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The spirochete which causes Lyme disease, Borrelia burgdorferi, has many features common to other spiro-
chete species. Outermost is a membrane sheath, and within this sheath are the cell cylinder and periplasmic
flagella (PFs). The PFs are subterminally attached to the cell cylinder and overlap in the center of the cell. Most
descriptions of the B. burgdorferi flagellar filaments indicate that these organelles consist of only one flagellin
protein (FlaB). In contrast, the PFs from other spirochete species are comprised of an outer layer of FlaA and
a core of FlaB. We recently found that a fla4 homolog was expressed in B. burgdorferi and that it mapped in
a fla/che operon. These results led us to analyze the PFs and FlaA of B. burgdorferi in detail. Using Triton X-100
to remove the outer membrane and isolate the PFs, we found that the 38.0-kDa FlaA protein purified with the
PFs in association with the 41.0-kDa FlaB protein. On the other hand, purifying the PFs by using Sarkosyl
resulted in no FlaA in the isolated PFs. Sarkosyl has been used by others to purify B. burgdorferi PFs, and our
results explain in part their failure to find FlaA. Unlike other spirochetes, B. burgdorferi FlaA was expressed
at a lower level than FlaB. In characterizing FlaA, we found that it was posttranslationally modified by
glycosylation, and thus it resembles its counterpart from Serpulina hyodysenteriae. We also tested if FlaA was
synthesized in a spontaneously occurring PF mutant of B. burgdorferi (HB19Fla—). Although this mutant still
synthesized flaA message in amounts similar to the wild-type amounts, it failed to synthesize FlaA protein.
These results suggest that, in agreement with data found for FlaB and other spirochete flagellar proteins, FlaA
is likely to be regulated on the translational level. Western blot analysis using Treponema pallidum anti-FlaA
serum indicated that FlaA was antigenically well conserved in several spirochete species. Taken together, the
results indicate that both FlaA and FlaB comprise the PFs of B. burgdorferi and that they are regulated

differently from flagellin proteins of other bacteria.

Lyme disease is a tick-transmitted illness caused by the spi-
rochete Borrelia burgdorferi. It is the most prevalent vector-
borne bacterial disease in the United States. In 1996, there was
a 41% increase in confirmed cases over the previous year (12).
B. burgdorferi is morphologically similar to other spirochetes;
within the outer membrane sheath, several periplasmic flagella
(PFs) wrap around the protoplasmic cell cylinder (5, 30).
These PFs have an essential role in motility and cell morphol-
ogy (30, 31, 63). One striking feature of B. burgdorferi and
other spirochetes is their capacity to efficiently swim in a vis-
cous gel-like medium such as connective tissue where other
bacteria are slowed down or immobilized (31, 40); this invasive
attribute may facilitate their passage through the extracellular
matrix and cell junctions in infected tissues (40, 63).

The spirochete PF apparatus is similar to the flagellum of
other bacteria; it has a filament, hook, and basal body (5, 6, §,
14, 33, 34, 44). The PFs of most spirochetes are comprised of
a class of core proteins referred to as FlaB and a class of outer
layer proteins referred to as FlaA (7, 8, 14, 15, 41, 42, 46, 54,
55, 61, 69). Both FlaA and FlaB are among the most abundant
cell proteins (42, 46, 55). Depending on the species, the PFs
consist of one to two different FlaA proteins and two to four
different FlaB proteins (8, 14, 42, 46, 54, 55, 69). FlaB proteins
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show sequence similarity to the flagellin proteins from other
bacteria and are evidently excreted by the flagellin-specific
pathway (9, 14, 54, 55). On the other hand, FlaA proteins show
no homology to other proteins and are most likely excreted to
the periplasm by the secA-mediated pathway (9, 35, 41, 54). In
addition, there is some evidence for glycosylation of PFs.
Based on lectin binding results, Brahamsha and Greenberg
suggest that a minor FlaB protein may be glycosylated in Spi-
rochaeta aurantia (8). Most recently, FlaA from Serpulina hyo-
dysenteriae (46) has been shown by several criteria to be post-
translationally modified by glycosylation.

For over a decade, both ultrastructural analysis and bio-
chemical isolation and characterization indicated that the PF
filaments of B. burgdorferi differed from those of other spiro-
chetes. These PFs were said to be comprised primarily of a
41-kDa FlaB protein (5, 6, 14, 16). However, we recently found
a flaA homolog in B. burgdorferi which mapped in a flagellum/
chemotaxis operon (fla/che) (20, 23). In addition, B. burgdorferi
flaA was found to be expressed in growing cells, and the en-
coded protein reacted with an antiserum directed to FlaA of T.
pallidum (23).

In this study, we examined whether B. burgdorferi FlaA is
associated with the PFs, and we also characterized FlaA in
detail. Using a new procedure to isolate the PFs, we found that
FlaA purified along with the PFs. These results, along with the
analysis of a spontaneously occurring PF-deficient mutant,
HB19Fla—, isolated by Sadziene et al. (63), indicate that FlaA
is a PF protein. We also analyzed the transcription and trans-
lation of flaA in the wild type and HB19Fla—. The results
indicate that expression of both flaB (63) and flaA is likely to

2418



Vor. 180, 1998

be controlled at the translational level. Finally, we present
evidence that FlaA of B. burgdorferi is glycosylated and that it
is antigenically similar to its counterparts from other spiro-
chete species.

