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The genome of Borrelia burgdorferi, the Lyme disease spirochete, encodes a homolog (the bb0184 gene
product) of the carbon storage regulator A protein (CsrAg,); recent studies reported that CsrAg,, is involved
in the regulation of several infectivity factors of B. burgdorferi. However, the mechanism involved remains
unknown. In this report, a csr4;, mutant was constructed and complemented in an infectious B31A3 strain.
Subsequent animal studies showed that the mutant failed to establish an infection in mice, highlighting that
CsrAg, is required for the infectivity of B. burgdorferi. Western blot analyses revealed that the virulence-
associated factors OspC, DbpB, and DbpA were attenuated in the csrd,, mutant. The Rrp2-RpoN-RpoS
pathway (0°*-0° sigma factor cascade) is a central regulon that governs the expression of ospC, dbpB, and
dbpA. Further analyses found that the level of RpoS was significantly decreased in the mutant, while the level
of Rrp2 remained unchanged. A recent study reported that the overexpression of BB0589, a phosphate
acetyl-transferase (Pta) that converts acetyl-phosphate to acetyl-coenzyme A (CoA), led to the inhibition of
RpoS and OspC expression, suggesting that acetyl-phosphate is an activator of Rrp2. Along with this report,
we found that CsrAg, binds to the leader sequence of the b60589 transcript and that the intracellular level of
acetyl-CoA in the csr4,;, mutant was significantly increased compared to that of the wild type, suggesting that
more acetyl-phosphate was being converted to acetyl-CoA in the mutant. Collectively, these results suggest that
CsrAg,, may influence the infectivity of B. burgdorferi via regulation of acetate metabolism and subsequent

activation of the Rrp2-RpoN-RpoS pathway.

Borrelia burgdorferi, the causative agent of Lyme borreliosis,
has a complex natural enzootic life cycle—transmitting be-
tween Ixodes tick vectors and mammals (56, 57). As such,
differential gene expression plays an important role in its ad-
aptation to diverse host environments (10, 45). To date, a
limited number of regulatory pathways have been identified in
B. burgdorferi (13, 16, 23, 34, 38, 46, 66). Among these identi-
fied regulatory factors, the Rrp2-RpoN-RpoS pathway is a
central regulatory network of B. burgdorferi, which consists of a
two-component response regulator, Rrp2, and two alternative
sigma factors, RpoN (¢°*) and RpoS (¢®) (11, 23, 66). In this
pathway, Rrp2 acts in concert with RpoN to directly modulate
the level of RpoS, which in turn governs the expression of
more than 10% of B. burgdorferi genes, including those encod-
ing several infection-associated factors, such as the outer mem-
brane surface lipoprotein C (OspC), decorin binding proteins
A and B (DbpB and DbpA), and fibronectin-binding protein
BBK32 (13, 66). RpoS is a key component in this regulatory
cascade. In addition to Rrp2, recent studies showed that B.
burgdorferi DsrA (DsrAg,) (a small noncoding RNA) and
BosR (a homolog of the Fur regulatory protein) are also the
regulators of RpoS (24, 34, 38).

The carbon storage regulator (Csr) system was first discov-
ered in Escherichia coli and has subsequently been shown to be
well conserved in many different bacterial species (3, 48). Csr
is a global regulatory system which typically exerts its regula-
tion on gene expression at the posttranscriptional level (47,
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48). The E. coli Csr system consists of a key determinant, CsrA
(an RNA binding protein), two noncoding regulatory RNAs
(CsrB and CsrC), and a regulatory protein CsrD (4, 32, 58).
Both CsrB and CsrC antagonize the activity of CsrA, whereas
CsrD targets the two regulatory RNAs for degradation by
RNase E. CsrA binds to the targeted transcripts at a consensus
sequence. This binding can result in either enhanced transla-
tion of a gene via stabilization of its transcript or repression by
blocking the ribosome binding site, leading to rapid degrada-
tion of the targeted mRNAs. A body of studies has shown that
the Csr system plays a very important role in the regulation of
bacterial carbon metabolism, motility, biofilm formation, and
virulence (1, 25, 27, 28, 37, 40, 48, 64). For instance, in Salmo-
nella enterica serovar Typhimurium, CsrA acts as both the
positive and negative regulator for the expression of virulence
genes in the pathogenicity island SPI1, which encodes the
components for the assembling of the type III secretion system.
Altier et al. described that both repression and overexpression
of csrA4 can lead to the attenuation of virulence factors encoded
by SPI1, highlighting the importance of CsrA in the regulation
of virulence (1, 27). In Pseudomonas aeruginosa, RsmA (a
homolog of CsrA) regulates the expression of virulence factors
that are required for an acute infection (37, 40).

CsrAg, (the bb0184 gene product), a homolog of CsrA, was
recently identified in B. burgdorferi (51). It was found that the
overexpression of csrAy, led to altered cell morphology, mo-
tility, and antigen profiles of B. burgdorferi, suggesting that
CsrAg, may be an important regulator of B. burgdorferi. How-
ever, the potential mechanism involved and the possible role of
CsrAg, in the pathogenesis of B. burgdorferi remain unclear. In
this report, a csrAy, mutant was constructed and genetically
complemented in B31A3, a low-passage virulent strain of B.
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TABLE 1. Oligonucleotide primers and the RNA probe used in this study”

