells containing immobilized der-
matan sulfate. The proteins were loaded into the cells at a flow rate of 10
pl/min, and binding was carried out at 25°C. All sensogram data for the
dermatan sulfate- and decorin-immobilized cells were subtracted from
the negative-control flow cell. To obtain the kinetic parameters of the
interaction, the data from the sensograms were fitted by BIAevaluation
software version 3.0 using the one-step biomolecular association reaction
model (1:1 Langmuir model), which resulted in optimum mathematical
fits using the lowest x* values.

NMR spectroscopy. To express rDbpA,, - for NMR characterization,
bacteria were grown in M9 minimal medium supplemented with 1 g/liter
1>NH,CI as the sole nitrogen source. The *N-labeled recombinant pro-
tein was purified, and the His, tag was cleaved with TEV protease as
described above. The rDbpA proteins were then concentrated to a final
volume of 2 ml and resolved on a HiLoad 16/60 Superdex 75 gel filtration
column by FPLC. The protein was eluted with 50 mM sodium phosphate,
50 mM NaCl (pH 6.5), and samples of the fractions containing protein
were analyzed by SDS-PAGE to assess purity. Data were collected on 500
M protein samples in 50 mM sodium phosphate, 50 mM NaCl (pH 6.5)
at 25°C. 'H, "N heteronuclear single quantum coherence (HSQC) spec-
tra of labeled protein were acquired by using a Varian Inova 500-MHz
spectrometer and utilizing NMRPipe (66) and NMRView (67) for data
processing and analysis, respectively.

Transformation of B. burgdorferi. Electroporation of the B. burg-
dorferi BbKH500 dbpBA mutant with the pJD51 shuttle vectors carrying
the dbpA lysine point mutants was carried out as previously described
(68). Streptomycin-resistant (Strep”) clones were confirmed by DNA se-
quence analysis of the transformed shuttle vector and PCR-based profil-
ing to assess the endogenous borrelial plasmid content (47). Confirmed
clones were designated according to the DbpA lysine mutation that
each transformant carried; BbDbpA s, o, BbDbpAyg,4, BbDbpAy 54as
BbDbpA; 634 BDDDPA; 704, OF BDDbPAy;774-

Mouse infection experiments. The University of Arkansas for Medi-
cal Sciences (UAMS) is accredited by the International Association for
Assessment and Accreditation of Laboratory Animal Care (AAALAC),
and all animal experiments were approved by the UAMS Institutional
Animal Care and Use Committee (IACUC). The infectivity of BbKH500
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TABLE 3 Data collection, phasing, and refinement statistics for DbpA structure

Statistic Value®

Data collection” (crystal [native/Se peak/Se inflection point])
Space group P4,/P2,2,2/P2,2,2
Unit cell constants (A) a=49.5,c=57.9/a=827,b=79.3,c=61.3/a=829,b=79.4,c=613
Energy (eV) 12,681.9/12,686.5/12,684.5

Resolution range (A)
Unique reflections (no.)
Multiplicity
Data completeness (%)
Rmerge (%)C
I/o(I)
Wilson B value (A?)
Phase determination
Anomalous scatterers
Figure of merit (61.3-2.40 A)
Refinement statistics
Resolution range (A)
No. of reflections, R,/ Ree
Data completeness (%)
Atoms (non-H protein/solvent)
Rwork (%)
Rfree (%)
RMSD bond length (A)
RMSD bond angle (°)
Mean B value (A?) (protein/solvent)
Ramachandran plot (%) (favored/additional/disallowed)”
Maximum-likelihood coordinate error
Missing residues

22.8-1.60 (1.64-1.60)/34.3-2.40 (2.46-2.40)/30.6-2.40 (2.46-2.40)
35,522 (1,861)/15,674 (1,071)/15,309 (1,057)

7.5 (3.3)/7.4 (7.7)/3.9 (4.0)

98.8 (87.9)/95.9 (99.9)/92.0 (97.1)

5.0 (63.1)/8.9 (21.2)/7.9 (27.1)

33.9 (1.7)/34.1 (11.4)/21.9 (4.8)

24.7/34.7/34.7

Se, 15 out of 18 possible sites
0.44

22.77-1.60 (1.68-1.60)
18,318/937 (2,319/130)
98.9 (93.0)

1,143/171

16.9 (24.4)

20.1 (27.3)

0.010

1.14

31.1/37.9

98.6/0.7/0.7

0.18

65-71, 176-181

“ Data for the outermost shell are given in parentheses.
b For SE, Bijvoet pairs were kept separate for data processing.