MATERIALS AND METHODS

Bacterial strains. The strains of B. burgdorferi senso stricto (3) include 212
(17), HB19 and HB19Fla— (64), and B31 (39). B. burgdorferi cells were grown in
BSK-II medium without gelatin (4). S. hyodysenteriae B204 (61), Treponema
denticola 33520, and the PF-deficient flgE mutant HL51 were cultured as previ-
ously described (45, 62). Other spirochete cell pellets or lysates were from the
following sources: Borrelia afzelii VS461, Borrelia garinii G2, and Borrelia hermsii
HS1 from T. Schwan (Rocky Mountain Laboratories, Hamilton, Mont.), Trepo-
nema phagedenis Kazan 5 and T. pallidum subsp. pallidum from R. Limberger
and K. Wicher (Wadsworth Center for Laboratories and Research, Albany,
N.Y.), and Spirochaeta aurantia M1 from E. P. Greenberg (University of Iowa,
Towa City).

DNA and RNA manipulation. Unless noted, all procedures for genetic ma-
nipulations were carried out according to standard methods (2). The PCR was
done with PrimeZyme (Biometra) DNA polymerase (24). The amplified PCR
products were cloned into pGEM-T vector (Promega) for further manipulation.
Reverse transcription-PCR (RT-PCR) was performed by using the Promega
RT-PCR Access system as previously reported (27, 28).

RNase protection assays were carried out according to standard procedures,
using a Hybspeed RPA kit from Ambion (68). Briefly, primers to the B. burg-
dorferi flaA (GenBank accession no. U62900) and 16S rRNA (GenBank acces-
sion no. L40596) genes were used to amplify specific regions by PCR. The
amplified regions (305-bp flaA, 354-bp rRNA) were cloned into pGEM-T, and
the plasmids were then linearized with either PstI, Sall, or Sphl. Antisense
riboprobe was synthesized with [a->’PJUTP (Amersham) by using an in vitro
transcription kit (Ambion) and purified by using a 5% polyacrylamide-8 M urea
gel. Total cellular RNA was extracted and purified from 1 liter of cells, using an
RNeasy Mini Kit from Qiagen. Hybridizations and RNase A and RNase T,
digestions were carried out as described for the Hybspeed RPA kit. Protected
fragments were separated on 5% polyacrylamide—8 M urea denaturing gels and
were analyzed both by autoradiography and quantitatively with a Molecular
Dynamics PhosphorImager.

Electrophoresis, immunoblotting, and recombinant protein purification. So-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was car-
ried out as previously reported (23, 28). T. pallidum and S. hyodysenteriae poly-
clonal anti-FlaA antisera have been previously described and were obtained from
S. Norris (University of Texas Medical School, Houston) and M. Jacques (Uni-
versity of Montreal, Montreal, Quebec, Canada), respectively (23, 29, 46, 54).
Monoclonal antibody to S. aurantia FlaA (.3E9F6) was obtained from E. P.
Greenberg (8), monoclonal antibody to 7. pallidum FlaA (H9-2) was obtained
from J. Radolf (Southwestern Medical School, Dallas, Tex.) (50), and monoclo-
nal antibody H9724 to B. burgdorferi FlaB (6) was obtained from A. Barbour
(University of California, Irvine). Western blot assays were performed as previ-
ously described, using the Amersham ECL (enhanced chemiluminescence) sys-
tem (23, 24, 28, 29). Primary antibodies were usually diluted from 1:1,000 to
10,000. For monoclonal antibody H9724, we used a dilution of 1:2000; for T.
pallidum polyclonal anti-FlaA, we used a 1:5,000 dilution.

Purification of PFs and electron microscopy. The procedure for purification of
T. denticola PFs has been previously described (62). For the purification of B.
burgdorferi PFs, we used two PF isolation procedures. First, the PFs were isolated
by using a modified version of our previously described methods (44). One liter
of logarithmic phase cells (5 X 107 cells/ml) was harvested and washed twice in
200 ml of a cold phosphate buffer (0.13 M phosphate [pH 7.4]). Outer mem-
branes were removed by resuspending the pellet in 50 ml of 1% Triton X-100
followed by incubation at 37°C for 60 min (10). The cell cylinders were collected
by centrifugation and resuspended in 40 ml of phosphate-buffered saline (PBS).
To shear the PFs from the cell cylinders, the suspension was vortexed for 45 s
with 1-mm-diameter glass beads (Sigma). The cellular debris was removed by
centrifugation for 15 min at 15,000 X g for at 4°C. The PFs in the supernatant
were collected by centrifugation at 100,000 X g for 1 h at 10°C and stored at
—20°C (crude PF fraction). For further purification, the pellet was resuspended
in 7 ml of PBS-5 g of CsCl and centrifuged at 50,000 X g at 15°C for 50 h. The
band containing the PFs (density, 1.37 g/cm?) was collected and dialyzed over-
night against an excess volume of PBS (purified PF fraction).