Primer Description Sequence
P, Upstream of csrAy, (F) 5'-CGTTGCAAAAATCAATGAATC-3'
P, Upstream of csrAg, (R) 5'-TCTAGATGATTGGTGCCTTTAGGTTAG-3'
P; Downstream of csrd g, (F) 5'-TCTAGATAACCTCTGCATTTTGTC-3’
P, Downstream of csrA g, (R) 5'-CATATGTTCTTTGGAAGAATTTGAGC-3'
Py Kan (F) 5'-TCTAGATAATACCCGAGCTTCAAG-3’
Pe Kan (R) 5'-TCTAGATCAAGTCAGCGTAATGCTCTG-3'
P, Complementation, P (F) 5'-GGATCCGCACTACTTAAAAAAGGTGTTGC-3’
Py Complementation, Py, (R 5'-CATATGTTTTATGAAATTAATTATAAGC-3'
P, Complementation, chBb (F) 5'-CATATGCTAGTATTGTCAAGAAAAGC-3'
b GRTpCR o (1) S ACCTATCTCCTGCTCAGTATATAAS
11 qR1- » PO - -
P, qRT-PCR, mpoS (R) 5'-CAAGGGTAATTTCAGGGTTAAAAG-3'
P qRT-PCR, ospC (F) 5'-TGTTACTGATGCTGATGCAA-3'
P, qRT-PCR, ospC (R) 5'-AAGCTCTTTAACTGAATTAGC-3'
Pys qRT-PCR, dbpA (F) 5'-GGACTAACAGGAGCAACA-3’
P qRT-PCR, dbpA (R) 5'-CACCACTACTTCCAGTTTC-3’
Py, qRT-PCR, ospA (F) 5'-GCAGCCTTGACGAGAAAAACA-3’
Pig qRT-PCR, ospA (R) 5'-CGCCTTCAAGTACTCCAGATCC-3’
Py qRT-PCR, dsrA (F) 5'-AATGAAGTTAGTGGGCGTTACTC-3'
Py qRT-PCR, dsrA (R) S-TTTTTTTGAATAGGGTCACCAG-3’
P, qRT-PCR, eno (F) 5'-AACAGGAATTAACGAGGCTG-3’
Py, qRT-PCR, eno (R) 5'-AAATTGCATTAGCACCAAGC-3'
P, qRT-PCR, bb0589 (F) 5'-GAGTTTTAAAGGCAGCTATTGT-3’
Py, qRT-PCR, bb0589 (R) 5'-CTTTGCTTCGTAACTCCCTA-3'
Pss Co-RT, bb0588 (F) 5'-CTGCTTTCAATTCAGCCAAAG-3’
Py Co-RT, bb0589 (R) 5'-GCCTATCAAAATAATCGAATCTGC-3’
P,, rCsrAg, (F) 5'-CACCATGCTAGTATTGTCAAGAAAAG-3’
Py rCsrAg, (R) 5'-ATTTTCATTCTTGAAATAATG-3’
Py EMSA probe 5'-UUUAUUAUAAGGAGUGUGAUUUU-3’
Ps EMSA probe (mutated) 5'-UUUAUUAUAAAAAGUGUGAUUUU-3’

“ The underlined sequences are the engineered restriction cut sites for DNA cloning; the bold “GGA” in P, is the essential binding site for CsrA (36), and it was

mutated to “AAA” in P;,. F, foward; R, reverse.

burgdorferi, and the resulting strains were tested in animal
models. In addition, the influence of CsrAg, on the expression
of OspA, OspC, DbpB, DbpA, RpoS, and other regulatory
proteins was examined, and the potential mechanism involved
was investigated.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Borrelia burgdorferi sensu stricto
B31A3 (a low-passage virulent clone) and B31A (a high-passage avirulent clone)
were used in this study (15, 30, 50). Cells were maintained at 34°C in Barbour-
Stoenner-Kelly (BSK-II) medium in the presence of 3.4% carbon dioxide. The
strains were grown in the appropriate antibiotic(s) for selective pressure as
needed: kanamycin (300 wg/ml) and/or gentamicin (40 wg/ml). The E. coli
TOP10 strain (Invitrogen, Carlsbad, CA) was used for DNA cloning, and the
BL21 Codon Plus 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 csrA::kan and CsrA/pBBE22G plasmids. The csrA::kan plasmid
was constructed for the targeted mutagenesis of csrAy, (bb0184), and the plas-
mid CsrA/pBBE22G for the complementation of the mutant. To construct the
csrA::kan plasmid, the flanking regions of bb0184 and the kanamycin resistance
gene (kan) were amplified by PCR using primers P,/P,, P3/P,, and Ps/P (Table
1). The resulting PCR products were cloned into the pGEM-T-easy vector
(Promega, Madison, WI). The upstream and downstream regions were ligated.
Then, the kan cassette was inserted into the obtained fragment at an engineered
Xbal cut site, generating the csrA::kan plasmid in which the entire open reading
frame (ORF) of bb0184 was deleted (Fig. 1). To construct the plasmid CsrA/
pBBE22G, the full length of bb0184 and the flgK promoter (Pp,x) were PCR
amplified with primers P,/Pg and Py/P,, (Table 1), and the resulting fragments
were fused at an engineered Ndel cut site. Py is a o’-like promoter located
upstream of the flgK operon where the bb0184 gene is located (17). The obtained

P BB0184 fragment was then cloned into the shuttle vector pPBBE22G (63),
yielding the plasmid CsrA/pBBE22G.

SDS-PAGE and Western blotting. B. burgdorferi cells were cultivated at
34°C/pH 7.6 and harvested at stationary phase (~10® cells/ml). Equal amounts of
whole-cell lysates (10 to 50 pg) were separated on an SDS-PAGE gel and
transferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad Labo-
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FIG. 1. Construction of the plasmid csrA::kan (a) for the inactiva-
tion of csrA g, and of CsrA/pBBE22G (b) for the complementation of
the csrA, mutant. (a) To construct the csrA::kan plasmid, the flanking
regions of bb0184 (csrAg,) were amplified by PCR and ligated. The
whole bb0184 gene was omitted and replaced with kan in the final
construct. (b) Pg.x, the flgK promoter upstream of bb0180 (17), was
amplified by PCR and fused to the 5’ end of bb0184. The obtained
fragment was further cloned into the shuttle vector pBBE22G (54).
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ratories, Hercules, CA). The immunoblots were probed with specific antibodies
against OspA, OspC, DbpA, DbpB, RpoS, Rrp2, BosR, and DnaK (an internal
control). These antibodies were kindly provided by F. T. Liang (Louisiana State
University), X. F. Yang (Indiana University), and J. Skare (Texas A&M Uni-
versity). Immunoblots were developed using horseradish peroxidase secondary
antibody with an enhanced chemiluminescence (ECL) luminol assay, as previ-
ously described (30).

