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Abstract

SUMMARY—The Lyme disease spirochete Borrelia burgdorferi lacks the transcriptional cascade
control of flagellar protein synthesis common to other bacteria. Instead, it relies on a post-
transcriptional mechanism to control its flagellar synthesis. The underlying mechanism of this
control remains elusive. A recent study reported that the increased level of BB0184 (CsrAgyp; a
homolog of carbon storage regulator A) substantially inhibited the accumulation of FlaB, the
major flagellin protein of B. burgdorferi. In this report, we deciphered the regulatory role of
CsrApgyp, on FlaB synthesis and the mechanism involved by analyzing two mutants, csrAgy™ (a
deletion mutant of csrAgp) and csrAgp™ (a mutant conditionally over-expressing csrAgy). We
found that FlaB accumulation was significantly inhibited in csrAgy™ but was substantially
increased in csrAgp~. In contrast, the levels of other flagellar proteins remained unchanged. Cryo-
electron tomography and immuno-fluorescence microscopic analyses revealed that the altered
synthesis of CsrAgy in these two mutants specifically affected flagellar filament length. The leader
sequence of flaB transcript contains two conserved CsrA-binding sites, with one of these sites
overlapping the Shine-Dalgarno sequence. We found that CsrAgy, bound to the flaB transcripts via
these two binding sites, and this binding inhibited the synthesis of FlaB at the translational level.
Taken together, our results indicate that CsrAgy, specifically regulates the periplasmic flagellar
synthesis by inhibiting translation initiation of the flaB transcript.
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INTRODUCTION

Borrelia burgdorferi, the causative agent of Lyme disease, is a spirochete with characteristic
flat-wave morphology (Charon and Goldstein, 2002;Goldstein et al., 1994). This organism
has an unusual ability to swim in and invade highly viscous gel-like environments including
host connective tissues (Li et al., 2010b;Charon and Goldstein, 2002;Moriarty et al., 2008;
Szczepanski et al., 1990;Dunham-Ems et al., 2009;Kimsey and Spielman, 1990). The ability
of B. burgdorferi to swim depends on the rotation of periplasmic flagella (PFs) (Motaleb et
al., 2000;Sal et al., 2008;Li et al., 2010b;Goldstein et al., 1994). B. burgdorferi has 7 to 11
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PFs that are subterminally attached at each pole of the cell cylinder and reside in the
periplasmic space. These PFs form a tight-fitting ribbon that wraps around the cell cylinder
body axis in a right-handed sense (Charon et al., 2009;L.iu et al., 2009;Hovind-Hougen,
1984;Goldstein et al., 1996). In addition, the PFs have both skeletal and motility functions,
i.e., aflagellated mutants are non-motile and are rod-shaped rather than having the flat-wave
morphology (Motaleb et al., 2000; Sadziene et al., 1991;Sal et al., 2008). Motility is
considered to be an important virulence factor of B. burgdorferi, as mutants defective in
motility fail to invade human tissues and establish mammalian infection (Li et al.,
2010b;Sultan et al., 2010;Charon and Goldstein, 2002).

In general, the PFs of spirochetes have a structure that is similar to the flagella of other
motile bacteria such as Escherichia coli: A given PF is composed of a basal body, hook, and
filament (Liu et al., 2009;L.iu et al., 2010;1zard et al., 2008;lzard et al., 2009;Murphy et al.,
2008;Kudryashev et al., 2010). Compared to the other flagellated bacteria, the flagellar
filament of spirochetes is unique and is among the most complex of bacterial flagella (Li et
al., 2000b; Charon and Goldstein, 2002). In most spirochete species, the filaments contain at
least one flagellar sheath protein referred to as FlaA and three core proteins designated as
FlaB1, FlaB2 and FlaB3 (Norris et al., 1988;L.i et al., 2008;L.i et al., 2010a;L.i et al., 2000a).
Our recent studies from the spirochete Brachyspira hyodysenteriae have revealed that each
flagellin unit contributes to the stiffness of the PFs, and that this stiffness directly correlates
with cell speed (Li et al., 2008). In contrast to other spirochetes, the flagellar filament of B.
burgdorferi contains only one core protein termed FlaB (Fraser et al., 1997;Ge et al.,
1998;Motaleb et al., 2004). FlaB has been shown to be the major flagellin protein,
contributing to 10-14% of the total cell proteins (Motaleb et al., 2004).

The regulation of bacterial flagellar synthesis and motility gene expression is complex. In
Salmonella enterica serovar Typhimurium and E. coli, this synthesis and assembly has been
shown to involve over 50 genes (Terashima et al., 2008;Aldridge and Hughes, 2002). In
most externally flagellated bacteria, these genes are divided into three classes (class I, Il and
I11), which are tightly regulated by a transcriptional cascade control mechanism (Macnab,
1992; Chevance and Hughes, 2008). Within this regulatory hierarchy, the class | genes
initiate the expression of the class Il genes, which encode the structural proteins involved in
the assembly of the hook-basal body complexes, and two regulatory proteins, FIiA (c28) and
FIgM (anti-528). FIiA and FigM control the expression of the class 111 genes including those
that encode flagellin and chemotaxis proteins. FliA and FIgM remain bound as a complex in
the cytoplasm during the basal body and hook synthesis. As FIgM exits the cells via the
flagellum-export apparatus after the completion of the hook, FliA is free to initiate the
transcription of the class 111 genes (Chevance and Hughes, 2008;Helmann, 1991;Macnab,
1992;Hughes et al., 1993).