The second protocol for PF purification is similar to one previously described
(6, 16). In brief, after three washes in PBS containing 5 mM MgCl,, the bacteria
were lysed with 30 ml of 2% N-lauroylsarcosine, sodium salt (Sarkosyl; Fisher
Scientific), in 10 mM Tris—-1 mM EDTA, pH 8.0 (2% STEDTA), for 1 h at 37°C.
The PFs were collected by centrifugation at 45,000 X g for 2 h at 25°C, and
resuspended in 2% STEDTA buffer, and incubated for 10 min at 37°C as before.
After centrifugation, the pellet was resuspended in 150 mM NaCl and sheared
with glass beads. The suspension was centrifuged at 150,000 X g for 90 min at
25°C, and the pellet containing the PFs was collected and resuspended in PBS.
The procedures used for electron microscopy have been previously described.
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PFs were negatively stained with 2% uranyl acetate for 1 min and examined in a
JEOL 100CS microscope (62).

Purification of FlaA. Native 38.0-kDa FlaA protein was isolated directly from
SDS-polyacrylamide gels for Western blots and glycoprotein detection (2). After
SDS-PAGE of the crude PFs, the appropriate protein bands were cut from the
gel and transferred into a dialysis bag with transfer buffer (25 mM Tris, 0.2 M
glycine, 15% methanol). The electroelution was performed at 100 V for 30 min.
The electroeluted protein was collected, concentrated, and stored for further
analysis.

Peptide analysis of FlaA. FlaA was identified by peptide mass fingerprinting
(38). A 5-pmol aliquot of protein was subjected to SDS-PAGE. After staining
with Coomassie blue R-250, the single band was excised from the gel and
digested with trypsin (60). The mixture of peptides released was subjected to salt
exchange by using a 1.5-cm by 0.25-mm guard column, containing Waters Delta-
Pak 300A, C4 stationary phase, packed by Microtech Scientific (Sunnyvale
Calif.). Peptides were eluted from the column directly onto a mass spectrometer
sample plate with a solution of 80% acetonitrile, 20% water, and 0.1% formic
acid. The masses of the tryptic peptides were measured with a Voyager DE
time-of-flight (TOF) mass spectrometer (Perseptive Biosystems, Inc., Framing-
ham, Mass.). Ionization by matrix-assisted laser desorption (MALDI) was per-
formed with a-cyano-4-hydroxycinnamic acid as the matrix. A precision of at
least =0.4 Da was achieved by using delayed extraction and by calibrating the
mass scale, using two fragments of trypsin as internal standards. Searching of the
mass values against the National Center for Biotechnology Information (NCBI)
database (revised 21 Dec. 1997) was performed with the MS-Fit program, avail-
able at http://prospector.ucst.edu/htmlucsf/msfit.htm. Protein identification was
confirmed by sequencing selected tryptic peptides. Sequence analysis was per-
formed by collisional dissociation (56) in a Quattro II triple-quadrupole mass
spectrometer (Micromass, Altrincham, Cheshire, England), using nanoelectro-
spray for sample introduction and ionization (70). Signals in the daughter ion
spectra were compared with those expected from the peptide sequences matched
in the mass fingerprinting experiments.

Glycoprotein detection. Several techniques were used for glycoprotein detec-
tion. First, the Amersham ECL glycoprotein detection system was used accord-
ing to the manufacturer’s instructions; this system is similar to that reported by
Doig et al. (18). Briefly, proteins were first separated by SDS-PAGE and then
transferred to a polyvinylidene difluoride membrane. The blot was then treated
with sodium metaperiodate, followed by reaction with a biotin X hydrazine
reactant. The biotinylated product was then detected by using streptavidin-
horseradish peroxidase and the ECL assay. Serum glycoprotein transferrin
served as a positive control. Recombinant FlaA (with a deletion of the N-
terminal signal sequence; amino acids 1 to 26) and FIiI proteins were overex-
pressed and purified as previously reported (28, 29). Second, glycosylation was
detected by using a digoxigenin (DIG)-glycan differentiation kit (Boehringer
Mannheim). Samples were subjected to SDS-PAGE and blotted with DIG-
labeled lectins and specific anti-DIG alkaline phosphatase conjugates. Reactions
were developed with 4-nitroblue tetrazolium chloride-5-bromo-4-chloro-3-in-
dolylphosphate. The lectins which were screened and their corresponding rec-
ognition sites include the following: GNA (from Galanthus nivalis, terminal
mannose); SNA (from Sambucus nigra, o-[2-6]-linked sialic acids), MAA (from
Maackia amurensis, o[2-3]-linked sialic acids), PNA (Arachis hypogaea, GalB[1-
3]GalNAc), and DSA, (B[1-4]-linked oligomers of N-acetylglucosamine and ter-
minal N-acetyllactosamine). Proteins were electrophoresed as previously de-
scribed. Known positive controls provided by the manufacturer were used in all
reactions and yielded expected results. Finally, native and recombinant N-glyco-
sidase F (N-glycosidase F* designates the recombinant form) from Flavobacte-
rium meningosepticum were used to test individual proteins while in solution as
described by the manufacturer (Boehringer Mannheim). Deglycosylations were
carried out with 6 mU of enzyme for 18 h at 37°C in 35 mM EDTA-35 mM
sodium phosphate, pH 6.1 (67). These proteins were subsequently electropho-
resed and stained by Coomassie brilliant blue or by specific lectins as described
above after SDS-PAGE and blotting.