Measuring growth rates of B. burgdorferi. To measure the growth rates of
B31A3 and the mutant, 5 ul of the stationary-phase cultures (1 X 10® cells/ml)
was inoculated into 5 ml medium and incubated at 23°C/pH 7.6 or 37°C/pH 6.8.
The bacterial concentrations of the cultures were measured every 12 h for up to
8 days using the Petroff Hausser counting chamber (6). Counts were repeated in
triplicate with at least two independent samples, and the results are expressed as
the mean = standard error of the mean (SEM).

RNA preparation and qRT-PCR. RNA isolation was performed as previously
described (10, 49). Briefly, B. burgdorferi strains were cultivated at 37°C, and 50
ml of stationary-phase cultures (~10% cells/ml) was harvested for RNA prepa-
ration. Total RNA was extracted using TRI reagent (Sigma-Aldrich, St. Louis,
MO), following the manufacturer’s instructions. The resultant samples were
treated with Turbo DNase I (Ambion, Austin, TX) at 37°C for 2 h to eliminate
genomic DNA contamination. The resultant RNA samples were re-extracted
using acid phenol-chloroform (Ambion), precipitated in isopropanol, and
washed with 70% ethanol. The RNA pellets were resuspended in RNase-free
water. cDNA was generated from the purified RNA (1 pg) using AMV reverse
transcriptase (Promega). Quantitative reverse transcription-PCR (qRT-PCR)
was performed using iQ SYBR green supermix and a MyiQ thermal cycler
(Bio-Rad). RNA of the enolase gene (eno, bb0337) was amplified and used as an
internal control to normalize the qRT-PCR data, as described before (49). The
results were expressed as the normalized difference of the threshold cycle
(AACy) between the wild type and the csrAp, mutant. The primers used for
qRT-PCR are listed in Table 1.

Purification of recombinant CsrAg,,. The full length of the bb0184 gene was
PCR amplified using primers P,,/P,g (Table 1) and Platinum Pfx DNA polymer-
ase (Invitrogen). The obtained PCR product was ligated into the pET101/D
expression vector (Invitrogen), which generates a six-histidine tag at the C ter-
minus of the recombinant protein. The resulting plasmid was then transformed
into BL21 Codon Plus cells (Stratagene). The expression of the recombinant
CsrAg,, protein was induced using 1 mM isopropyl-B-p-thiogalactoside (IPTG).
The recombinant protein (rCsrAg,) was purified at 4°C using HisTrap HP
columns (GE Healthcare, Piscataway, NJ), as previously described (36). The final
purified protein was dialyzed in a buffer containing 20 mM Tris-HCIl, 100 mM
KCl, 10 mM MgCl,, and 25% glycerol, pH 7.5, at 4°C overnight. The purified
rCsrAg;, was used for either immunization or an electrophoretic mobility shift
assay (EMSA). To produce an antiserum against CsrAg,,, rats were first immu-
nized with 1 mg of the recombinant protein during a 1-month period and then
boosted (100 wg per rat) twice at weeks 6 and 7. Upon sacrifice at week 8, the
animals were terminally bled, and the serum samples were tested by enzyme-
linked immunosorbent assay (ELISA) and immunoblotting, as previously de-
scribed (29, 30).

EMSA. RNA probes (Table 1) were commercially synthesized (Integrated
DNA Technologies, Coralville, IA) and labeled using the BrightStar psoralen-
biotin nonisotopic labeling kit (Ambion), according to the manufacturer’s in-
structions. EMSA was carried out, as previously described, with minor modifi-
cations (36). Briefly, rCsrAg,,, biotin-labeled RNA (20 fM), 32.5 ng of yeast
RNA, and 10 U RNasin RNase inhibitor (Promega) were included in 10 wl of
reaction buffer (10 mM Tris-HCI, pH 7.5; 100 mM KCl, 10 mM MgCl,, 10 mM
dithiothreitol, and 10% glycerol). To evaluate the specificity of the RNA-protein
interaction, a probe without the CsrAg,-binding consensus was included. The
sequences of these two probes are listed in Table 1. The reaction mixtures were
incubated at 37°C for 30 min to allow rCsrAg,-RNA complex formation. Reac-
tions were separated on 4 to 20% native polyacrylamide gels (Bio-Rad), and
signals were developed using the BrightStar nonisotopic detection system (Am-
bion), following the manufacturer’s instructions.

Luciferase reporter assay. P was cloned into a luciferase construct,
pJSB161 (8), and the obtained construct was transformed into the B31A strain.
For the luciferase assay, 10> B. burgdorferi cells were inoculated into 5 ml BSK-11
medium and cultured under fed-tick conditions (37°C/pH 6.8) to obtain the
maximal expression of CsrAg,,. The bacterial concentrations of the cultures were
measured daily using the Petroff Hausser counting chamber prior to the prepa-
ration of the cell lysates. A commercial luciferase assay kit (Promega) was used
in this study, and the assay was carried out according to the protocol provided by
the manufacturer. Luciferase activity was measured using a Veritas microplate

INFECT. IMMUN.

B31A3 CSrAg, mut  c¢srAg, comp strain
10kDa— . o CsrAg,
75KDa e e |:Dnak

FIG. 2. Detection of CsrAg, in the csrdg, mutant (mut) and the
csrA g, complemented (comp) strain using Western blot analysis. The
same amounts of B31A3, csrdg, mutant, and csrdgz, complemented
strain whole-cell lysates were analyzed by SDS-PAGE. A specific an-
tibody against CsrAg, was produced and used for the Western blotting.
DnaK was used as an internal control, as previously described (30). «,
anti-.

luminometer (Promega), and the data were expressed as relative luciferase units
per 10° cells (RLU/10° cells).

Infection studies in mice. Both BALB/c and BALB/c SCID mice at 4 to 6
weeks of age (Jackson Laboratory, Bar Harbor, ME) were used in the study,
as described previously (30). All animal procedures were performed in com-
pliance with the guidelines and with the approval of the Institutional Animal
Care and Use Committee (IACUC). Briefly, the mice were given a single
subcutaneous injection of 10° spirochetes and sacrificed 3 weeks postinocu-
lation. Tissues from ear, heart, and joint were harvested and placed into 2 ml
BSK-II medium. The samples were incubated at 34°C and monitored for 2 to
3 weeks to microscopically check for the presence of spirochetes in the
medium.