Several lines of evidence indicate that B. burgdorferi does not employ the transcriptional
cascade control mechanism to regulate its flagellar synthesis and assembly. This spirochete
lacks homologs of FliA and FlgM, and there is no 628 promoter consensus sequence evident
in its genome (Fraser et al., 1997;Charon and Goldstein, 2002). In addition, all of the
motility and chemotaxis genes analyzed to date are controlled by 9, a house-keeping
transcription factor (Charon and Goldstein, 2002;Ge and Charon, 1997;Ge et al., 1997;Yang
and Li, 2009;Motaleb et al., 2011) . In contrast to other bacteria, recent studies of specific B.
burgdorferi mutants indicate that this spirochete regulates flagellar synthesis by a post-
transcriptional mechanism rather than via a transcriptional cascade (Motaleb et al., 2004;Ge
et al., 1998;Sal et al., 2008). However, the mechanism involved in the post-transcriptional
regulation remains unknown.
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Studies of the Csr systems in various bacteria have established the importance of CsrA in
both physiological and pathological functions, such as carbon metabolism, virulence,
biofilm formation and motility [for reviews, see (Romeo, 1998;Babitzke et al.,
2009;Lucchetti-Miganeh et al., 2008)]. The Csr system was first discovered in E. coli and
was subsequently identified in many other bacterial species (Romeo, 1998;Romeo et al.,
1993;Babitzke and Romeo, 2007). In E. coli, Csr system consists of the key determinant
CsrA, an RNA binding protein, two non-coding RNA molecules (CsrB and CsrC), and a
regulatory protein, CsrD (Suzuki et al., 2006). CsrA recognizes and binds to the consensus
sequence RUACARGGAUGU, with a well-conserved binding motif (ARGGA) that often
overlaps the Shine-Dalgarno (SD) sequence of a given transcript (Babitzke and Romeo,
2007;Baker et al., 2007;Brencic and Lory, 2009;Dubey et al., 2005; Timmermans and Van,
2010;Mercante et al., 2009). Binding of CsrA to this consensus site results in either the
stabilization of mMRNA or blocking of ribosome binding and, consequently, inhibition of
translation initiation (Romeo, 1998;Wang et al., 2005;Wei et al., 2001).

A homolog of CsrA (CsrAgp) was recently identified in B. burgdorferi (Sanjuan et al.,
2009). Over-expression of CsrAgy led to altered expression of several outer membrane
antigens, reduction of FlaB, and a change in cell morphology, suggesting that CsrAgp may
have a potential regulatory role on the flagellation and motility of B. burgdorferi. In
addition, we have recently shown that CsrAgy, is essential for animal infectivity (Sze and Li,
2010). The mechanism involved and the overall impact of CsrAgy, on B. burgdorferi
flagellar synthesis and motility remains unknown. In this report, we described the regulatory
mechanism of CsrAgp on the synthesis of PFs (in particular the major flagellin protein,
FlaB) and motility using genetic, biochemical, and cryo-electron tomography (cryo-ET)
approaches. We found that CsrAgy, specifically regulates the flagellar synthesis of B.
burgdorferi by inhibiting translation initiation of the flaB transcript.

Isolation of the csrAg,™ and csrAgp™ mutants

The csrAgp ™ mutant was isolated as described before; it contains a deletion of the entire
open reading frame bb0184 (Sze and Li, 2010). To isolate a strain that over-expresses
CsrApy, pflacpCsrA (Figure 1a), an IPTG-inducible CsrAgy plasmid, was electro-
transformed into B. burgdorferi A3-LS, a derivative of B31A3 (a virulent and low passage
strain) that carries a lacl gene (Gilbert et al., 2007). The transformants were selected on agar
plates containing both gentamicin (40 pg/ml) and streptomycin (50 pg/ml). The presence of
pflacpCsrA in antibiotic-resistant colonies was confirmed by PCR. One clone, csrAgy™, was
selected for further characterization. For the induction of CsrAgy, 10° csrAg,* cells were
inoculated into 10 ml of growth medium with antibiotics in the presence of 1 mM IPTG and
incubated to the early stationary phase (approximately108 cells/ml). CsrAgy, synthesis was
determined by western blots using an antibody directed against the FLAG epitope
(Mofunanya et al., 2009), which was tagged to the C-terminus of CsrAgy. We found that the
addition of IPTG induced the synthesis of CsrAgy, as the tagged FLAG was detected only
after the induction in the csrAgy* strain (Figure 1b). The mass of CsrAgp-FLAG was
approximately 11 kDa as predicted. Thus, CsrAgp was inducible in the csrAgy* strain and
could be over-expressed in B. burgdorferi.

The over-expression of CsrAgy, alters cell shape and inhibits motility

Before the addition of IPTG, the csrAg,* strain was motile and had the flat wave
morphology as its parental A3-LS strain. However, after the induction with IPTG, the cells
were rod-shaped and non-motile as revealed by dark-field microcopy (Figure 2a). This
phenotype is similar to the previously described aflagellated mutants of B. burgdorferi and
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to those reported by Sanjuan et al. on a strain constitutively expressing CsrAgy, (Motaleb et
al., 2000;Sal et al., 2008;Li et al., 2010b; Sanjuan et al., 2009). The impact of CsrAgp on
the motility was further evaluated using the swarm plate assay. As shown in Figure 2b, the
diameter of swarm rings formed by the IPTG-induced csrAg,* strain was almost equivalent
to the non-motile flaB ™ mutant, indicating that motility was significantly inhibited. Dark-
field microscopy and bacterial motion tracking analyses further confirmed that the induced
cells were completely non-motile (data not shown). Taken together, these results indicate
that CsrAgp markedly influences both cell shape and motility.

CsrApgp specifically inhibits FlaB accumulation

We determined the overall impact of CsrAgp on the flagellation of B. burgdorferi. Western
blot analysis was used to examine the amounts of various flagellar proteins in the csrAg,*
and csrAgp~ mutants. After the induction (5 days) with IPTG, the amount of FlaB in the
csrAgpt strain was decreased by approximately 75%, whereas the levels of the other
flagellar proteins remained unchanged, including the flagellar sheath protein (FlaA), the
flagellar motor switch protein (FliG2), and the flagellar hook protein (FIgE) (Figure 3a, c).
Thus, the over-expression of CsrAgy specifically inhibited the accumulation of FlaB. Based
on the result that CsrAgy, represses the FlaB synthesis, we hypothesized that a mutant
lacking CsrAgp would have higher levels of FlaB than the wild type. Accordingly, we
determined the amounts of the identical flagellar proteins in the csrAg,~ deletion mutant and
its parental B31A3 strain (Sze and Li, 2010). We found that the amount of FlaB in this
mutant was 4-fold greater than in the wild type, whereas the levels of FlaA, FliG2, and FIgE
proteins remained unchanged (Figure 3b, c). These results indicate that CsrAgy, specifically
modulates the overall synthesis of FlaB.