“Rierge = 100 3,20, — I)/2,2 0, » where the outer sum (h) is over the unique reflections and the inner sum (i) is over the set of independent observations of each unique

reflection.
@ As defined by the validation suite MolProbity (81).

and dbpA-complemented strains was assessed using the murine needle
challenge model of Lyme borreliosis (32, 47). Clones were grown to the
mid-log phase with antibiotic selection, at which time the bacterial density
in each culture was enumerated using dark-field microscopy. Three- to
4-week-old C3H/HeN (Harlan, Indianapolis, IN) mice were infected with
1.5 X 10° bacteria via intradermal injection. At 2, 6, and 10 weeks postin-
fection, ear punch, lymph node (brachial and inguinal), tarsal, and heart
tissue samples were collected from the mice and placed in BSK-II medium
containing borrelia antibiotic cocktail (Monserate Biotechology Group,
San Diego, CA). Skin, tibiotarsal, and heart samples were collected, stored
in RNAlater Stabilization Solution (Life Technologies, Carlsbad, CA), and
frozen at —80°C until analyzed by quantitative PCR (qPCR). Dark-field
microscopy was used to assess the growth of spirochetes in each of these
cultures 1 to 2 weeks postinoculation. Aliquots of growth-positive cul-
tures were transferred to fresh medium with antibiotic selection for geno-
typic confirmation of infectious clones (data not shown).

qPCR analysis of the spirochete tissue burden. To generate a copy
number standard for gPCR measurement of bacterial tissue burdens, a
fragment of the murine -actin gene was amplified using primers ActF-
STD and ActR-STD with C3H/HeN DNA (Table 2) (69). These primers
introduced a BamHI restriction site at one end. The amplicon was cloned
into pGEM-T Easy. A portion of flaB was then amplified using primers
flaBF-STD and flaBR-STD and Bb297 genomic DNA (gDNA) (Table 2),
which introduced BamHI restriction sites on both ends of the fragment.
The flaB amplicon was ligated into pGEM-T Easy containing the actin
fragment via the BamHI sites. The pGEM-T Easy::3-actin/flaB construct
was designated pJSB568.

For qPCR, DNA was extracted from skin, tibiotarsal, and heart sam-
ples from infected mice as previously described by Maruskova et al. (69).
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A High Pure PCR template preparation kit (Roche Applied Sciences, In-
dianapolis, IN) was used to extract DNA according to the manufacturer’s
instructions, except that 200 pg of collagenase (Sigma) was added during
lysis. Purified DNA was analyzed via qQPCR on a StepOnePlus Real Time
PCR System using TagMan Fast Advanced master mix (Life Technolo-
gies). The primer set and probe used to detect flaB were FlaB-ABI-F,
FlaB-ABI-R, and FlaB-ABI-Probe (Table 2). The primer set and probe
used to detect the B-actin gene were Act-ABI-F, Act-ABI-R, and Actin-
ABI-Probe (Table 2). The flaB and -actin probes were labeled on the 5’ end
with 6-carboxyfluorescein (FAM) and MAX Freedom dyes, respectively.
Both probes were 3" labeled with Towa Black FQ and internally quenched with
ZEN (Integrated DNA Technologies, Coralville, IA). A copy number stan-
dard curve using the pJSB568 flaB/[3-actin vector as the standard was used to
measure the number of flaB copies and to quantify spirochetal burdens. Bac-
terial burdens were reported as the number of flaB copies per 10° copies of
mouse (3-actin. Analysis of variance (ANOVA) models were used to compare
qPCR measurements between strains, and Tukey’s procedure was used to
perform pairwise comparisons (Prism v6.0c; GraphPad software).

In vitro growth analyses. B. burgdorferi cultures were inoculated to a
starting density of 10° spirochetes/ml and grown for 7 days at 37°C and pH
7.5. Beginning at 3 days postinoculation, spirochetes were counted daily
using dark-field microscopy to determine culture densities. For each cul-
ture and time point, bacteria were enumerated in 20 individual micro-
scope fields. To assess RpoS-dependent gene activation in B. burgdorferi,
bacteria were grown in BSK-II at pH 6.8 until they reached the stationary
growth phase (>10® bacteria/ml) (70). Bacteria were collected and pre-
pared for SDS-PAGE and immunoblot analysis as described below.