Quantification of intracellular acetyl-CoA level. Cell extracts were prepared
using the perchloric acid extraction as described, with minor modification (41).
Briefly, 10 ml of stationary-phase cultures (~10% cells/ml) was harvested and
washed with phosphate-buffered saline (PBS). Cell pellets were resuspended in
1 ml of washing buffer (10 mM sodium phosphate [pH 7.5], 10 mM MgCl,, 1 mM
EDTA), treated with 200 wl of 3 M ice-cold HCIO,, and incubated on ice for 30
min. The mixture was centrifuged for 5 min at 10,000 X g at 4°C. The supernatant
was neutralized with saturated KHCOj; and centrifuged as described above. The
level of acetyl-coenzyme A (CoA) in the cell extract was quantified using the
PicoProbe acetyl-CoA assay kit (BioVision Research Products, Mountain View,
CA) according to the manufacturer’s instruction. Experiments were repeated in
triplicate using three independent samples. Results are expressed as the mean *
the standard error of the mean (SEM).

RESULTS

Isolation of the csrAd g, mutant and its csr4,, complemented
strain. To inactivate bb0184, the csrA::kan vector was first
linearized with Sphl and then transformed into B31A3 (15)
competent cells by electroporation (50). After 14 days of in-
cubation, 63 kanamycin-resistant clones appeared on the agar
plates. A previously described PCR analysis (29) showed that
only 9 clones contain the expected targeted mutagenesis (data
not shown). The plasmid profiles of these clones were detected
by PCR, as described before (15, 18). Only one clone had the
full plasmid content of its parental strain, B31A3, and this
clone was named the csrAy, mutant. Western blot analysis
using an antiserum against CsrAy, further confirmed that the
cognate gene product was inhibited in the mutant. As shown in
Fig. 2, a single band of an approximately 10-kDa protein was
detected in B31A3 but not in the csr4 5, mutant.

The shuttle vector pPBSV2G (59) was used initially to com-
plement the csr4,, mutant. After several attempts, we found
that the obtained antibiotic-resistant clones lost either Ip28-1
or Ip25, two linear plasmids that are essential for the infectivity
of B. burgdorferi (35, 43). To solve this problem, the shuttle
vector pPBBE22G was used to construct the plasmid CsrA/
pBBE22G (Fig. 1) for the complementation. The vector
pBBE22G contains a gentamicin-resistant marker (aacC1) and
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FIG. 3. The growth curves of the wild type and the csr74, mutant.
Growth curves were measured under the following conditions:
23°C/pH 7.6 (a) and 37°C/pH 6.8 (b). Cell counting was repeated in
triplicate with at least two independent samples, and the results are
expressed as mean * SEM.

BBE?22, a gene encoding a nicotinamidase that is required for
the infectivity of B. burgdorferi in mice (42, 63). This vector has
been used to restore infectivity when the 1p25 plasmid is lost.
Several clones with the complemented vector and the rest of
the plasmids minus 1p25 were isolated. One clone, the csrAy,
complemented strain, was chosen for further characterization.
Western blotting showed that the csr4 5, complemented strain
restored the expression of csrA g, at a level similar to that of the
wild type (Fig. 2).

CsrAg, is not essential for the growth of B. burgdorferi in
vitro. To determine if the csrA, gene influences the growth of
B. burgdorferi, the growth rate of the csr4, mutant was mea-
sured under conditions mimicking both the arthropod vector
(23°C/pH 7.6) and the mammalian host (37°C/pH 6.8) (53, 65).
Under each condition, the mutant grew at the same rates as the
wild type (Fig. 3), indicating that cszA4, is not required for the
growth of B. burgdorferi in vitro. In addition, Sanjuan et al.
recently showed that the overexpression of csrAy, altered the
cell morphology and the motility of B. burgdorferi (51). We
found that the csrA4 5, mutant has a cell morphology and swim-
ming behavior similar to those of the wild type (data not
shown).

CsrAg, is essential for the infectivity of B. burgdorferi. To
investigate the significance of csrA g, in mammalian infectivity,
BALB/c mice were infected intradermally with equal numbers
of B31A3, the csrAdg, mutant, and the csr4 g, complemented
strain (10° spirochetes per mouse). Tissues from the ear, heart,
and joint were collected 21 days postinfection and transferred
to BSK-II medium (30). Cultures were monitored for 2 to 3
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FIG. 4. The levels of OspC, DbpB, and DbpA were repressed in
the csrAp, mutant. Three B. burgdorferi strains (B31A3, the csrdg,
mutant, and the csrAy, complemented strain) were cultivated at
34°C/pH 7.6 and harvested at stationary phase (~10° cells/ml). Similar
amounts of whole-cell lysates were analyzed by SDS-PAGE. OspA,
OspC, DbpB, and DbpA were detected using specific antibodies
against these proteins. DnaK was used as an internal control, as pre-
viously described (30).

weeks, and the infectivity was assessed via the presence of
spirochete cells. As shown in Table 2, spirochetes were recov-
ered from all tissue specimens of mice infected with B31A3
and approximately 80% of the tissues from mice infected with
the complemented strain, whereas no spirochetes were recov-
ered from any of the tissue specimens from mice infected with
the mutant (Table 2). To determine if the failure of the mutant
to establish an infection was due to the host adaptive immu-
nity, a similar animal experiment was implemented using SCID
mice (30). A similar phenotypic defect was observed, in that no
spirochetes were recovered from any tissue specimens of mice
infected with the mutant, indicating that CsrAg, is required for
the basic survival of B. burgdorferi in the murine host.