RESULTS

Coisolation of the FlaA protein with the PFs. We have pre-
viously shown that the B. burgdorferi 38-kDa FlaA homolog has
a primary and predicted secondary structure similar to those of
its counterparts from other bacteria (23, 29). Based on this
information, we hypothesized that FlaA was closely associated
with FlaB and resided on the PF filament. Accordingly, we
isolated the PFs and tested whether FlaA also copurified dur-
ing the procedure. To minimize the dissociation of FlaA from
FlaB, we used a simple protocol that avoided harsh chemical
treatment. B. burgdorferi cells were first treated with Triton
X-100 to remove the outer membrane sheath (10). The PFs
were then isolated by shearing followed by centrifugation
(crude PF preparation). Further purification was achieved by
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FIG. 1. Electron microscopy of CsCl-purified PFs obtained by Triton X-100
extraction of B. burgdorferi from strain 212 negatively stained with uranyl acetate.
Bar = 0.1 pm.

CsCl isopycnic gradient centrifugation (purified PF prepara-
tion). Electron microscopic examination of the purified PFs
indicated that this preparation was relatively free of debris
(Fig. 1). As shown by SDS-PAGE, both the 41- and 38-kDa
proteins were the prominent protein species in both the crude
and purified PFs (Fig. 2a, lanes 3 to 5). Several other proteins,
of 60 kDa, 33 kDa, and 31 kDa, were detected in the crude PFs
(Fig. 2a, lanes 3 and 4) but not the purified PF preparations
(Fig. 2a, lane 5) and were thus likely contaminants. Immuno-
blotting with T. pallidum anti-FlaA confirmed that the 38-kDa
protein was FlaA (Fig. 2b, lanes 2 to 4; Fig. 2¢), and the 41-kDa
protein corresponded to FlaB (Fig. 2c¢) PFs isolated from T.
denticola were used as a positive control for FlaA (Fig. 2b, lane
1) (62). SDS-PAGE and Coomassie blue staining revealed that
several proteins were released into the Triton X-100 superna-
tant fraction (not shown). However, immunoblot analysis re-
vealed that although some FlaB partitioned into this fraction
(Fig. 2c, lane 3, top), no FlaA was detected (Fig. 2c, lane 3,
bottom). These results suggest that FlaA is not associated with
the outer membranes and that it resided with the PFs. Because
both FlaA and FlaB proteins were the major proteins detected
following PF purification, they evidently are closely associated
and comprise the PFs. FlaA and FlaB also copurified in crude
PF preparations from strains B31 (Fig. 2a, lane 4) and HB19
(not shown), indicating that FlaA and FlaB associate with the
PFs in other strains of B. burgdorferi. In cell lysates, and in both
crude and purified PFs, the amount of FlaA was considerably
less than that of FlaB (Fig. 2a).

Peptide analysis of FlaA. Although the protein which puri-
fied along with the PFs reacted with an anti-FlaA antiserum,
we had no direct proof that the fla4 gene (20, 23) encodes that
protein. In our attempts to analyze this protein by N-terminal
amino acid analysis, we found that it was blocked to Edman
degradation. Accordingly, purified FlaA was analyzed by mass
fingerprinting in a MALDI-TOF mass spectrometer after tryp-
sin digestion. The mass-to-charge ratios (m/z) of the proton-
ated molecular ions corresponding to six tryptic peptides
(1,065.22, 1,188.28, 1,630.63, 1,644.60, 1,786.80, and 2,063.80
Da) were searched against those of all proteins in the NCBI
database with masses of 30 to 40 kDa (58,035 entries). Allow-
ance was made for up to one missed tryptic cleavage site per
peptide. Five of the peptides matched values for the protein
encoded by B. burgdorferi flaA (NCBI accession no. 2688608)
to within 0.24 Da. The sixth peptide, that with an m/z of
2,063.80, matched to within 0.35 Da a peptide from the same
protein with the condition that both methionine residues con-
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FIG. 2. Analysis of PFs by SDS-PAGE and immunoblotting. (a) Cell lysates
and PF preparations were subjected to SDS-PAGE (12% [wt/vol] polyacrylamide
gel) and stained with Coomassie brilliant blue. Approximately 50 pg of protein
was loaded in each lane. Lanes: 1, protein markers; 2, B. burgdorferi 212 cell
lysate; 3, crude PFs of 212; 4, crude PFs of B31; 5, purified PFs of 212. (b)
Western blotting with antiserum to 7. pallidum FlaA. Approximately 10 pug of
protein was loaded per lane. Lanes: 1, purified T. denticola (Td) PFs (63); 2, B.
burgdorferi 212 cell lysate; crude PFs of 212; 4, purified PFs of 212. (c) Western
blotting using polyclonal 7. pallidum FlaA and monoclonal H9724 to B. burg-
dorferi FlaB during purification of 212 PFs.