Proteinase K accessibility assay. Borrelia cultures were grown to the
late exponential growth phase. Cells were collected by centrifugation,
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FIG 1 Crystal structure of rDbpA. (A) Helix 1 is colored green, helix 2 is blue, helix 3 is red, helix 4 is cyan, and helix 5 is magenta. The lysine residues known
to be involved in GAG binding (K82, K163, and K170) are shown as yellow spheres, and the N and C termini are labeled. (B) Refined atomic displacement
parameters (ADP) from the X-ray structure mapped onto the structure of rDbpA. ADP values from low to high are colored from dark blue to red. The view on
the left is in the same orientation as in panel A, and the view on the right is rotated by 180°. (C) Electrostatic potential surface map of rDbpA revealing a positively
charged cleft in the vicinity of the GAG binding lysines. This view has been rotated slightly from the view in panel A for clarity.

washed twice with PBS, and suspended to a density of 2 X 10° cells/ml in
PBS. Spirochetes (1 X 10°) were treated with 200 g of proteinase K (10
mg/ml; Fisher Scientific, Pittsburgh, PA) or sham treated for 60 min at
room temperature. Proteinase K digestion was stopped by adding 15 .l of
phenylmethylsulfonyl fluoride (PMSF) (50 mg/ml in isopropanol;
Sigma), and samples were prepared for SDS-PAGE and immunoblotting.

SDS-PAGE and immunoblot analysis. SDS-PAGE and immunoblot-
ting were performed as previously described (47). A volume of cell lysate
equivalent to 2 X 107 bacteria was loaded in each gel lane. The molecular-
weight standard used for all immunoblots was All Blue Precision Plus
standard (Bio-Rad, Hercules, CA). For colorimetric detection of DbpA,

FlaB, and OspC, 4-chloro-1-naphthol was used as the substrate. Antibod-
ies used to detect DbpA, FlaB, and OspC were described in prior studies
(47,71).

Protein structure accession number. The coordinates and structure
factors for DbpA have been deposited in the Research Collaboratory for
Structural Bioinformatics Protein Data Bank (PDB) under the PDB ID
40NR.

RESULTS AND DISCUSSION

rDbpA adopts a four-helical-bundle fold. In the present study,
we sought to expand our knowledge of DbpA by solving the struc-

TABLE 4 Kinetic data and dissociation constants for the interaction of rDbpA proteins with decorin or dermatan sulfate determined by SPR and

quantitative ELISA

Protein Ligand K, (uM)* K, (uM)? k., (10" s M™1)? ko (s7H?

rDbpA Decorin 0.32 = 0.05 0.29 = 0.06 35.05 = 6.15 0.099 £ 0.003
Dermatan sulfate 0.47 = 0.05 0.46 = 0.08 5.21 £ 0.16 0.024 = 0.004

rDbpAgs; 4 Decorin 0.74 = 0.05 0.79 £ 0.03 12.6 £ 1.70 0.099 = 0.018
Dermatan sulfate 1.45 = 0.37 1.17 = 0.28 2.57 = 0.32 0.030 = 0.003

rDbpAgsaa Decorin NB¢ NB NB NB
Dermatan sulfate NB NB NB NB

tDbpAg 2un Decorin 0.28 * 0.04 0.28 = 0.14 29.25 * 7.50 0.084 * 0.01
Dermatan sulfate 0.47 = 0.02 0.54 = 0.11 5.92 £ 0.53 0.032 £ 0.009

rDbpAg e3a Decorin NB NB NB NB
Dermatan sulfate NB NB NB NB

rDbpAg;0a Decorin NB NB NB NB
Dermatan sulfate NB NB NB NB

rDbpAg s7a Decorin 0.30 * 0.03 0.20 = 0.06 3570 + 1.10 0.071 * 0.004
Dermatan sulfate 0.48 = 0.04 0.53 £ 0.09 3.34 £ 0.18 0.018 = 0.004

“ Calculated from the ELISA experiments shown in Fig. S1 in the supplemental material. The K values are the means * standard deviations (SD) from three independent

experiments.

b Calculated from the SPR experiments shown in Fig. S2 in the supplemental material. k,,,, association rate constant; kg, dissociation rate constant. The Ky, k, ., and kg values are

the means = SD from three independent experiments.