The levels of OspC, DbpB, and DbpA were significantly
repressed in the csrd,, mutant. Sanjuan et al. recently re-
ported that the overexpression of csrdy, resulted in the
increased levels of OspC and BBA64 (51), suggesting that
CsrApg, may be involved in the regulation of these virulence-
associated factors. To further confirm this observation, the
levels of OspA, OspC, DbpB, and DbpA were detected in the
mutant. Western blotting showed that the levels of OspC,
DbpB, and DbpA were significantly repressed in the mutant,
whereas the level of OspA remained unchanged (Fig. 4). The
complementation of the mutant successfully restored the wild-

TABLE 2. csrAp, mutant was unable to infect mice”

No. of cultures positive/total no. of specimens examined No. of mice

B. burgdorferi strain Mouse strain H:lf)ecgefdr/;?;:l
Ear Heart Joint All sites “used
B31A3 BALB/c 4/4 4/4 4/4 12/12 4/4
csrA g, mutant 0/4 0/4 0/4 0/12 0/4
csrA g, complemented strain 3/4 4/4 4/4 11/12 4/4
B31A3 SCID 3/3 3/3 3/3 9/9 3/3
csrA g, mutant 0/3 0/3 0/3 0/9 0/3
csrA g, complemented strain 2/3 3/3 2/3 79 3/3

@ Groups of four BALB/c and three SCID mice were inoculated with 10° spirochetes of the B31A3, csrdy, mutant, and csrdy, complemented strains. Mice were
sacrificed 3 weeks postinoculation. Ear, heart, and joint specimens were harvested for spirochete culture in BSK-II medium.
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TABLE 3. qRT-PCR analysis of the csrA g, mutant”

Gene AAC, Fo(l;iAcilg;r)lge
ospC 2.14 4.40
dbpA 3.57 11.88
dsrAg, 0.22 1.16
ospA 0.16 1.12

“ The results are expressed as normalized difference of threshold cycle (AAC;)
and fold change (244€7) relative to the wild type.

type levels of OspC, DbpB, and DbpA (Fig. 4). To determine
whether these changes occur at the RNA or protein level,
qRT-PCR analysis was carried out, and the results revealed
that the levels of ospC and dbpA transcripts had decreased 4-
to 11-fold in the mutant (Table 3), suggesting that the decrease
of OspC, DbpB, and DbpA in the mutant occurs at the tran-
scriptional level.

The csrdy, mutant has decreased RpoS. CsrA regulates tar-
get gene expression at the posttranscriptional level via influ-
encing the stability or the translation of a given transcript.
However, the study by Rajasekhar Karna et al. (44) discussed
above showed that the decrease of OspC, DbpB, and DbpA in
the mutant occurs at the transcriptional level, suggesting that
the effect of CsrAg,, on the expression of ospC, dbpB, and dbpA
may be indirect and that it is probably mediated by other
factors. RpoS is a central regulator of B. burgdorferi and plays
a very important role in the regulation of virulence factors,
such as OspC, DbpB, and DbpA (13, 23). As such, we hypoth-
esize that there may be an interplay between RpoS and
CsrAg,- To test this hypothesis, the level of RpoS in the csrA,
mutant was detected by Western blot analysis with an antibody
against RpoS. It was found that RpoS was significantly re-
pressed in the mutant and was restored in the csrA, comple-
mented strain (Fig. 5b). However, QRT-PCR analysis revealed
that the level of rpoS mRNA was decreased (approximately
70% reduction) in the mutant (Fig. 5c), suggesting that the
decrease of RpoS in the csrA,, mutant occurs upstream of the
RpoS pathway. The expression of rpoS is directly controlled by
the alternative sigma factor RpoN, whose expression requires
the activation of the response regulator Rrp2 (9, 55). In addi-
tion, recent studies showed that BosR, a homolog of the Fur
regulatory protein, interfaces with the Rrp2-RpoN-RpoS net-
work (24, 38). Thus, CsrAg, could indirectly influence the level
of RpoS by modulating these regulators. To test this possibility,
we detected BosR and Rrp2 in the mutant by Western blotting
and found that the levels of these two proteins remained un-
changed (Fig. 5a), indicating that CsrAg, does not regulate
RpoS by directly modulating either BosR or Rrp2.

CsrAy, regulates the acetate metabolism pathway. In order
to activate the RpoN-RpoS cascade, the response regulator
Rrp2 first has to be phosphorylated. A recent publication by
Xu et al. showed that acetyl-phosphate, an intermediate me-
tabolite generated from the Ack-Pta (acetate kinase-acetate
acetyltransferase) pathway, serves as one of the key activating
molecules for the Rrp2-RpoN-RpoS pathway by phosphory-
lating Rrp2 (62). For instance, when the acetate metabolism
pathway was interrupted via the overexpression of BB0589, a
phosphate acetyltransferase (Pta) that converts acetyl-phos-
phate to acetyl-CoA, the activation of the Rrp2-RpoN-RpoS
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pathway was inhibited. To determine if CsrAy, influences the
activation of Rrp2 via regulation of the acetate metabolism, we
analyzed the intracellular level of acetyl-CoA in both the wild
type and the csrA4 g, mutant. The results indicated that the level
of acetyl-CoA was significantly increased in the mutant com-
pared to that of the wild type (Fig. 6), implying that more
acetyl-phosphate was converted to acetyl-CoA in the mutant.
As such, the lesser accumulation of acetyl-phosphate in the
¢srA g, mutant could inhibit the acetate-induced Rrp2 activa-
tion, which further leads to the repression of RpoS and the
RpoS-dependent genes, such as ospC, dbpB, and dbpA.
CsrAg, binds to the leader region of the bb0588-bb0589
transcript. CsrA is an RNA-binding protein and affects the
targeted gene via binding to a consensus sequence (RUACA
RGGAUGU) that is present within the targeted transcripts
(14, 36). To test if the same mechanism is accountable for the
interception of CsrAg, on the acetate metabolism pathway, we
analyzed the intergenic regions of the two genes involved in the
Ack-Pta pathway (bb0622 and bb0589) and identified a poten-
tial CsrAg, recognition site located upstream of the bb0588
gene (Fig. 7a). Cotranscriptional analysis showed that both
bb0588 and bb0589 are cotranscribed (data not shown) as a
single transcript. To confirm the binding of CsrAg, to this
region, an EMSA was carried out using rCsrAg, and a 23-base
synthetic RNA probe encompassing the consensus sequence
and the upstream region up to the start codon of bb0588 (Fig.
7a). A probe with the consensus sequence mutated from GGA