tained by the peptide would have become oxidized. The iden-
tification of the protein encoded by fla4 was then confirmed by
fragmenting the doubly or triply charged ions corresponding to
all six of the peptides in a triple-quadrupole mass spectrometer
and matching the fragments with those expected for the pep-
tide sequences identified in the mass fingerprinting experi-
ment. The results from five of the six peptides were in accord
with the expected sequences. One peptide, however, did not
match the sequence predicted for it. This was the peptide with
an m/z of 2,063.80 Da, which was also the one that matched
with lowest precision in the fingerprinting experiment. We
therefore judge this one match to be spurious. Accordingly, we
conclude that the protein which reacts to the specific FlaA
antiserum is encoded by the fla4 gene previously identified.
Dissociation of FlaA from FlaB after treatment with Sarko-
syl. To explore why previous studies failed to detect FlaA
associated with PFs, we repeated the purification procedure by
using a method similar to one described by other investigators
(6, 16). The major difference between these two methods is
that the other method (6, 16) used Sarkosyl. We found that the
use of Sarkosyl resulted in the release of most of the B. burg-
dorferi proteins (Fig. 3, lane 2). No FlaA was detected by
Coomassie blue staining in the PF pellet after the first round of
Sarkosyl lysis (Fig. 3a, lanes 3 and 5). We also tested for FlaA
during PF purification by Western blot analysis. All of the FlaA
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FIG. 3. PFs of strain B31 isolated using Sarkosyl. (a) Coomassie brilliant blue
staining; (b) Western blot analysis using anti-7. pallidum FlaA. The conditions
for running the gel were the same as described for Fig. 2. Lanes: 1, cell lysate; 2,
supernatant (super) fluid after first Sarkosyl extraction; 3, pellet after first ex-
traction; 4, supernatant fluid after second extraction; 5, pellet after second

extraction; 6, supernatant fluid after shearing; 7, pellet after shearing (crude
PFs); 8, recombinant FlaA.

dissociated from the PFs and was released into the supernatant
after the first round of treatment with Sarkosyl (Fig. 3b, lane
2); no FlaA was detected in the final PF preparation (Fig. 3b,
lanes 3 to 7). These results suggest that FlaA dissociated from
the PFs during purification using Sarkosyl. In other experi-
ments, FlaA was found to be associated with the PFs after the
first treatment with Sarkosyl, but it dissociated after subse-
quent rounds of treatment (26). The above results, along with
the evidence that FlaA is considerably lower in concentration
than FlaB, likely account for the failure to detect FlaA in
previous B. burgdorferi PF preparations. Electron microscopic
examination of the PFs prepared by both methods revealed no
obvious differences in structure (data not shown).

Defect in expression of FlaA in HB19Fla—. Sadziene et al.
isolated a spontaneously occurring nonmotile PF-deficient mu-
tant, HB19Fla— (63). This mutant synthesized the hook-basal
body structures but did not synthesize the flagellar filaments.
Western and Northern blot analysis indicated that although
HB19Fla— failed to produce the FlaB protein, the encoding
message was still produced at a level equivalent to the wild-
type level. Accordingly, Sadziene et al. suggested that FlaB
could be regulated on the translational level (63). HB19Fla— is
thus likely to be deficient in the last stage of PF assembly, i.e.,
assembly of the PF filament after hook-basal body synthesis.

We hypothesized that like FlaB, FlaA is involved in the last
stage of filament assembly. To test this hypothesis, we analyzed
HB19Fla— with respect to FlaA synthesis by immunoblot anal-
ysis. SDS-PAGE and Coomassie blue staining revealed that
FlaB was evident in the parental HB19 cell lysate but absent in
HB19Fla— (Fig. 4a). Western blot analysis revealed that both
FlaA and FlaB were also present in HB19 but absent in
HB19Fla— (Fig. 4b). These results extend those of Sadziene et
al. (63) and suggest that both FlaA and FlaB failed to be
expressed in HB19Fla—.

We examined whether the lack of expression of FlaA is
caused by a genetic defect in flaA or failure to be transcribed.
The region containing fla4 from HB19Fla— was amplified by
using a pair of primers derived from the adjacent genes orfA
and cheA (23) and then sequenced. Comparison of the
HB19Fla— region to that of strain 212 revealed 100% identity
at the nucleotide level (GenBank accession no. U62900).
These results suggest that fla4 is intact in HB19Fla—.

We used RT-PCR analysis to test if flad is transcribed in
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FIG. 4. Analysis of FlaA in HB19Fla— by SDS-PAGE and by immunoblot-
ting. Approximately 10 pg of protein was loaded into each lane. (a) SDS-PAGE.
Cell lysates of strains 212, wild-type HB19, and HB19Fla— were examined in a
10% polyacrylamide gel. FlaB is marked with an arrow. (b) Western blot. The
whole-cell lysates of B. burgdorferi were treated with anti-T. pallidum FlaA serum
(top) and anti-T. pallidum FlaA serum with anti-B. burgdorferi FlaB monoclonal
antibody (bottom).