¢ NB, no binding. rDbpAgg, 4, IDbpAg; 634, and rDbpAy 5, bound decorin and dermatan sulfate so poorly that curve-fitting software could not accurately calculate the K, k,,,
and k¢ values. Since these values were not available, it was not possible to do a statistical analysis of decorin or dermatan sulfate binding between these mutants and WT DbpA.
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ture of DbpA from B. burgdorferi strain 297 using X-ray crystal-
lography. A nonlipidated form of Bb297 rDbpA was expressed in
E. coli, and crystals of a proteolytic fragment of rDbpA were grown
using the vapor diffusion method in hanging-drop mode. The
structure of the proteolytic fragment of rDbpA that encompasses
residues 26 to 175 was determined at a resolution of 1.60 A via a
combination of single-wavelength anomalous dispersion and mo-
lecular replacement (Table 3). Analogous to the structure deter-
mined via NMR methods (54), rDbpA is a monomer and contains
an up-down four-alpha-helical bundle (Fig. 1A), with a fifth helix
packed against helices 2, 3, and 4. Residues 65 to 71 of the flexible
loop between helices 1 and 2 were disordered in the electron den-
sity map and were not modeled. An alignment of the X-ray coor-
dinates via DaliLite (72) with the deposited NMR coordinates
(PDBID 2LQU) yielded a root mean square deviation (RMSD) of
2.2 A for 143 equivalent C-alpha atoms and a Z-score of 15.4.
Mapping of the refined atomic displacement parameters (B fac-
tors) on the X-ray structure show that the largest values occur at
the ends of helices 1, 2, and 5 and along the distal surface of helix
1 (Fig. 1B). This is in contrast to the published NMR study by
Wang (54), which indicated that helix 4 may undergo more inter-
nal motion than the other helices. The larger values for atomic
displacement parameters found in helix 1 do not appear to be an
artifact of crystalline lattice packing, as the solvent content of the
lattice is quite low (approximately 40%) and the largest solvent
channel is in the vicinity of the disordered loop.

The three lysine residues (K82, K163, and K170) identified as
essential for decorin binding in vitro interaction studies (52) are
mapped to a common positively charged cleft near the disordered
helix 1-helix 2 loop (Fig. 1C). Additional lysines mutated in this
study either are solvent exposed on the outer surface of the protein
distal to the disordered loop (e.g., K51 and K124) or were not
located in the electron density at the C terminus of the molecule
but would be too distant from the positively charged cleft to con-
tribute to substrate binding (K177). The proximity of the flexible
lysine side chains in the positively charged cleft provides a useful
motif for interaction with the GAG of decorin, and the high mo-
bility of the helix 1-helix 2 loop allows easy accessibility of the
substrate to the cleft.

Contribution of conserved lysine residues in DbpA to der-
matan sulfate binding. I vitro binding studies identified several
lysine residues in DbpA that were involved in mediating adher-
ence to decorin. Specifically, lysines K82, K163, and K170 are ab-
solutely essential for decorin binding (52), and the structural data
(Fig. 1) (54) confirmed that these critical lysines are located on
proximal unique alpha helices that form a basic pocket in which
GAGs are speculated to bind. To confirm that these lysine muta-
tions had the intended effect on decorin binding, we first gener-
ated recombinant DbpA protein for wild-type DbpA and each of
the lysine mutants. In addition to K82, K163, and K170, several
conserved lysine residues in DbpA that have not been implicated
in decorin binding were also targeted (52). Overlap extension PCR
was used to mutate individual lysine codons in the dbpA ORF
to alanine, which were then expressed and purified as N-termi-
nally Hisg-tagged recombinant proteins: rDbpAys; », IDbpAgg, 4,
rDbpAg 244 TDDPAK 634 TDDPAK; 704, and rDbpAg,,,4. Decorin-
binding activities of the rDbpA derivatives were quantitatively
measured by both ELISA and quantitative SPR (Table 4; see Fig. S1
and S2 in the supplemental material). As shown in Table 4,
rDbpAgsia TDbpAk 54a> and rDbpAg,,,, bound decorin at
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FIG 2 Superposition of "H-""N HSQC spectra of rDbpA,,r and rDbpA lysine
point mutants. The NMR spectra of '°N-labeled rDbpA 1 (black), rDbpA g,
(red), rDbpA 434 (blue), and rDbpAy 0, (green) were determined, and each
of the lysine mutant spectra was overlaid relative to rDbpA, . to assess changes
in protein structure. The data were collected from a single analysis of each
recombinant protein.

levels comparable to rDbpAy;. In contrast, rDbpAgg,a,
rDbpAK; 434, and rDbpAg, ;o4 exhibited no decorin binding, con-
firming that K82, K163, and K170 of DbpA are essential for inter-
action with decorin. The reduction in binding with rDbpAgg, 4,
rDbpAK 454, and rDbpAg, ;04 at 0.25, 0.5, and 1 WM decorin was
statistically significant relative to rDbpA,y (see Fig. S1 in the sup-
plemental material). Since the GAGs associated with the protein
core mediate the interaction between decorin and DbpA, we also
wanted to assess the interaction of each of these mutants with
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TABLE 5 Infectivity of B. burgdorferi dbpA lysine point mutants in C3H/HeN mice during early infection