CsrApgp binds to the flaB transcript leader sequence

CsrA is an RNA-binding protein and affects its targeted genes by binding to the consensus
sequence (RUACARGGAUGU), which typically appears in the leader sequence of a given
transcript (Lenz et al., 2005;Dubey et al., 2005;Babitzke and Romeo, 2007). The flaB
transcript contains a 56 nt untranslated leader (UTL) sequence. We found that the flaB UTL
region contains two potential CsrA binding sites with a conserved sequence (ANGGA),
where one of the binding sites is 2 nt after the transcription start site, and the other overlaps
the SD sequence (Figure 4a). RNA secondary structure prediction revealed that these two
potential CsrA binding sequences formed two RNA hairpin loops with the GGA motifs
(Figure 4b). As the E. coli CsrA binds with high affinity to GGA motifs within hairpin loops
(Dubey et al., 2005), the predicted two loops within the flaB UTL can be authentic binding
sites for CsrAgp.

To test if CsrAgy, interacts with the binding sites in the UTL, electrophoretic mobility-shift
assay (EMSA) was carried out using the recombinant CsrAgy, protein (rCsrAgyp) and
synthetic flaB leader transcripts as RNA probes (the sequences are described in Table 1). At
a low concentration (400 nM) of rCsrAgy, the recombinant protein binding to the wild-type
RNA probe was detected as two shifted bands (the lower band designated as Complex | and
the upper band as Complex I1). As the concentration of rCsrAgy, increased (600 and 800
nM), the level of Complex Il was significantly increased (Figure 4c). The mutation of either
one of these binding sites (probes BS1 and BS2) eliminated Complex Il (Figure 4c), and the
mutation of both binding sites (probe BS1BS2) completely abrogated the formation of the
two shifted complexes (Figure 4c). The observed gel shift pattern is consistent with the
model that a CsrA dimer binding to two target sites within a single transcript (Mercante et
al., 2009;Yakhnin et al., 2007), i.e., Complex | being the product of rCsrAgy dimer bound to
a single site, and Complex Il being the product of rCsrAgp bound to both binding sites
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within the probe. Taken together, these results indicate that CsrAgy, specifically binds to the
flaB transcript via these two conserved binding motifs.

CsrApgp inhibits the translation of flaB transcript

The binding of CsrAgy, to the flaB transcript can either reduce the stability of the transcript
or block the translation initiation. To rule out one of these two possibilities, gRT-PCR
analysis was conducted to compare the level of the flaB transcript of these two mutants to
that of the wild type. The results were expressed as cycle threshold value (C;) for each
individual gene transcript. As shown in Figure 5, the level of the flaB transcript was similar
across all three strains, implying that the action of CsrAgy on FlaB occurs at the post-
transcriptional level. As one of the binding sites (BS2) overlaps the SD sequence of flaB
transcript (Figure 4a, b) and the EMSA assay showed that CsrAgy, binds to BS2 (Figure 4c),
CsrApp most likely acts by blocking ribosome binding to the flaB transcript and
consequently inhibiting the translation.

Modulation of CsrAgy expression influences filament length and ribbon organization

Western blot analysis indicated that the level of FlaB was significantly altered in the csrAgy*
and csrAgp~ mutants (Figure 3). We determined if the altered amounts of FlaB in these
mutants influence the structure of the PFs in situ using cryo-ET. Using low magnification
snapshots along a single cell, we analyzed both cell poles along with the central region of an
individual cell (Figure 6). We also determined how the flagellar filaments were organized.

In the wild-type cells, the PFs were clearly visible (Figure 6a), and these organelles formed a
tightly packed ribbon that wrapped around the body axis in a right-handed sense as
previously described (Charon et al., 2009). The angle subtended by the ribbon was 1.13
radians, which is identical to results previously obtained by cryo-ET (Charon et al., 2009).
The ribbons extended from the subterminal region of the cell pole to the central region
(Figure 6a). The mean number of PFs observed at each cell end was 7.9 + 1 (range from 7 to
11, n = 11 cells); at the central region, the mean number was 7.8 + 3.4 (range from 3 to 13,
n= 11 cells). The 3D reconstruction revealed that the PFs originated from opposite cell ends
and overlapped at the cell center, however, they were not localized at the same face of the
cells (Figure 6a and Movie S1).

The motility and fine structure of the csrAgp™ mutant was similar in some respects to
specific parameters of the wild type, but different in others. Velocity measurements of
swimming cells indicated that the motility of csrAg,~ (10.2 + 4.5 pm/sec) was similar to the
wild type (11.5 £ 0.4 pm/sec). Thus, overproducing FlaB in csrAgy~ did not have a
noticeable effect on motility. Cryo-ET revealed some structural differences between this
mutant and the wild type. The mean number of PFs at the cell poles of csrAg,~ was 7 £ 1.5
(range from 6 to 9, n= 9 cells), and these organelles also formed the right-handed flat
ribbons (Movie S2), which is similar to that of the wild type. However, these ribbons
wrapped around the cell cylinder with a smaller helix pitch than that of the wild type, as the
angle subtended by the ribbon was 1.08 radians. In addition, these ribbons extensively
overlapped in the central region of the cells and interdigitated with those from the opposite
end (Figure 6b and Movie S2). The number of PFs observed at the cell center was increased
to 12 + 1.5 (range from 8 to 14, n = 9 cells). Thus, the increase of FlaB in the csrAgp~
mutant results in longer flagellar filaments that wind around the cell cylinder tighter than
those of the wild type. In addition, in contrast to the wild type, these long filaments
interdigitate with the filaments originating from the opposite end.

The IPTG-induced csrAg,* strain was analyzed in detail. Before the induction, the mean
length of PFs was 6.9 + 3.0 um (range from 5 to 10 um, n = 11 PFs out of 6 cells examined).
In contrast, the PFs in the IPTG-induced csrAgp*™ were notably truncated (the mean length of
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PFs was 1.63 £ 0.72 pm, ranging from 0.5 to 3 um, n = 15 PFs out of three cells) (Figure 6¢
and movie S3). No filaments were detected in the central region of the cells (Figure 6¢ and
movie S4). The mean number of PFs observed at the cell poles was 4 + 1.5 (range from 2 to
6, n =5 cells), which is less than that of the wild type. In contrast, the number of flagellar
basal bodies observed at the cell poles (the mean number was 7 + 2, n=5 cells) was similar
to that of the wild type. These observations are consistent with the above western blot results
whereby only the major filament protein, FlaB, was influenced by CsrAgy, (Figure 3).
Collectively, these results indicate that the changes in the level of CsrAgy, in the csrAgy ™~
mutant and the IPTG-induced csrAgy* strain specifically influenced the flagellar filaments,
but not the flagellar basal bodies and hooks.