HB19Fla— (23, 28). Three pairs of primers spanning the ad-
jacent and central regions were used: orf4 to flaA, internal
regions of flaA, and flaA to cheA (20, 23). Three specific prod-
ucts of the predicted sizes were successfully amplified from the
mRNAs of HB19 and HB19Fla— (22). By extracting the PCR
products from the gel and reamplifying with internal primers,
the bands of the predicted sizes were shown to be the desired
specific amplified products (22). These results, together with
those obtained by Western blot analysis, suggest that flad is
transcribed but not translated in HB19Fla—.

We compared the amount of fla4 message in HB19Fla— to
that in the wild type, using RNase protection assays. As a
control, we also compared 16S rRNA messages in the two
strains. There were no obvious differences between HB19 and
HB19Fla— with either the fla4 or 16S rRNA riboprobe (Fig.
5). The RNA protection was specific, as hybridization with
yeast RNA was negative. We quantitatively compared the
amounts of mRNA protected by the riboprobes with a Phos-
phorImager. Using four different amounts of total RNA in two
different experiments, we found no significant difference in
RNase protection between HB19 and HB19Fla— with either
riboprobe. For example, we found that with 20 wg of total
RNA and the flaA riboprobe, 11,069 cpm was protected in
HB19 and 9,830 cpm was protected in HB19Fla—. These re-
sults indicate that HB19Fla— synthesized fla4 message in an
amount similar to the wild-type amount.

FlaA 16S rRNA
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FIG. 5. RNase protection assays of HB19 and HB19Fla—. The riboprobes to
flaA and 16S rRNA were hybridized with total RNA (20 pg for fluA and 1.5 pg
for 16S rRNA) from either HB19 or HB19Fla—, treated with RNase, and
electrophoresed under denaturing conditions. Yeast RNA served as the control
for the flaA riboprobe.



2422 GE ET AL.

O »
q§o Q&?‘
RPN
Y..r..wy

kDa
108
80—t e
50—

34~
27—

16

12 3 4

FIG. 6. Detection of glycosylated FlaA protein by periodate oxidation fol-
lowed by hydrazine detection. The proteins were subjected to SDS-PAGE (12%
[wt/vol] polyacrylamide gel) and tested by a glycoprotein detection system.
Lanes: 1, serum transferrin (positive control); 2, purified native FlaA; 3, recom-
binant FlaA with N-terminal deletion (amino acids 1 to 26); 4, purified recom-
binant Flil.

FlaA is a glycosylated protein. As already mentioned, we
were unable to sequence the N-terminal region of the purified
protein. For this reason, and because S. hyodysenteriae FlaA
has been reported to be glycosylated (46), we tested if B.
burgdorferi FlaA underwent a posttranslational modification.
We used three different methods to test for glycosylation. First,
we used the purified native FlaA protein and the highly sensi-
tive ECL glycoprotein detection system to test for glycosyla-
tion. As expected, the positive control serum transferrin re-
acted strongly (Fig. 6, lane 1). In addition, we found that B.
burgdorferi FlaA also yielded a strong reaction, indicating that
the native protein was glycosylated (Fig. 6, lane 2). As a neg-
ative control, the cytoplasmic motility protein recombinant Flil
(28) failed to react (Fig. 6, lane 4), as did the recombinant
FlaA containing a deletion of the N-terminal region (29) (Fig.
6, lane 3). Also as controls, we found that reactivity was sodium
metaperiodate dependent, as omitting this reagent resulted in
no reactivity of FlaA and serum transferrin (not shown). Sec-
ond, we tested whether FlaA reacted with five different lectins:
GNA, SNA, MAA, PNA, and DSA. Only SNA and GNA gave
positive reactions (Fig. 7a). SNA binds to «(2-6)-linked sialic
acid, and GNA binds to terminal mannose residues. Recom-
binant Flil and FlaA were negative (not shown), whereas all
positive controls reacted as expected (Fig. 7a, serum trans-
ferrin). Because reactivity could not be removed by pretreating
proteins by boiling in 2% (wt/vol) SDS, 10 mM EDTA, or 8 M
urea (not shown), the attached sugar residues are evidently
covalently bound to FlaA. Finally, native and recombinant
N-glycosidase F was found to remove the lectin reactivity as
detected with SNA and GNA (Fig. 7b). Similar results were
found when the positive control serum transferrin was treated
with N-glycosidase F. These results taken together suggest that
FlaA is a glycosylated protein that contains both sialic acid and
mannose.