No. of positive cultures/total

No. of positive

Strain Ear punch Lymph nodes” Heart Tibiotarsal All sites mice/total
BbKH500" 0/5 0/5 0/5 0/5 0/20 0/5
BbKH501 5/5 5/5 5/5 4/5 19/20 5/5
BbDbpAgs,» 5/5 5/5 5/5 4/5 19/20 5/5
BbDbpAgg,a” 0/5 0/5 0/5 0/5 0/20 0/5
BbDbpA s 5/5 5/5 5/5 4/5 19/20 5/5
BbDbpAg,¢34° 0/5 0/5 0/5 0/5 0/20 0/5
BbDbpAg, 704" 0/5 0/5 0/5 0/5 0/20 0/5
BbDbpA s 5/5 4/5 4/5 4/5 17/20 5/5

@ A single brachial and inguinal lymph node were collected from each mouse and cultured together.
b The reduction in infection rates observed in individual tissues, at all sites, and the overall number of positive mice were statistically significantly different from BbKH501 (P <

0.05 based on Fisher’s exact test).

dermatan sulfate. In agreement with the decorin-binding data,
rDbpAgs; > TDbpAk 24a> and rDbpAg,;,4 bound dermatan sul-
fate at levels equivalent to rDbpA,, 1, while dermatan sulfate bind-
ing was completely abolished with rDbpAyg, , TDbpAK; ¢34, and
rDbpAg - The reduced binding at 0.5, 1, and 2 pM dermatan
sulfate with rDbpAyg, 4, IDbpAK; ¢34, and rDbpA 50, Was statis-
tically significant relative to rDbpA,y (see Fig. S1 in the supple-
mental material). Taken together, these results agree with those of
previous decorin-binding studies and indicate that K82, K163,
and K170 of DbpA are essential for interaction with the dermatan
sulfate moiety of decorin (52).

While the previous data suggest that these three lysine residues
contribute to decorin and dermatan sulfate binding, it is possible
that these substitutions could have altered binding activity by trig-
gering structural changes that destabilized the DbpA protein. To
confirm that the lysine mutations did not significantly alter the
structure of DbpA, rDbpAr, rDbpAgg,a, rDbpAKi 44, and
rDbpAy .o, Were expressed as '’N-labeled recombinant proteins,
purified, and analyzed by NMR (Fig. 2). The "H-">N HSQC spec-
tra for rDbpAg,, TDbpAg; ¢34, and rDbpAy 04 were then super-
imposed on that of rDbpA,y to assess gross structural variations
between the individual lysine mutants and wild-type DbpA. Com-
parisons revealed that DbpAgg,,, DbpAgigesa, and DbpAg ,oa
were correctly folded, suggesting that these lysine mutations had
little or no impact on the overall protein conformation and that
K82, K163, and K170 are directly involved in DbpA binding to
dermatan sulfate.

Contributions of conserved lysine residues in DbpA during
infection. While the contributions of lysines K82, K163, and K170
to the binding of decorin and dermatan sulfate have been demon-
strated in vitro (52), it has not been assessed whether the impaired
in vitro binding observed with these mutants correlates with a
defect in B. burgdorferi infectivity. To test this, overlap extension
PCR was used to mutate individual lysine codons to alanine (e.g.,
K51, K82, K124, K163, K170, and K177) in the dbpA ORF of
pKH2000, a borrelial shuttle vector that encodes the native pro-
moter for the dbpBA operon fused directly to the dbpA ORF. Prior
studies confirmed that transformation of the B. burgdorferi dbpBA
mutant, BbKH500, with pKH2000 is sufficient to restore dbpA
expression and infectivity to the mutant (47). BbKH500 was
transformed with each of the shuttle vectors carrying the lysine
variants to generate BbDbpAys;,, BbDbpAgg,, BbDbpAiis4as
BbDbpAg; 634 BbDbpAk;04> and BbDbpAg ;7.

To assess the impacts of these DbpA lysine mutations on infec-
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tivity, groups of five C3H/HeN mice were needle challenged with
one of the six clones expressing the individual dbpA lysine mu-
tants. As controls, groups of mice were also infected with the
BbHK500 dbpBA mutant and BbKH500 complemented with the
shuttle vector carrying the wild-type dbpA (BbKH501) (47). At 2
weeks postinfection, animals were sacrificed, and ear punch,
lymph node, tibiotarsal, and heart tissue samples were collected
for culture. The infection results are summarized in Table 5. As
seen in previous studies (47), spirochetes could not be cultured
from mice infected with BbKH500, and complementation of
BbKH500 with pKH2000 expressing wild-type dbpA (BbKH501)
restored the infectivity of this mutant. Similar to BbKH500, spi-
rochetes were not recovered from mice infected with the lysine
mutant strain BbDbpA g, 4, BDbDbpAy ¢34, 0r BbDbpAg,794. This
noninfectious phenotype was specific for these three lysine mu-
tants because infection rates with BbDbpAgs;,, BbDbpAg s4a,
and BbDbpAg,,,» were equivalent to that observed with
BbKHS501. To further evaluate the infectivity of the DbpA lysine
mutants, spirochete burdens in skin, tibotarsal, and heart tis-
sue samples collected at 14 days postinfection were measured
via qPCR from mice infected with BbKH500, BbKH501,
BbDbpAgsia, BbDbpAgsya,  BbDbpAgis4n,  BbDbpAgissa,
BbDbpAg, 704>, Or BbDbpAy,,,, (Fig. 3). qPCR results demon-
strated that bacterial burdens were undetectable in tissues isolated
from BbKH500, BbDbpAg, 4, BbDDbpAy ¢34, and BbDbpAg,7o4-
In contrast, spirochete burdens in analyzed tissues from
BbDbpAgs; 4, BbDbpAg; 544, and BbDbpAy,,,, were comparable
to those fromBbKH501.