Modulation of CsrAgy, influences cell morphology

Previous studies indicate that FlaB has a skeletal function — a flaB™ mutant is rod-shaped
instead of being a flat wave (Motaleb et al., 2000). To determine whether the modulation of
FlaB in the IPTG-induced csrAg,™ strain influences the cell morphology, as well as to
further examine the above cryo-ET results, an immunofluorescence assay (IFA) using
antibody against FlaB was carried out. We found that B31A3 (Figure 7) and the un-induced
csrAgp* cells (data not shown) had fluorescence extending along the length of the cells with
a periodic intensity of fluorescence that varied every 2.98 + 0.33 um (range from 2.51 to
3.83 um, n=7 cells), which is almost identical to the helix-pitch of the PFs previously
measured by high-voltage electron microscopy (2.97 um) (Goldstein et al., 1996). After
induction for 5 days, the fluorescence could only be detected at the cell poles of the csrAg,*
strain (Figure 7), further confirming that the PFs were truncated. These results are consistent
with those obtained by cryo-ET that over-expression of CsrAgy resulted in shortened PFs.

The increase in FlaB synthesis in the csrAgp~ mutant influenced cell morphology in an
opposite manner than that of the IPTG-induced csrAg,* cells. As noted above, the IFA
results revealed that the flagellar filaments in the wild type had a periodic intensity of
fluorescence. However, this pattern was different in the csrAg,™ mutant, as the fluorescence
appeared more heterogeneous and less periodic (Figure 7). We measured the wavelengths of
the cells by dark-field microscopy, as previous studies have shown that the helix-pitch of the
PFs in situ and the wavelengths of the cells are equivalent (Goldstein et al., 1996). We found
that for the wild type, there were approximately 6 waves per cell (range from 5 to 6 waves
out of 10 cells examined), with a mean wavelength of 3.07 + 0.55 um (range from 2.52 to
3.62 um) (Figure 8), which is similar to the previous measurements by both dark-field light
microscopy (3.19 um) and high voltage electron microscopy (2.97 um) (Goldstein et al.,
1994;Goldstein et al., 1996). In contrast, the csrAg,~ mutant cells had more waves (the
mean number was 8, ranging from 7 to 9 out of 10 cells examined), and the waves were
shorter (the mean wavelength was 2.16 £ 0.25 pm, range from 1.91 to 2.41um). These
results suggest that the longer flagellar filaments in the csrAg,™ mutant not only influenced
how the bundles interacted with one another within the cells by interdigitating, but also
impacted the intricacies of the flat wave periodicity of the cells. The finding of the shorter
cellular wavelength in the mutant is consistent with the results from cryo-ET (Figure 6b), as
the latter indicated that the PFs wrapped around the cell cylinders in the csrAgp™ mutant
more tightly than in the wild type.

DISCUSSION

CsrA regulates its targeted genes at the post-transcriptional level by affecting the stability or
the translation of a given transcript (Romeo, 1998;Wang et al., 2005;Wei et al., 2001). In E.
coli, CsrA positively regulates flagellar synthesis by increasing the stability of the flnDC
transcripts (Wei et al., 2001). In contrast to E. coli, the CsrA of B. subtilis negatively
regulates Hag, the major flagellin protein, by blocking the translation of the hag transcript
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(YYakhnin et al., 2007). The evidence presented in this report indicates that CsrAgp
negatively regulates the major flagellin protein FlaB of B. burgdorferi at the translational
level. First, the over-expression of CsrAgp substantially repressed the level of FlaB. After
the induction of CsrAgy, with IPTG, the amount of FlaB in the csrAgy™ strain was decreased
by approximately 75% (Figure 3a). Second, the absence of CsrAgy increased the level of
FlaB by 4-fold (in the csrAgp~ mutant) over the wild type (Figure 3b). Third, the
transcriptional analysis showed that the regulatory role of CsrAgy on FlaB occurs at the
post-transcriptional level, i.e., qRT-PCR analysis showed that the flaB transcript level
remained unchanged in the csrAg,~ mutant and the csrAgy* strain induced with IPTG
(Figure 5). Finally, EMSA assays of the wild type and mutated leader sequences of flaB
transcript indicated that CsrAgy, specifically binds to the two predicted CsrA binding sites
located within the UTL region of flaB transcripts (Figure 4). Taken together, these results
indicate that CsrAgy, is a repressor of FlaB, and it most likely acts by binding to the leader
sequence and consequently blocking the translation of the flaB transcript. The identified
mechanism is very similar to that proposed in B. subtilis (Yakhnin et al., 2007). It is
noteworthy to point out that the flaB transcript is often used as an internal control to evaluate
the expressional levels of other genes, as it is often stated, based on transcript analysis, that
flaB is constitutively expressed during the growth and the life cycle of B. burgdorferi (Revel
et al., 2002;Gilmore, Jr. et al., 2001; Magnarelli et al., 1992). However, this conclusion
needs to be tempered, as the studies reported here reveal that the translation of flaB message
is under the control of CsrAgp and the amount of flaB message being synthesized does not
necessarily correlate with the amount of FlaB protein being made.