(a) B31A3 csrAg, mut csrAg, comp strain
50 kDa— . Oam— S oRrp2
25 kDa— o et M gBosR
75 kDa—] - - - aDnaK
(b) B31A3 csrAg, mut csrAg, comp strain
37 kba—|

— RPoS
s kbaﬂ o - — SR o-Dnak
(c) B31A3 csrAg, mut

A
["eno oS! [ eno rpoS |

FIG. 5. The level of RpoS was repressed in the csrA4p, mutant. (a
and b) Detection of BosR, Rrp2, and RpoS by Western blotting.
Similar amounts of B31A3, csrA g, mutant, and csrA gz, complemented
strain whole-cell lysates were analyzed by SDS-PAGE. DnaK was used
as an internal control as described in the legend to Fig. 4. (c) qRT-PCR
analysis of 7poS mRNA. Total RNA from both the wild type and the
csrAg, mutant was reverse transcribed to ¢cDNA and used for the
qPCR analysis of rpoS transcript. PCR samples at 30 cycles were
analyzed by 1% agarose gel and visualized with ethidium bromide
staining. The enolase (eno) transcript was used as an internal control
as previously described (49).
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FIG. 6. The intracellular level of acetyl-CoA was increased in the
csrA g, mutant. The acetyl-CoA level in the stationary-phase culture (~10°
cells/ml) was measured using a commercial acetyl-CoA assay kit. The data
are expressed as mean = SEM from three independent experiments.

csrAg, mut

to AAA was included in the assay as a negative control (Table
1). The result demonstrated that rCsrAg, bound to the biotin-
labeled wild-type probe and that such an interaction was abol-
ished when the consensus site was removed (Fig. 7b). These
results indicate that CsrAg, specifically interacts with the
leader sequence of the bb0588-bb0589 transcript. qRT-PCR
analysis was also carried out to examine the transcript level of
bb0589, and the result showed that there was no change at the
level of transcription (data not shown). All these observations
suggest that CsrAg, can regulate the acetate metabolism by
binding to the upstream region of bb0589 mRNA and influence
its expression at the posttranscriptional level.

The csrAy, gene is temporally regulated. RpoS is a stress-
induced sigma factor that governs the stress responses of bacteria

(a) 5-AATTTTGGCTTTTTTGTAAAAAATGATATAAAT

CsrA binding box bb0588
ATTCTTTTATTATAAGGAGTGTGATTTTATG----

H-THH
RUACARGGAUGU

(b) RNA probe Wild type Mutated
pmol rCsrAg, 0 8 16 24 0 8 16 24

FIG. 7. CsrAg, binds to the 5" UTR of the bb0588-bb0589 tran-
script. (a) The upstream region of the bb0588-bb0589 gene cluster. The
potential CsrA binding site is boxed, a putative SD sequence is in
italics, and the ATG start codon of BB0588 is bold. The vertical lines
indicate the conserved residues present in the binding consensus of E.
coli CsrA. The RNA sequence used for the EMSA probe is underlined.
(b) EMSA. The biotin-labeled RNA probe (20 fmol) was incubated
with different concentrations of rCsrAg,. The experiment was carried
out using the wild-type RNA probe (left) and the CsrA consensus site
mutated RNA probe (right). Arrows, complexes formed between CsrB
and the RNA probe.
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FIG. 8. Luciferase reporter assay. Ppx, a native promoter of
csrAgy,, was fused to a modified luciferase gene within the plasmid
pJSB161 (8). Luciferase activity was measured using a commercial
luciferase assay kit and a Veritas microplate luminometer (Promega).
The data are expressed as relative luciferase units per 10° cells (RLU/
10° cells).

in the stationary growth phase (21). In B. burgdorferi, the Rrp2-
RpoN-RpoS pathway activation increases in response to an ele-
vated temperature as well as an increased cell density (11, 65, 66).
To test if there is any correlation between CsrAg, and the Rrp2-
RpoN-RpoS activation, the expression level of csr4 5, was moni-
tored by a previously constructed luciferase reporter vector,
pJSB161 (8). The reporter was constructed by fusing P, the
native promoter of csrAy,, to the luciferase gene (8, 17). The
construct was then transformed into a high-passage B31A strain
(29). The assay was carried out under the fed-tick condition
(37°C/pH 6.8), based on the observation that the synthesis of
CsrAgy, is enhanced under such a condition (51). As shown in Fig.
8, the activity of luciferase was low during the exponential growth
phase but exhibited a rapid 4-fold increase as the culture entered
the stationary phase, implying that the expression of csrAy, is
temporally regulated and that it reaches the maximum level in the
stationary phase.

DISCUSSION

The role of the small RNA-binding regulatory protein CsrA
has been well studied with the enteric bacteria in which it
functions as a global regulator involved in the regulation of
carbon metabolism, motility, biofilm formation, and virulence
(1, 25, 27, 28, 37, 40, 48, 64). Sanjuan et al. recently reported
that the overexpression of csr4 g, altered the motility and sev-
eral virulence factors of B. burgdorferi, such as OspC and
BBAG64 (51). In addition, a recent study by Rajasekhar Karna
et al. reported that the targeted mutagenesis of csrAp, re-
pressed the levels of several lipoproteins, such as OspC, DbpA,
and BBA64, and two key regulators, RpoS and BosR (44).
These results suggest that CsrAg, may be an important regu-
lator that is required for the pathogenesis of B. burgdorferi.
However, all of the studies in that report were carried out with
a noninfectious strain in which infectivity was restored with the
minimal region of Ip25, and the genetic complementation was
unable to restore the infectivity of the csr4, mutant. In addi-
tion, the potential molecular mechanism involved in the regu-
latory role of CsrAg, has not yet been investigated. The aim of
this report is to investigate the pathophysiological roles of
CsrAg, in B. burgdorferi by addressing the following fundamen-
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tal questions: (i) whether and how does CsrAy, influence the
virulence of B. burgdorferi, and (ii) how does CsrAg, regulate
the expression of virulence factors of B. burgdorferi?