While the colonization data from 14 days postinfection sug-
gested that BbDbpAyg,,, BbDbpAyiesa, and BbDbpAy, ;0. are
noninfectious, prior studies have shown that the dissemination
defect observed in mice infected with a dbpBA mutant was not
evident if the infection was allowed to progress to the later
stages (50, 51). To evaluate the impact of these DbpA lysine mu-
tations during chronic infection, groups of 10 C3H/HeN mice
were needle challenged with BbKH500, BbKH501, BbDbpAgg,»
BbDbpAg 434 0F BbDbpAy, 50, at a dose of 10° bacteria. Ear
punch tissues were collected from all animals at 2 weeks postin-
fection to assess early infection (Table 6). In agreement with Table
5, spirochetes were not recovered from mice infected with
BbKH500, BbDbpAgg,s, BbDbpAgig34, 0r BbDbpAg ;04 at 2
weeks postinfection. At six and 10 weeks postinfection, ear punch,
lymph node, tibiotarsal, and heart samples were collected from
five mice and cultured (Table 6). In contrast to the results of Imai
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FIG 3 Spirochete burdens in tissues from mice infected with B. burgdorferi
expressing lysine point mutants. Tissues were collected at 2 weeks postinfec-
tion from mice needle inoculated with BbKH500, BbKH501, BbDbpAgs, A,
BbDbpAgsza, BbDbPAy 544, BbDbPAy 634, BDDbPAk 704, 0F BbDbPAK, 774
ata dose of 10° spirochetes. DNAs from tissue samples were analyzed by gPCR
to measure spirochete burdens and are represented as copies of flaB/10° copies
of mouse B-actin. The results from skin (A), tibiotarsal (B), and heart (C)
tissues are derived from a single infection experiment (n = 5 mice for each
strain). The results represent the mean values from two independent assays,
with each sample measured in triplicate during each assay. The error bars represent
standard errors of the mean (SEM). Statistical significance was determined by
ANOVA and Tukey’s procedure. The asterisks indicate a statistically signifi-
cant difference relative to BbH501 within a given tissue set (P < 0.05).

etal. (51), no spirochetes were recovered from mice infected with
the BbKH500 dbpBA mutant at either time point. Additionally, no
spirochetes were recovered from mice infected with BbDbpAyg, 4,
BbDbpAg 634> 0r BbDbpAg 50, at 6 or 10 weeks postinfection.
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Infectivity was restored in mice infected with BbKH501 at 2, 6, and
10 weeks postinfection. Imai et al. also described a specific defect
in the ability of the dbpBA mutant to disseminate through the
lymphatic system (51). Our findings demonstrated a similar de-
fect, since lymph nodes were taken from both a proximal (brachial
lymph node) and a distal (inguinal lymph node) site in relation to
the site of inoculation, and no spirochetes were recovered in these
cultures. Taken together, these data suggest that the loss of bind-
ing observed in vitro upon mutation of K82, K160, and K163 cor-
relates with significant attenuation of the lysine mutants during
both early and late stages of mammalian infection, and unlike the
results observed with the strain B31 dbpBA mutant, this defect was
not overcome during chronic infection with the strain 297 dbpBA
mutant.