To determine the overall impact of CsrAgy, on the other flagellar proteins, the levels of
FliG2 and FIgE, which represent the flagellar basal body C-ring complex and flagellar hook
(Sal et al., 2008; Li et al., 2010b), respectively, were measured by western blots. The results
showed that the amounts of FIiG2 and FIgE remained unchanged in both the csrAg,~ mutant
and the IPTG-induced csrAg,™ strain (Figure 3). Furthermore, cryo-ET analysis indicated
that the changes of CsrAgy, specifically influenced the length of the flagellar filaments in the
csrAgp~ mutant and the IPTG-induced csrAgy* strain, but not the number of basal bodies per
cell (Figure 6). Taken together, both western blots and structural analyses indicate that
CsrApy, specifically impacts PF synthesis by regulating FlaB synthesis and filament length.
In the enteric bacteria, the regulation of flagellar filament length is proposed to be measured
based on the rate of the secretion of FIgM (Keener, 2006). During the early synthesis of
flagellar filament, the secretion of FIgM through the completed basal body-hook complex is
rapid. Low intracellular concentration of FIgM allows the production of flagellin proteins
from the 28 promoter, which leads to the elongation of flagellar filament. As the flagellar
filament length increases, the secretion rate of FIgM decelerates and once again results in
intracellular accumulation of FIgM. This accumulation inhibits the 528 activity, shutting off
the production of the flagellin. However, such regulatory mechanism does not exist in B.
burgdorferi (Charon and Goldstein, 2002;Fraser et al., 1997). The studies in this report
suggest that CsrAgp may play a similar role as FIgM --acting as a negative regulator of FlaB
which turns off filament synthesis when flagellar assembly is completed. The synthesis of
FlaB can be energetically costly, as FlaB constitutes about 10-14% of the total cellular
protein of B. burgdorferi (Motaleb et al., 2004). The identified mechanism may help the
spirochete to conserve energy by preventing excess FlaB protein production during the
flagellar synthesis and assembly.

The change of cell morphology in the csrAgy™ mutant is quite intriguing. IFA results showed
that the flagella helically wrapped around the wild-type cell bodies (Figure 7). A similar
pattern was seen in the csrAgy~ mutant but with a smaller helical pitch, suggesting that the
filaments in the mutant may overlap more extensively and lead to a higher number of waves
with smaller amplitude than seen in the wild type. These observations were further
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substantiated with the cryo-ET analysis whereby the PFs wrapped around the body axis in a
right-handed sense, and that the helix pitch was smaller in the csrAgy~ mutant than the wild
type. The observed phenotype can be explained by the model first proposed by Goldstein et
al. and detailed by Dombrowski et al. (Goldstein et al., 1994;Dombrowski et al., 2009). In
this model, the spirochete cell is considered as an elastic object in which the PFs and the cell
cylinder exert forces onto each other and cause them to deform. In the csrAg,™ mutant, the
length of PFs is increased whereas the cell length remains unchanged (Figure 8). Thus in
order to accommodate the increase length of PFs, the filaments in the mutant may change
the normal ratio between the bending properties of the PFs and the cell cylinder, leading to
the formation of increase wave number per cell and decrease wavelength and amplitude in
the mutant.

B. burgdorferi is maintained through a complex enzootic cycle involving tick and
mammalian hosts. To adapt to these different hosts, the spirochete has evolved a complex
regulatory network to robustly alter its gene expression, including several hallmark
virulence factors [for recent reviews, see (Rosa et al., 2005;Samuels, 2011) ]. The results
reported here show that CsrAgy acts as a negative regulator for flagellar assembly and
motility, whereas recent studies described that CsrAgy, positively regulates several virulence
factors of B. burgdorferi and it is required for the infectivity (Rajasekhar Karna et al.,
2010;Sanjuan et al., 2009;Sze and Li, 2010). Thus, CsrAgp can be an important regulator
coordinating the relationship between motility and other virulence factor expression during
the infection. For example, under the fed-tick condition, the levels of OspC and several other
virulence factors are robustly increased (Schwan, 2003;Yang et al., 2000). In order to
preferentially express these factors that are required for the spirochete to adapt to a new
host, B. burgdorferi may need to transiently decrease the synthesis of FlaB. Along with this
proposition, a condition mimicking tick-feeding (37°C/pH 6.8) increases the expression of
CsrApgp, (Sanjuan et al., 2009). In addition, a recent report describes that B. burgdorferi
appears to be nonmotile within the lumens of the fed ticks (Dunham-Ems et al., 2009). It is
possible that CsrAg, may be a factor responsible for the observed phenotype (e.g., the blood
meal and/or unknown factors present in the milieu of tick midguts may trigger the
expression of CsrAgyp, Which in turn decreases the level of FlaB and consequently results in
a nonmotile phenotype). We are currently investigating the role of CsrAgy, in tick infection
and the transmission between the tick vector and the mammalian hosts. The results from
these studies will further elucidate the role of CsrAgy, in the processes of the disease.

As a global regulator, CsrA is orchestrated with other regulators, such as alternative sigma
factor RpoS, RNA chaperone Hfg, (3’-5’)-cyclic-diguanosine monophosphate (c-di-GMP)
signaling system as well as bacterial two-component systems (TCS) (Babitzke and Romeo,
2007; Martinez et al., 2011;Jonas et al., 2010;Yakhnin et al., 2011). These regulators have
been recently identified in B. burgdorferi and their roles in the physiology and virulence of
the spirochete are beginning to be established [for recent review, see (Samuels, 2011)].
Recent studies have shown that CsrAgy, positively regulates RpoS (Sze and Li,
2010;Rajasekhar Karna et al., 2010), a global regulator of B. burgdorferi (Caimano et al.,
2007). RpoS has been shown to interplay with several other important regulators of B.
burgdorferi, including RpoN (c®*, Hubner et al., 2001;Fisher et al., 2005), Rrp2 (a two-
component regulator, Yang et al., 2003), BosR (an oxidative stress regulator, Ouyang et al.,
2011;0uyang et al., 2009;Hyde et al., 2010; Boylan et al., 2003), DsrAgy, (a small
noncoding RNA, Lybecker and Samuels, 2007) as well as Hfggy, (a RNA chaperone,
Lybecker et al., 2010). Thus it is very important and intriguing to further explore if the
similar scenario found in E. coli and S. enterica also exists in B. burgdorferi.

In summary, although accumulating evidence suggests that CsrAgy could be an important
regulator of B. burgdorferi (Sze and Li, 2010;Rajasekhar Karna et al., 2010;Sanjuan et al.,
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2009), understanding its role and potential mechanisms involved is still in its infancy and
several key questions are needed to be further addressed before reaching more
comprehensive conclusions, e.g., Does CsrAgy, function as a global regulator as its
counterpart of E. coli? Is CsrAgy, orchestrated with other regulatory networks? How is
CsrApy, activated during the enzootic cycle of B. burgdorferi? Addressing these questions
can help to further enlighten our current understanding about gene regulation in B.
burgdorferi.