To address the first question, a ¢srAg, mutant and its com-
plemented strain were constructed in B31A3, a low-passage
virulent strain (15). The construction of these two strains al-
lows us to elucidate the effect of CsrAyg, on B. burgdorferi
virulence by using the animal models of Lyme disease (7). The
infectivity of the csrAy, mutant was tested in both immuno-
competent and immunocompromised mice. The results
showed that the mutant failed to establish an infection in the
murine model, whereas the infectivity was restored in the com-
plemented strain (Table 2). These results have clearly demon-
strated that CsrAg, is required for the survival of the spiro-
chete in the mammalian hosts. B. burgdorferi is maintained
through a complex enzootic life cycle involving the tick and the
mammalian hosts (26, 56, 57). The adaptation to these two
different hosts is very important for the life cycle of the spiro-
chete and for the establishment of infection. We are currently
investigating whether CsrAy, is required for the survival of the
spirochete in the tick host by using the tick infection model.

How does CsrAg, influence the virulence of B. burgdorferi?
Previous studies have identified several important virulence
determinants, such as OspA, OspC, DbpB, DbpA, and BBK32
(19, 31, 39, 54, 60, 67). For instance, B. burgdorferi strictly
requires OspC to establish an infection in mice. The absence of
BBK32, a fibronectin-binding lipoprotein, or DbpB and DbpA,
two decorin-binding proteins, significantly attenuates the over-
all virulence of B. burgdorferi. In addition, recent studies found
that the change of CsrAy, influenced the levels of OspC,
DbpA, and BBA64 (44, 51). Thus, it is reasonable to speculate
that the inactivation of csrAy, may alter the levels of these
virulence determinants, which in turn leads to the failure of an
infection. To test this hypothesis, the levels of OspA, OspC,
DbpB, and DbpA in the mutant were measured by immuno-
blotting. The results showed that the levels of OspC, DbpB,
and DbpA were significantly repressed in the mutant and were
restored in the complemented strain (Fig. 4), suggesting that
CsrAg, positively regulates the expression of these virulence
factors. Since OspC, DbpB, and DbpA are the important vir-
ulence determinants of B. burgdorferi, the repression of these
factors could influence the infectivity of the mutant. In this
report, we examined only the above three virulence determi-
nants. It is possible that the inactivation of csr4,, may also
have an impact on other known or unknown virulence factors.
Moreover, in E. coli, CsrA functions primarily as a regulator of
carbon metabolism—glycogen biosynthesis and glycolysis (48).
Thus, the inactivation of csrA g, may have changed the physi-
ological status of B. burgdorferi, limiting the spirochete’s ability
to survive in the mammalian host. The existence of these pos-
sibilities is currently under investigation.

How does CsrAg, regulate the levels of OspC, DbpB, and
DbpA? As an RNA binding protein, CsrA controls gene ex-
pression at the posttranscriptional level by influencing either
mRNA stability or protein translation (5, 33, 47, 48). However,
qRT-PCR analysis revealed that the decrease of OspC and
DbpA occurred at the transcriptional level (Table 3), suggest-
ing that CsrAg, does not directly regulate the expression of
ospC, dbpB, and dbpA. In addition, the level of OspA, which is
not regulated by RpoS (2), remained unchanged in the csrA g,
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mutant (Fig. 4). Moreover, RpoS is a stress-induced sigma
factor that governs the stress responses of bacteria in the sta-
tionary growth phase (21, 22). Consistently, the luciferase re-
porter assay indicated that the level of CsrAg, was highly
enhanced when the cells entered the stationary phase (Fig. 8),
which coincides with the expression of RpoS. As such, we
initially hypothesized that CsrAg, may indirectly control the
levels of OspC, DbpB, and DbpA via RpoS, a central regulator
of B. burgdorferi. To test this hypothesis, the level of RpoS in
the mutant was detected by Western blotting, and it was found
that the level of RpoS was significantly attenuated in the mu-
tant but was restored in the complemented strain (Fig. 5b).
Upon analysis at the transcript level, we found that the level of
rpoS mRNA was significantly decreased in the mutant, sug-
gesting that the repression of RpoS expression occurred at the
transcriptional level (Fig. 5c), which does not fit the common
regulatory mechanism of CsrA. In addition, although a puta-
tive CsrA binding consensus was identified at the 5" untrans-
lated region (UTR) of the rpoS long transcript (34), the EMSA
analysis showed that CsrAg, does not bind to the transcript
(data not shown). Collectively, these results indicate that
CsrAg, does not directly regulate RpoS.

How does CsrAg, control the level of RpoS? Rrp2-RpoN-
RpoS forms a central regulatory network of B. burgdorferi (11,
23, 66). RpoN directly controls the expression of RpoS, and
Rrp2 is an activator of the RpoN-RpoS pathway (9, 66). In
addition, recent studies showed that BosR, a homolog of the
Fur regulatory protein, interfaces with the Rrp2-RpoN-RpoS
network (24, 38). However, the immunoblot analyses showed
that the levels of BosR and Rrp2 were unaffected in the mutant
(Fig. 5a), indicating that CsrApy, does not regulate RpoS by
directly modulating either BosR or Rrp2. However, Raja-
sekhar Karna et al. recently reported that the inactivation of
csrA g, significantly repressed the level of BosR (44). The po-
tential reason for this discrepancy could be due to the differ-
ences in growth conditions or the strains that we used. For
instance, Rajasekhar Karna et al. tested the level of BosR
under the fed-tick condition (pH 6.8/37°C) in the presence of
1% CO, (microaerobic), while we prepared the samples under
the regular culture condition (pH 7.6/34°C) in the presence of
3.4% CO,. A recent identification of DsrAg,, encoded by a
noncoding small RNA that regulates RpoS via binding to the
upstream region of rpoS mRNA (34), prompted us to examine
whether DsrAg, is involved in the altered RpoS level in the
csrA g, mutant. However, qRT-PCR analysis did not find any
significant changes at the level of DsrAg, (Table 3), suggesting
that the influence of CsrAg, on RpoS is not due to the change
of DsrAg,. In E. coli, CsrA interacts with CsrB and CsrC,
which are encoded by two small noncoding RNAs (20, 33, 48).
However, genome-mining analyses did not identify any homo-
logues of these two RNAs in the genome of B. burgdorferi.