B. burgdorferi strains in which dbpA has been inactivated
are unable to infect mice (47-50); therefore, to confirm that
loss of infectivity with strain BbDbpAyg,,, BbDbpAg 634, OF
BbDbpAg, ;04 Was not due to aberrant expression or localization
of the mutated DbpA proteins, a number of in vitro studies were
performed. In vitro growth curve analyses comparing Bb297 and
BbKH501 to each of the attenuated lysine mutant clones deter-
mined that their growth rates were similar; therefore, the loss of
infectivity observed with BbDbpAgg,s, BbDbpAgiesa, oOr
BbDbpAg, ;04 Was not due to a general growth defect in the point
mutant strains (see Fig. S3 in the supplemental material). The
attenuated phenotypes of BbDbpAgg,n, BbDbpAg esa, and
BbDbpAg, 704 could also be due to these mutated dbpA alleles not
being properly expressed during infection. While it is difficult to
directly assess dbpA expression in vivo, it is possible to grow B.
burgdorferi in vitro under conditions known to induce rpoS-de-
pendent expression of dbpBA (e.g., elevated temperature and re-
duced pH [41, 70, 73]). Cultures of BbDbpAyg, A, BbDbpAg;esa
or BbDbpA,,,, were grown at pH 7.5 and 6.8, and induction of
DDbpA production was evaluated using immunoblotting (Fig. 4).
The production of OspC, an outer surface lipoprotein of B. burg-
dorferi known to be activated by rpoS (70, 73), was assessed as a
positive control. When cultured at pH 6.8, all of the clones carry-
ing the DbpA lysine point mutants showed elevated OspC and
DDbpA at levels comparable to that observed with BbKH501. The
noninfectious phenotype of BbDbpAgg,,, BbDbpAgigsa, OF
BbDbpAg, ;04 could also be attributed to the mutated DbpA pro-
teins not being properly localized to the bacterial surface, where
they can interact with host GAGs. To assess surface localization,
bacteria were subjected to proteinase K digestion and then immu-
noblotted for DbpA. In all strains expressing dbpA, levels of DbpA
decreased significantly when the cells were treated with proteinase
K, suggesting that DbpA was appropriately localized on the cell
surface (Fig. 5). Immunoblot detection of FlaB was included as a
control to confirm that the outer membranes of the cells remained
intact and only outer surface proteins were digested. Taken to-
gether, these data support the conclusion that loss of infectivity in
BbDbpAgg,a, BbDbpAyi434, 0r BbDbpAy, 50, Was due to the im-
pact of the lysine mutations on decorin/dermatan sulfate binding
and was not due to an unknown secondary effect of these lysine
residues on overall dbpA expression or adhesin localization.

Summary and conclusions. There is a growing consensus that
NMR and crystallographic methods of structural determination
are complementary and should be pursued in tandem to fully
elucidate the structures of proteins of interest (74, 75). Therefore,
we utilized X-ray crystallography to confirm the previously pub-
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TABLE 6 Infectivity of B. burgdorferi dbpA lysine point mutants in C3H/HeN mice during chronic infection

No. of positive cultures/total

No. of days No. of positive
Strain postinfection Ear punch Lymph nodes® Heart Tibiotarsal All sites mice/total
BbKH500 14 0/10° ND¢ ND ND 0/10° 0/10°

42 0/5 0/5° 0/5° 0/5 0/20° 0/5°

70 0/5" 0/5" 0/5" 0/5" 0/20° 0/5"
BbKH501 14 10/10 ND ND ND 10/10” 10/10”

42 3/5 4/5 5/5 3/5 15/20° 5/5°

70 5/5 5/5 5/5 5/5 20/20° 5/5"
BbDbpAg,a 14 0/10° ND ND ND 0/10° 0/10°

42 0/5 0/5° 0/5° 0/5 0/20° 0/5°

70 0/5" 0/5" 0/5" 0/5" 0/20° 0/5"
BbDbpAg ¢34 14 0/10° ND ND ND 0/10° 0/10"

42 0/5 0/5" 0/5" 0/5 0/20° 0/5"

70 0/5° 0/5" 0/5° 0/5" 0/20° 0/5"
BbDbpA,70a 14 0/10° ND ND ND 0/10° 0/10°

42 0/5 0/5° 0/5° 0/5 0/20° 0/5°

70 0/5" 0/5" 0/5" 0/5" 0/20° 0/5"

@ A single brachial and inguinal lymph node were collected from each mouse and cultured together.
¥ The reductions in infection rates were statistically significantly different from BbKH501 (P < 0.05 based on Fisher’s exact test).

“ND, not determined.