Epitopes of FlaA conserved among spirochete species. We
have previously shown that anti-7. pallidum FlaA antibody
reacted strongly with a 38.0-kDa protein of B. burgdorferi cell
lysates (23). We investigated whether antibodies to FlaA pro-
teins of other spirochetes reacted with B. burgdorferi FlaA.
Monoclonal antibodies against S. aurantia and T. pallidum
FlaA failed to react with B. burgdorferi FlaA. The polyclonal
anti-S. hyodysenteriae FlaA antibody reacted positively with
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FIG. 7. Lectin binding to FlaA and sensitivity to N-glycosidase F treatment.
Approximately 0.5 to 1.0 pg of protein was loaded in each lane and tested as
described in Materials and Methods. (a) Lectin SNA reactivity. Lanes: 1, recom-
binant FlaA; 2, native FlaA; 3, recombinant Flil; 4, serum transferrin; 5, lectin
GNA to native FlaA. (b) Individual proteins were incubated with recombinant
N-glycosidase F as described in Materials and Methods and detected with lectin
SNA after electrophoresis and blotting. Lanes: 1, FlaA after enzyme treatment;
2, FlaA before enzyme treatment; 3, serum transferrin after enzyme treatment;
4, serum transferrin before treatment.

both T. pallidum and S. hyodysenteriae FlaA proteins in cell
lysates, while the reactions with other species were inconclu-
sive (data not shown). On the other hand, antibody specific to
T. pallidum FlaA demonstrated strong reactivity to FlaA from
many spirochete species as determined by Western blotting of
whole-cell lysates (Fig. 8). The reactive proteins were identical
in size to those reported in the literature for each FlaA of the
species examined (8, 46, 54, 62). As a control, the T. denticola
flgE mutant HL51, which is deficient in PF synthesis (62),
failed to react with the FlaA antiserum. We also tested several
Borrelia species, including B. burgdorferi senso stricto (strains
212, HB19, and B31), B. afzelii, B. garinii, and B. hermsii. All
produced significant amounts of FlaA of approximately 38 kDa
(Fig. 8b). B. hermsii reacted less intensely than the other spe-
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FIG. 8. (a) Cross-reactivity of FlaA among the spirochetes. Cell lysates (ap-
proximately 10 pg of protein was loaded in each lane) from different species of
spirochetes were studied by Western blotting with anti-7. pallidum FlaA anti-
serum. 7. denticola FIgE— is a T. denticola flgE mutant. (b) Conservation of FlaA
among Borrelia species, determined by Western blot analysis using anti-7. palli-
dum FlaA and cell lysates of various Borrelia species.
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cies. As expected, the control HB19Fla— failed to react. These
results suggest that epitopes on FlaA are evolutionarily well
conserved among the spirochetes, including many species of
Borrelia.

DISCUSSION

B. burgdorferi has often been cited as being distinct from
other spirochetes in having only one protein component com-
prising its flagellar filament (6, 14, 16, 21, 71). Two lines of
experimental data have contributed to this concept. First, elec-
tron microscopy indicated that there was no obvious outer
layer surrounding a filament core (5, 6, 14, 44). Second, in the
analysis of purified PFs, only a single major protein band was
observed with SDS-PAGE and two-dimensional gel electro-
phoresis (6, 16). Our recent finding of a fla4 homolog in B.
burgdorferi led us to reassess this notion (23). We found that
both FlaA and FlaB copurified with the PFs in a gentle isola-
tion procedure. In addition, the mutant which lacked PFs,
HB19Fla—, also lacked both FlaA and FlaB. Thus, both bio-
chemical and genetic findings strongly indicate that FlaA and
FlaB comprise the PFs of B. burgdorferi. This experimental
approach has been previously used to demonstrate that mul-
tiple protein species comprise the PFs of other spirochete
species (48, 62).

Several reasons can account for FlaA not previously being
detected as a PF protein. First, Sarkosyl was used to purify the
PFs in two earlier studies (6, 16). Our results indicate that this
ionic detergent completely released FlaA from the flagellar
filaments, resulting in purified PFs without FlaA. Similarly,
Brahamsha and Greenberg found that deoxycholate treatment
during S. aurantia PF purification resulted in the loss of one of
its FlaB proteins (8). As with B. burgdorferi PFs, no structural
differences were noted by electron microscopy in the different
PF preparations. It should be noted that the association of
FlaA with FlaB of B. burgdorferi is different from that of other
spirochetes, as Sarkosyl did not release FlaA from the PFs of
S. hyodysenteriae during purification (26). Second, FlaA is an
abundant protein in other spirochete species and is expressed
at levels approximately equal to those of FlaB (7, 8, 42, 48, 54,
69). In contrast, the amount of B. burgdorferi FlaA was approx-
imately 10% of the amount of FlaB, which can be easily missed
on SDS-PAGE, especially since FlaA and FlaB have similar
molecular weights. Finally, B. burgdorferi FlaA does not induce
a strong immune response during infection, as do its counter-
parts in other spirochetal infections, or in relation to other B.
burgdorferi antigens such as FlaB during Lyme disease (29).
Thus, FlaA was not selected as a potential diagnostic antigen
for Lyme disease.