EXPERIMENTAL PROCEDURES

Bacterial strains and growth conditions

B. burgdorferi sensu stricto wild type B31A3 strain (a low passage virulent clone) and A3-
LS (a clone derived from B31A3 carrying a lacl gene) were used in this study (Elias et al.,
2002;Gilbert et al., 2007). Cells were maintained at 34°C in Barbour-Stoenner-Kelly (BSK-
I1) medium in the presence of 3.4% carbon dioxide. The strains were grown in the
appropriate antibiotic for selective pressure as needed: kanamycin (300 pg/ml), gentamicin
(40 pg/ml), and streptomycin (50 pg/ml). For the over-expression of CsrAgy, 10° of
stationary phase csrAgy* cells were inoculated into 10 ml of BSK 11 medium containing the
appropriate antibiotics in the presence of a final concentration of 1 mM IPTG and cultivated
until the cell density reached 108cells/ml. The E. coli TOP10 strain (Invitrogen, Carlsbad,
CA) was used for DNA cloning, and the BL21 CodonPlus strain (Stratagene, La Jolla, CA)
was used for the expression of the recombinant protein. The E. coli strains were cultured in
lysogeny broth (LB) supplemented with appropriate concentrations of antibiotics.

Constructing plasmids for the over-expression of csrAgy

To conditionally over-express CsrAgp, bb0184 was PCR amplified using primer P4/Ps. A
DNA fragment encoding the FLAG-tag (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys) was added to
the 3’ end of csrAgp to assist further characterization (e.g., identifying protein /mMRNA that
potentially interacts with CsrAgp). The obtained PCR fragment was fused downstream of
the flac promoter in the vector of pTA-flacp (kindly provided by Dr. Samuels) at the
engineered Ndel and BamHI restriction cut sites. The resulting flacp-csrAgy fragment was
further PCR amplified using primers P3/Ps. The obtained PCR product was cloned into the
pGEM-T-easy vector (Promega, Madison, WI) and finally cloned into the B. burgdorferi
shuttle vector pBSV2G (Tilly et al., 2009) at the BamHI cut site. The resulting plasmid was
named pflacpCsrA (Figure 1a) and was used to construct a strain that over-expresses CsrAgy,
under the control of the flac promoter.

Immunoblot analysis

B. burgdorferi cells were harvested at approximately 108 cells/ml. For the western blots, the
same amount of whole cell lysates (10~50 ug) was separated on SDS-PAGE gel and
transferred to PVDF membrane (Bio-Rad Laboratories, Hercules, CA). The immunaoblots
were probed with specific antibodies against various flagellar proteins, and DnaK was used
as an internal control. Monoclonal antibodies to FlaB, FlaA, and DnaK were provided by A.
Barbour (University of California, Irvine), B. Johnson (Center for Disease Control and
Prevention, Atlanta) and J. Benach (State University of New York, Stony Brook),
respectively. Polyclonal antibodies to FIgE and FIiG2 were described in previous
publications (Sal et al., 2008;L.i et al., 2010b). A monoclonal antibody against the FLAG
epitope (Sigma Aldrich, St. Louis, MO) was used to confirm the level of CsrAgp,.
Immunoblots were developed using horseradish peroxidase labeled secondary antibody with
an ECL luminol assay as previously described (Li et al., 2010b). Signals were quantified
using the Molecular Imager ChemiDoc XRS System with the Image Lab software (Bio-Rad
Laboratories).
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Bacteria swarm plate assay and motion analysis

Swarm plate analysis was conducted as previously described (Li et al., 2002;L.i et al.,
2010b;Motaleb et al., 2000). Briefly, 5 ul of cultures (108cells/ml) was spotted onto 0.35%
agarose containing BSK-Il1 medium diluted 1:10 with Dulbecco’s PBS without divalent
cations. Plates were incubated for 3—4 days at 34°C with 3.4% CO». The diameter of the
swarm ring was measured and recorded in millimeters. The wild- type B31A3 strain was
used as a positive control, and a previously constructed non-motile flaB ™ mutant was used as
a negative control to determine the initial inoculum size (Motaleb et al., 2000). The velocity
of spirochetal cells was measured using a computer-based bacteria tracking system as
previously described (Bakker et al., 2007). The data were statistically analyzed by one way
ANOVA followed by Turkey’s multiple comparison at P< 0.01.

RNA preparation and quantitative reverse transcription PCR (QRT-PCR)

RNA samples were prepared as previously described (Sal et al., 2008;Brooks et al., 2003).
Briefly, 50 ml of B. burgdorferi mid-log phase (~ 5 x 107cells/ml) cultures were harvested,
and total RNA was extracted using TRI reagent (Sigma-Aldrich) following the
manufacturer’s instructions. The resultant samples were treated with Turbo DNase (Ambion,
Austin, TX) at 37°C for 2 hours to eliminate genomic DNA contamination. The resultant
RNA samples were re-extracted using acid-phenol:chloroform (Ambion). This was followed
by precipitation in isopropanol and washing with 70% ethanol. The RNA pellets were
resuspended in RNase-free water. To produce cDNA, 1 pg of RNA was reverse transcribed
using AMV reverse transcriptase (Promega). The gPCR was performed using iQ SYBR
Green Supermix and a MyiQ Thermal Cycler (Bio-Rad Laboratories). The transcript of the
enolase gene (eno, BB0337) was used as an internal control to normalize the gPCR data as
described before (Sal et al., 2008). The results were expressed as threshold cycle (Cy) value.
The primers used for the qRT-PCR are listed in Table 1.

Cryo-electron tomography analysis

Viable bacterial cultures were centrifuged to increase the concentration to ~2x10° cells/ml.
A 4 pl sample was deposited onto freshly glow-discharged holey carbon grids for 1 min.
The grids were blotted with filter paper and rapidly frozen in liquid ethane using a gravity-
driven plunger apparatus as previously described (Liu et al., 2009). The resulting frozen-
hydrated specimens were imaged at —170 °C using a Polara G2 electron microscope (FEI
Company, Hillsboro, OR) equipped with a field emission gun and a 4K x 4K CCD (16
megapixel) camera (TVIPS; GMBH, Germany). The microscope was operated at 300 kV
with a magnification of 4,700x for taking low-magnification images along the length of
individual cells. The montage of those images gave an overview of each organism. Two or
three regions along the same organism were selected for further tomographic analysis at a
magnification of 31,000, resulting in an effective pixel size of 5.6 A after 2x2 binning. The
FEI “batch tomography” program was utilized to effectively collect low-dose single-axis tilt
series at —8 pm defocus with a cumulative dose of ~100 e-/A2 distributed over 65 images,
covering an angular range from —64° to +64°, with an angular increment of 2°.