lished NMR structure for DbpA (54). Although the flexible loop
between helices 1 and 2 that contains a BXBB (where B is a basic
amino acid) motif recently shown to contribute to GAG binding
(76) could not be modeled in the X-ray structure, the two struc-
tures were very similar and confirmed the clustering of lysine res-
idues on helices 2 (e.g., K82) and 5 (e.g., K163 and K170) in an
exposed binding cleft near the C terminus of the adhesin. In ad-
dition, recombinant DbpA proteins containing mutations in K82,
K163, or K170 demonstrated a complete loss of decorin and der-
matan sulfate binding during in vitro binding experiments (52),
and this binding defect correlated with significant attenuation ob-
served in B. burgdorferi strains expressing dbpAyg, s, dbpAgiesas
and dbpA 70, during murine infection. Considering that a num-
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FIG 4 Assessment of DbpA expression in B. burgdorferi expressing lysine
point mutants. Shown is immunoblot analysis of DbpA, OspC, and FlaB in
Bb297, BbKH500, BbKH501, BbDbpAgsy s, BB(DbpAg 3 and BbDbpAg 04
The strains were cultivated in vitro at pH 7.5 or 6.8 to induce production of
DDbpA. Antibodies used to detect the respective proteins are indicated on the
right. The values on the left denote relevant molecular masses (kDa) of the
standard (lane M). Samples from three independent biological replicates were
analyzed and shown to yield similar results. Depicted is an immunoblot from
one of these biological replicates.
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ber of B. burgdorferi surface proteins have been shown to interact
with multiple host ligands (e.g., DbpA [35, 40, 76], OspC [77, 78],
Bgp [18], and CRASP-1 [23, 79]), it remains possible that K82,
K163, or K170 mediates interaction of DbpA with additional un-
identified host ligands. However, these data support early studies
showing the importance of decorin binding during mammalian
infection (80). The findings are also in agreement with studies
showing that a B. burgdorferi strain expressing a dbpA allele lack-
ing the 11 C-terminal amino acids, which is unable to bind
decorin or dermatan sulfate (35), is also noninfectious in mice
(J.M. Leong, unpublished results).

Similar to the results of Imai et al. (51), BbKHS500,
BbDbpAgg,a, BbDbpAg 634, and BbDbpAy, ;0. could not be re-
covered from the brachial (proximal) or inguinal (distal) lymph
nodes, which is supportive of their hypothesis that DbpA is im-
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FIG 5 Confirmation of surface localization of DbpA in B. burgdorferi express-
ing lysine point mutants. BbKH500, BbKH501, BbDbpAg, 4, BbDbpA 43,
and BbDbpAy ., were grown in vitro at pH 7.5 to the late exponential growth
phase. Whole-cell lysates from intact bacteria subjected to proteinase K diges-
tion (+) or mock treated (—) were analyzed by immunoblotting. Antibodies
used to detect the respective proteins are indicated on the right. The values on
the left denote relevant molecular masses (kDa) of the standard (lane M).
Samples from three independent biological replicates were analyzed and
shown to yield similar results. Depicted is an immunoblot from one of these
biological replicates.
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portant for dissemination via the lymphatic system. Recent stud-
ies have shown that the infectivity defect observed with dbpA
knockouts in the strain B31 background could be overcome dur-
ing later stages of infection (50, 51), which is presumably due to
compensation by another bacterial adhesin(s) or alternate mech-
anisms of dissemination. It should be noted that our results dem-
onstrated that BbDbpAgg,,, BbDbpAgi¢3a, and BbDbpAg,,0a
were noninfectious during both the early and chronic stages of B.
burgdorferi infection. Considering that DbpA is a prominent an-
tigen (41-46), one possible explanation is that BbDbpAgg,a,
BbDbpAg 634, and BbDbpA ;04 €xpress a nonfunctional adhesin
that affords no dissemination benefit and the bacteria would be
recognized and cleared by the humoral response. However, the
fact that the BbKH500 dbpBA mutant also could not be recovered
from mice at 10 weeks postinfection puts this conclusion into
question. At this time, we are unable to definitively reconcile the
disparate phenotypes observed during persistent-infection stud-
ies. Because the same challenge dose was employed in each of these
studies (10° bacteria), it does not appear to be a result of an inoc-
ulum difference. One possible explanation for these variations
could be the different parental strain used in our study (e.g.,
Bb297) versus clonal derivatives of strain B31 (e.g., B31-A3 or
ML23), so that the compensatory bacterial adhesin(s) or alterna-
tive dissemination mechanisms in strain B31 are more effective
than those in strain 297. Future analysis of the function of DbpA in
B. burgdorferi should include a comprehensive and comparative
analysis of these different dbpBA mutants in a single challenge
study to assess whether strain-dependent differences exist regard-
ing the relative contribution of dbpBA during chronic infection.
Because our prior studies, albeit a relatively limited assessment of
systemic colonization, have shown that BbKH500 can infect mice
when challenged via tick feeding, future dbpBA mutant compari-
sons in mice should also employ the tick colonization and feeding
model. Despite the discrepancy regarding the phenotype of the
dbpBA mutant during chronic infection, these data clearly dem-
onstrate that lysines K82, K163, and K170 are required for binding
of DbpA to dermatan sulfate and that the interaction(s) mediated
by these lysines is critical during B. burgdorferi murine infection.
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