Several lines of evidence suggest that B. burgdorferi FlaA is
similar to its counterparts from other spirochetes. B. burgdor-
feri FlaA has 54 to 59% amino acid sequence similarity to FlaA
proteins of T. pallidum, S. aurantia, and S. hyodysenteriae (23).
In addition, as with the FlaA proteins of these bacteria (9, 36,
43), B. burgdorferi has an N-terminal signal peptidase I cleav-
age site involved in protein export. In fact, expression of intact
B. burgdorferi and other spirochete FlaA proteins in E. coli
results in cell death (29, 36, 57), and the N-terminal region is
in part responsible for this lethality (29, 36). Western blot
analysis reinforces this similarity of the FlaA proteins. Using
an antiserum to T. pallidum FlaA, we found cross-reactivity in
three strains of B. burgdorferi, along with B. afzelii, B. garinii, B.
hermsii, S. aurantia, S. hyodysenteriae, and T. denticola (Fig.
8b). Because FlaA was found associated with the PFs, these
results emphasize its evolutionary importance and likely role in
spirochete motility.
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It is not clear at this time whether B. burgdorferi FlaA is a
flagellar outer sheath protein. Evidently, removal of FlaA dur-
ing purification does not result in morphological dissociation
of the PFs, as intact PFs are obtained by using Sarkosyl. Pre-
liminary experiments using 7. pallidum anti-FlaA were unsuc-
cessful in localizing the protein by immunoelectron microscopy
(26). Future experiments which involve immunoelectron mi-
croscopy and antisera specific to B. burgdorferi FlaA should
allow us to determine its precise location. In the analysis of
other spirochete PFs, the PF sheath tended to be associated
with the region proximal to the basal body (13). Because FlaA
is expressed in B. burgdorferi in a considerably smaller amount
than in other spirochetes, perhaps it is found only in the area
near the hook region.

Glycosylated proteins are relatively rare in bacteria. They
have been associated with several archaeal flagellins, S-layer
proteins, and pili (37, 66). More recently, glycoproteins have
also been associated with flagella of specific species of mem-
bers of the domain Bacteria (18, 53). With respect to spirochete
PFs, FlaA has been shown to be glycosylated in S. hyodysente-
riae (46), and Brahamsha and Greenberg reported that one of
the FlaB proteins may be glycosylated in S. aurantia (8). The
precise role of the carbohydrate moieties on the flagellar and
PF proteins is unclear. One suggestion is that the carbohydrate
residues are necessary for flagellum assembly in specific spe-
cies of Archaea (37). Alternatively, the suggestion has been
made that sugar residues on the flagellar glycoproteins may
promote rotation of the flagella without their becoming entan-
gled (1). One known attribute of many glycoproteins is that the
carbohydrate regions are involved in increasing hydration (72).
Perhaps these residues on FlaA bind water and act as a lubri-
cant to promote PF rotation within the periplasmic space.
Future experiments, which will require a sophisticated gene
inactivation system, will be necessary to determine their pre-
cise function.

The spontaneously occurring PF-deficient mutant HB19Fla—
has yielded significant information with respect to B. burgdor-
feri virulence, motility, and PF synthesis (24, 30, 31, 63, 64). We
realize that construction of site-directed mutations in B. burg-
dorferi motility genes would be the preferable means to analyze
structure and function. However, a genetic transfer system for
B. burgdorferi is in the very early stages of development (59);
thus, we are presently constrained in experimental design re-
lating to genetics. With this limitation in mind, HB19Fla— has
been shown to be less invasive of cultured cells than the wild
type (63), and it has been shown to serve as a live attenuated
vaccine for mice (64). These results suggest that motility and/or
PFs are likely to be an important virulence factor for B. burg-
dorferi. In addition, HB19Fla— has been essential in develop-
ing a model of B. burgdorferi motility and in demonstrating that
PFs in part dictate the shape of the entire cell (30, 31). Our
previous studies have shown that HB19Fla— still produced
many motility and chemotaxis proteins (Flil, FliG, FliM, FIliN,
FlhA, FIhB, and CheA) required for early flagellar assembly
(22, 24). These results are consistent with the morphological
data that HB19Fla— synthesizes the hook-basal body region
but not the filament structure (63).

Analysis of HB19Fla— suggests that flagellar gene expres-
sion in B. burgdorferi differs from that of other bacteria. Both
flaA and flaB messages were synthesized in HB19Fla—, but the
encoding proteins were not detected by Western blotting (Fig.
4 and 5) (63). These results are consistent with translational
control of expression of both genes. A similar conclusion was
reached with respect to flaB expression in 7. phagedenis (49).
More recently, a flgE mutant of 7. denticola was found to
synthesize flaB message but not FlaB protein (47). In B. burg-
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dorferi, flaAd and flaB reside in different operons: flaB is in a
monocistronic operon mapping at approximately 125 kb on the
chromosome (11, 20, 65); flaA is the first of five chemotaxis and
motility genes mapping on an operon at 722 kb on the chro-
mosome (20, 23, 25). Evidently, HB19Fla— has a genetic de-
fect that blocks expression of both FlaA and FlaB in two
separate operons. In addition, cheA is downstream of fla4, and
CheA but not FlaA is expressed in HB19Fla— (22). Appar-
ently there is selective gene expression within the flaA operon.
How translational control in B. burgdorferi is achieved is un-
clear. Perhaps antisense mRNA regulates flaA4 and flaB expres-
sion (19). Alternatively, RNA (58) or protein processing could
be involved (32). In Salmonella typhimurium and other bac-
teria, the last stage of flagellum synthesis is tightly regulated
on the transcriptional level (51, 52). Our results and those
of others suggest that B. burgdorferi and other spirochetes
adopted a different strategy to control PF filament synthesis.
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