3D reconstruction and visualization

Tilted images were aligned and reconstructed using package IMOD (Kremer et al., 1996).
The location of each tomogram was recognized from the overview picture of each organism
at low magnification. In total, 35 tomograms were generated from 9 cells of WT, 18
tomograms from 9 cells of the csrAg,™ mutant, and 10 tomograms from 5 cells of the IPTG-
induced csrAgy* strain. These tomograms were visualized in IMOD, and then segmented
manually with Amira (MCS). A sigmoid filter was applied to highlight the membranes and
filaments, which were segmented and generated into non-manifold triangulated surfaces.
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Immunofluorescence assay (IFA) and dark-field microscopy analysis

IFA was conducted to localize FlaB as previously described (Li et al., 2010b). Briefly, 1.5
ml cultures of wild-type B31A3, csrAg,~ and csrAg,t +IPTG were harvested, washed twice
with PBS buffer (phosphate-buffered saline, pH 7.5), and then treated with methanol at
—20°C for 1 hour. The collected cells were then treated with lysozyme (1 mg/ml) in GTE
buffer (50 mM glucose, 25 mM Tris, and 1 mM EDTA, pH 7.5) for 1 hour at room
temperature. Cells were then placed on poly-L-lysine-coated cover slips, and allowed to
fully air dry. The obtained cover slips were first incubated in a blocking solution (2% BSA
in PBS, pH 7.5) for 1 hour, followed by incubation in the blocking solution containing 1:500
diluted FlaB antibody for 1 hour at room temperature. Finally, the cover slips were washed
five times with PBS, incubated with the secondary goat anti-mouse Texas red antibody
(Invitrogen) for 1 hour at room temperature, washed with PBS, and mounted in 40%
glycerol for image processing as described previously (Li et al., 2010b).

For the dark-field microscopy analysis, 100 pl of stationary phase (~108 cells/ml) wild type
B31A3 and csrAg,~ mutant cultures were harvested, washed twice with PBS buffer, and
then resuspended in PBS buffer. Cells were then visualized under dark-field illumination at
100x magnification. Cell images were taken using a Zeiss Axiostar plus microscope and
processed using AxioVision software (Zeiss, Germany).

Purification of recombinant CsrAgy protein (rCsrAgp)

Recombinant CsrAgy, protein was purified as previously described (Sze and Li, 2010).
Briefly, the entire BB0184 gene was PCR amplified using primers P1/P, (Table 1) and
ligated to the pET101/D expression vector (Invitrogen). The resulting plasmid was then
transformed into BL21 CodonPlus cells (Stratagene). The expression of the recombinant
CsrApgyp was induced using 1 mM IPTG. The recombinant protein (rCsrAgp) was purified at
4°C using HisTrap HP columns (GE Healthcare, Piscataway, NJ) as previously described
(YYang et al., 2010). The final purified protein was dialyzed in a buffer (20mM Tris-HCI,
100mM KCI, 10mM MgCl,, and 25% glycerol, pH7.5) at 4°C overnight. The purified
rCsrAgp Was used for either immunization or the electrophoretic mobility shift assay as
previously described (Sze and Li, 2010).

Electrophoretic mobility shift assay (EMSA)

RNA probes were commercially synthesized (Integrated DNA Technologies, Coralville, 1A)
and labeled using Ambion’s BrightStar Psoralen-Biotin Nonisotopic Labeling Kit following
the manufacturer’s instruction. EMSA was carried out as previously described with minor
modifications (Yang et al., 2010;Dubey et al., 2005;Brencic and Lory, 2009;Baker et al.,
2007). Briefly, rCsrAgy, biotin-labeled RNA (19fM), 10U RNasin ribonuclease inhibitor
(Promega), and 32.5 ng yeast RNA were included in 10 pul of reaction buffer (10 mM Tris-
HCI, pH7.5, 100 mM KCI, 10 mM MgCl,, 10 mM dithiothreitol, and 10% glycerol). The
reactions were incubated at 37°C for 30 min to allow the rCsrAg,-RNA complex formation.
Reactions were separated on 15% native polyacrylamide gels and signals were developed
using Ambion’s BrightStar Nonisotopic Detection System following the manufacturer’s
instruction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Constructing the IPTG-inducible plasmid for the over-expression of CsrAgy, in B.
burgdorferi and the detection of CsrAgy, in the csrAgp* strain by western blot. (a)
Construction of the pflacpCsrA vector for the over-expression of csrAgy. To conditionally
over-express csrAgp, the entire bb0184 gene was amplified by PCR. The obtained amplicon
was fused to flacp (Gilbert et al., 2007) and then cloned into the shuttle vector pBSV2G
(Tilly et al., 2009), yielding the pflacpCsrA plasmid. (b) Similar amounts of csrAg,* and
IPTG-induced csrAgp* whole cell lysates were analyzed on SDS-PAGE. The presence of the
FLAG-epitope-tagged CsrAgy was detected using a specific antibody against the FLAG
epitope. Immunoblots were developed using horseradish peroxidase secondary antibody
with an ECL luminol assay as previously described (Sze and Li, 2010).
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Figure 2.

The over-expression of CsrAgy, altered the cell morphology and motility of the csrAgp*
strain. (a) Dark-field microscopic analysis of B31A3, csrAgp, and csrAgp*™ with or without
the induction of IPTG. (b) Swarm plate assay of B31A3, csrAgp ™, and csrAgp* with or
without the induction of IPTG. The assays were carried out on 0.35% agarose containing
1:10 diluted BSK-11 medium as previously described (Li et al., 2002;Motaleb et al., 2000).
The data are presented as mean diameters (in millimeters) of swarms plus the standard errors
from five plates.
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The level of FlaB was altered in the IPTG-induced csrAgy* strain and the csrAg,~ mutant.
(a) The over-expression of CsrAgy, repressed the level of FlaB. (b) The level of FlaB was
increased in the csrAgp~ mutant. (c) The level of FIgE remained unchanged in both the
csrAgp~ mutant and the IPTG-induced csrAgy* strain. Similar amounts of whole cell lysates
from B31A3, csrAgy,~, and the csrAgy,* strain with or without IPTG were analyzed on SDS-
PAGE. The presence of FlaA, FlaB, FIgE, FliG2, and DnaK were detected using specific
antibodies against these proteins. Immunoblots were developed as described in Figure 1. In

3(c), arrows point to the monomer of FIgE and high-molecular-weight FIgE complex

previously reported (Sal et al., 2008).
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Figure 4.