The activation of the RpoN-RpoS pathway requires the
phosphorylation of Rrp2. A recent publication by Xu et al.
showed that acetyl-phosphate from the Ack-Pta acetate me-
tabolism pathway acts as an activating agent for the Rrp2-
RpoN-RpoS pathway by phosphorylating Rrp2 (62). Since
CsrA can activate the acetate metabolism in E. coli (61), we
hypothesized that CsrAg, may interface with the activation
of the Rrp2-RpoN-RpoS pathway by regulating the Ack-Pta
pathway. To test this hypothesis, we examined the intracel-
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lular level of acetyl-CoA in both the wild type and the csr4 g,
mutant, and the results showed that the csr4 5, mutant has a
consistently higher level of intracellular acetyl-CoA than the
wild type (Fig. 6). In the report by Xu et al., when Pta
(BB0589) is overexpressed in the wild type to reduce the
level of acetyl-phosphate in the cell (and thus a higher level
of acetyl-CoA), the temperature- and cell density-induced
activation of RpoS and OspC was significantly inhibited
(62). Our observation is consistent with their report in which
a higher level of acetyl-CoA in the mutant inhibited the
activation of Rrp2, which results in the repression of RpoS
expression as well as the RpoS-dependent genes, such as
ospC, dbpB, and dbpA.

CsrA is an RNA binding protein, which can recognize a
consensus sequence present in a particular transcript, and
its binding can lead to either the activation or the repression
of gene expression (14, 36). We hypothesized that the same
mechanism may be adopted by CsrAg,. Upon analysis of the
upstream region of bb0589, we identified a putative CsrA-
binding consensus sequence located upstream of the gene
bb0588 (Fig. 7a). To determine if CsrAg, binds to this con-
sensus sequence, we synthesized an RNA probe encompass-
ing the consensus region up to the ATG start codon of
bb0588 and a mutated RNA probe with the consensus se-
quence altered from GGA to AAA (Table 1). The EMSA
result confirmed that CsrAg, binds to the probe and that
this interaction is specific, as the mutation of the consensus
site abolished such interaction (Fig. 7b). Follow-up qRT-
PCR analysis showed that the level of bb0589 mRNA re-
mained unchanged in the mutant (data not shown), suggest-
ing that CsrAp, regulates the bb0589 transcript at the
posttranscriptional level.

Previous studies have shown that the RpoS expression
level increases in response to changes in temperature, pH,
and cell entry into the stationary phase (12, 23, 34, 65).
Consistently, the luciferase reporter assay showed that the
level of CsrAp, was highly enhanced when the cell entered
the stationary phase (Fig. 8), which coincides with the acti-
vation of the RpoN-RpoS pathway. Based on these obser-
vations, we propose a working model to explain how CsrAg,
regulates the expression of ospC, dbpB, and dbpA via the
Rrp2-RpoN-RpoS network (Fig. 9). During the early growth
phase, the low level of CsrAg, allows the expression of Pta
for the physiological metabolism of acetate through the
Ack-Pta pathway. As B. burgdorferi enters the stationary
phase, CsrAg, expression increases and acts as a repressor
to turn off the expression of Pta, which blocks the conver-
sion of acetyl-phosphate to acetyl-CoA and consequently
increases the intracellular level of acetyl-phosphate. The
accumulation of acetyl-phosphate facilitates the autophos-
phorylation of Rrp2, which activates the Rrp2-RpoN-RpoS
pathway as well as the downstream RpoS-dependent genes,
such as ospC, dbpB, and dbpA. In the absence of CsrAg,, the
level of Pta is dysregulated during stationary phase and
leads to excess conversion of intracellular acetyl-phosphate
to acetyl-CoA in the mutant. A low intracellular acetyl-
phosphate level prevents the autophosphorylation of Rrp2
and the activation of the RpoN-RpoS pathway, which results
in the inhibition of RpoS and the expression of the RpoS-
dependent genes. Schwan reported that the OspC level is
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FIG. 9. Model for CsrAp, regulation of the Rrp2-RpoN-RpoS
pathway activation. We propose that CsrAg, regulates the activation of
the Rrp2-RpoN-RpoS pathway via the modulation of the level of Pta
(BB0589). During the stationary phase, CsrAg, reaches the maximum
level and acts as a repressor to turn off the expression of Pta, which
results in less conversion of acetyl-phosphate to acetyl-CoA and an
increase in the intracellular level of acetyl-phosphate. An increased
intracellular level of acetyl-phosphate leads to the autophosphoryla-
tion of Rrp2, which in turn activates the RpoN-RpoS cascade as well
as the downstream RpoS-dependent genes. In the absence of CsrAg,,
the level of Pta is dysregulated and results in an enhanced conversion
of acetyl-phosphate to acetyl-CoA. A low intracellular level of acetyl-
phosphate prevents the autophosphorylation of Rrp2 and the activa-
tion of its downstream regulatory pathway.

rapidly upregulated following tick feeding (52), suggesting
that RpoS expression can be triggered by certain environ-
mental factors at the early growth stage. Thus, it is possible
that certain environmental cues or host factors can act as a
stimulant to activate the expression of CsrAp, during the
early stage, which in turn activates the acetate-induced ac-
tivation of the Rrp2 pathway. The studies carried out in this
report are only the first step to elucidate the role of CsrAg,
in B. burgdorferi, and many questions, including the follow-
ing, still remain unveiled. How is CsrAp, regulated? Do any
environmental factors trigger the expression of CsrAg,? Is
CsrAg, involved in the regulation of other virulence factors,
motility, and carbon metabolism? Answering these ques-
tions will give us an overall picture about the role of CsrAg,
in B. burgdorferi.
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