CsrApgy, binds to the 5’-untranslated leader (UTL) of the flaB transcript. (a) The upstream
region of the flaB gene. The —10 and —35 regions of the flaB promoter and the ribosome-
binding site (RBS) are underlined; * represents the transcriptional start site; the ATG start
codon is marked with an arrow; the CsrA binding consensus sequence is italicized, and the
vertical lines represent the conserved residues that match the E. coli CsrA-binding consensus
sequence. (b) Computer-predicted secondary structure of the flaB mRNA leader sequence.
The secondary structure and the free energy value were determined using the mfold program
(Zuker, 2003)(Version 3.2). BS1 and BS2 represent the two hairpin loops formed by the
CsrA-binding consensus sequences, and the two conserved motifs of ‘GGA’ within the
loops are marked with arrowheads. (c) Electrophoretic mobility shift assay (EMSA). The
biotin-labeled RNA probes (19 fM) were incubated with different concentrations of
rCsrAgp. The experiment was carried out using the wild-type probe and three mutated
probes (for the mutated BS1BS2 probe, the two ‘GGA’ motifs in BS1 and BS2 were
mutated to *AAA’; for the mutated BS1 and BS2 probes, only one ‘GGA’ motif in BS1 or
BS2 was mutated to ‘AAA’).
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Figure 5.

qRT-PCR analysis of the csrAgy~ mutant and the IPTG-induced csrAg,* strain. The levels
of flaB transcript were measured by qRT-PCR as previously described (Sal et al., 2008). The
transcript of the enolase gene (eno) was used as an internal control to normalize the gPCR
data. The results were expressed as the mean threshold cycles (Cy) of triplicate samples.
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Figure 6.

Cryo-ET analysis of flagellar filaments in the wild-type, csrAgp~ and the IPTG-induced
csrAgy? strain. (a) & (b) show the flagellar filament arrangements in the middle portions of
the wild-type and the csrAgy ™~ cells, respectively. Three stages of images were used to reveal
the differences between the wild-type and the mutant cells: the low-magnification images
showing the overview of the cells (111), which was created by montaging several 0° tilt
snapshots; the highlighted boxes showing the middle sections of the cells where high-
magnification tomograms were collected (I1); and above it is the 3D reconstruction produced
from the data in the tomogram (I). (c) Cryo-ET analysis of the IPTG-induced csrAgy* cells:
(1) 3D segmentation near the cell end, which shows the presence of the flagellar filaments
(some truncated flagellar filaments are circled); (1) A low-magnification image of an IPTG-
induced csrAgp* cell. High-magnification tomograms were taken of the boxed regions to
produce the 3D segmentations; (I11) 3D reconstruction near the middle portion of the cell,
showing that there are no longer any flagellar filaments in this region of the cell.
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Figure 7.

Immunofluorescence assay (IFA) of the wild-type, csrAgp~, and the IPTG-induced csrAgy,*
strain using anti-FlaB antibody. The cells were fixed with methanol, stained with the anti-
FlaB antibody, and counterstained with anti-mouse Texas red antibody. The micrographs
were taken under DIC and TRITC (1000 x), and the resulting images were then merged.
Arrows represent the location of FlaB in the IPTG-induced csrAgy,* strain.
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Figure 8.
Dark-field microscopic analysis of the csrAg,™ mutant. Cells were visualized under dark-

field illumination at 1000 x magnification using a Zeiss Axiostar plus microscope. The cell
length and the wavelength are labeled.
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Table 1

Oligonucleotide primers and RNA probes used in this study

Primers  Descriptions Sequences
P, rCsrAgy (F) 5'-CACCATGCTAGTATTGTCAAGAAAAG-3’
P, rCsrAgy (R) 5-ATTTTCATTCTTGAAATAATG-3’
P3 lac promoter, flacp (F) 5’-GGATCCGACGTCTAATACCCGAGC-3’
Py IPTG inducible csrAgp (F) 5-CATATGCTAGTATTGTCAAGAAAAGC-3
Ps IPTG inducible csrAgy (R) 5’-GGATCCTTATTTGTCATCGTCGTCCTTGTAGTC
ATTTTCATTCTTGAAATAATG-3’
Ps gRT-PCR, eno (F) 5-AACAGGAATTAACGAGGCTG-3’
P, gRT-PCR, eno (R) 5-AAATTGCATTAGCACCAAGC-3’
Pg gRT-PCR, flaB (F) 5’-CATATTCAGATGCAGACAGAGG-3’
Pq gRT-PCR, flaB (R) 5’-CCCTGAAAGTGATGCTGGTGTG-3’
P1o EMSA probe, flaBp 5'-GCAAAAGGAUUUGCCAAAGUCAGAAUUUAA
AUUUUAUCAUGGAGGAAUGA-3’
P11 EMSA probe, flaBp 5’-GCAAAAAAAUUUGCCAAAGUCAGAAUUUAA
(BS1 mutated) AUUUUAUCAUGGAGGAAUGA-3’
P12 EMSA probe, flaBp 5’-GCAAAAGGAUUUGCCAAAGUCAGAAUUUAA
(BS2 mutated) AUUUUAUCAUAAAGGAAUGA-3’
Pis EMSA probe, flaBp 5'-GCAAAAAAAUUUGCCAAAGUCAGAAUUUAA

(BS1 BS2 mutated)

AUUUUAUCAUAAAGGAAUGA-3’

Page 25

The underlined sequences are the engineered restriction cut sites for DNA cloning. The bold sequences in EMSA probes are the mutated CsrA
binding sequence, altered from GGA to AAA.

Mol Microbiol. Author manuscript; available in PMC 2012 November 1.



