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ABSTRACT

In Borrelia burgdorferi, the Lyme disease pathogen, differential gene expression is
primarily controlled by the alternative sigma factor RpoS (¢°). Understanding how RpoS levels
are regulated is crucial for elucidating how B. burgdorferi is maintained throughout its enzootic
cycle. Our recent studies have shown that a homolog of Fur/PerR repressor/activator, BosR,
functions as an RNA-binding protein that controls the rpoS mRNA stability. However, the
mechanisms of regulation of BosR, particularly in response to host signals and environmental
cues, remain largely unclear. In this study, we revealed a positive feedback loop between RpoS
and BosR, where RpoS post-transcriptionally regulates BosR levels. Specifically, mutation or
deletion of rpoS significantly reduced BosR levels, while artificial induction of rpoS resulted in a
dose-dependent increase in BosR levels. Notably, RpoS does not affect bosR mRNA levels but
instead modulates the turnover rate of the BosR protein. Furthermore, we demonstrated that
environmental cues do not directly influence bosR expression but instead induce rpoS
transcription and RpoS production, thereby enhancing BosR protein levels. This discovery adds a
new layer of complexity to the RpoN-RpoS pathway and suggests the need to re-evaluate the

factors and signals previously believed to regulate RpoS levels through BosR.

IMPORTANCE

Lyme disease is the most prevalent arthropod-borne infection in the United States. The
etiological agent, Borreliella (or Borrelia) burgdorferi, is maintained in nature through an
enzootic cycle involving a tick vector and a mammalian host. RpoS, the master regulator of
differential gene expression, plays a crucial role in tick transmission and mammalian infection of
B. burgdorferi. This study reveals a positive feedback loop between RpoS and a Fur/PerR
homolog. Elucidating this regulatory network is essential for identifying potential therapeutic
targets to disrupt B. burgdorferi's enzootic cycle. The findings also have broader implications for

understanding the regulation of RpoS and Fur/PerR family in other bacteria.
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INTRODUCTION

Lyme disease is the most common arthropod-borne infection in the United States,
Europe, and Asia (1). The etiological agent, Borrelia (or Borreliella) burgdorferi, perpetuates its
life cycle through an enzootic process involving a tick vector and a mammalian host (2). To
adapt and survive during this cycle, B. burgdorferi undergoes substantial differential gene
expression (2-5). Over the past two decades, several regulatory pathways have been identified
that govern differential gene expression throughout the enzootic cycle of B. burgdorferi (4).
Among these, the alternative sigma factor RpoS (c°) has been well recognized as a key regulator,
acting as a “gatekeeper” that governs the reciprocal expression of numerous Borrelia genes
during spirochetal transmission between ticks and mammals (6-8). It activates virulence genes
such as ospC essential for transmission or infection in vertebrate hosts while suppressing genes
such as ospA necessary for spirochete survival within the tick vector. Thus, elucidating the
molecular mechanism underlying RpoS regulation has become a central focus in B. burgdorferi

genetics.

Unlike in model organisms such as Escherichia coli, RpoS regulation in B. burgdorferi is
quite unique. The level of RpoS in B. burgdorferi is primarily regulated transcriptionally by
another alternative sigma factor RpoN (c"), and RpoN and Rpo$S constitute the RpoN-RpoS (c"—
") sigma factor cascade or pathway (6, 9, 10). In addition to requiring a bacterial enhancer-
binding protein (bEBP) Rrp2 from the ¢"-type promoter for rpoS transcriptional activation (11-
15), the rpoS expression also requires a Fur/PerR family repressor/activator, BosR (16, 17).
Recently, we demonstrated that BosR does not function as a transcriptional regulator as
previously proposed to control rpoS transcripts but instead, it is a novel RNA-binding protein
that directly binds to 5’ untranslated region of the rpoS mRNA and controls the turnover rate of
the rpoS mRNA (18).

B. burgdorferi activates the RpoN-RpoS cascade in response to various host and
environmental signals, including temperature, cell density, pH, oxygen, carbon dioxide, metals,

and short-chain fatty acids (19-28). Although the precise mechanisms by which these signals are
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integrated into this pathway remain unclear, the prevailing model suggests that host signals and
environmental cues regulate RpoS levels through BosR [for review, see (4)]. This hypothesis is
primarily based on observations that (1) both the RpoS and BosR levels are influenced by host
signals and environmental cues, and (2) BosR governs rpoS mRNA levels. However, direct
evidence supporting this model is still lacking, and the mechanism by which multiple signals and

cellular processes influences RpoS levels remains to be fully elucidated.

In this study, while systematically identifying genes involved in regulating the RpoN-
RpoS cascade, we identified two mutants with defects in BosR production. Unexpectedly, both
mutants harbored a mutation in the rpoS gene, resulting in a truncated RpoS protein. Further
investigation revealed that BosR production is regulated by RpoS at the protein level. This
finding challenges the current model in which BosR controls RpoS levels. Instead, our results
indicate the presence of a novel positive feedback loop between BosR and RpoS. Moreover, we
demonstrate that host and environmental factors influence the RpoN-RpoS sigma factor cascade

by modulating rpoS transcriptional activation, which subsequently affects BosR levels.
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RESULTS

Truncated RpoS resulted in defective BosR production

95 To systematically identify genes regulating the RpoN-RpoS cascade, we constructed a
transposon library (Tn) in B. burgdorferi as previously described (29, 30). Using OspC
production as an indicator for RpoS activation, initial screening of Tn mutants by SDS-PAGE
analysis identified two transposon mutants that lacked OspC expression (Fig. 1A). Sequencing
revealed that the transposon was inserted into bb_0295 and bb_0421 in Tn-001 and Tn-002,

100  respectively. Western-blotting analyses revealed that Tn-001 and Tn-002 had significantly
reduced BosR levels and a loss of RpoS.

Based on the current model, in which BosR controls RpoS, and RpoS subsequently
governs OspC production, we initially hypothesized that bb_0295 and bb_0421 are important
factors that regulate BosR, leading to defective in RpoS and subsequent OspC production.

105  However, we constructed a bb_0295 and a bb 0421 null mutant and both mutants showed
normal OspC levels (data not shown). Re-constructed Tn mutants by transforming wild-type B.
burgdorferi with PCR-amplified DNA fragments from Tn-001 and Tn-002 also resulted in
normal OspC levels (data not shown), suggesting the OspC defect observed in Tn-001 and Tn-

002 was due to additional mutations.

110 Subsequent genome sequencing revealed a point mutation (T to A) in the rpoS ORF in
both Tn mutants, which is a nonsense mutation that introduce a stop codon at residue K222,
resulting in a 45-amino acid shorter RpoS protein. We hypothesized that the minor, lower
molecular weight band detected by anti-RpoS was the truncated RpoS (Fig. 1A). Since the
region compassing residues 213-263 of RpoS is predicted to be the Helix-Turn-Helix domain

115  critical for DNA-binding, we reasoned that this truncation likely caused the OspC defect. Given
that genome sequencing did not reveal additional mutations in Tn-001 and Tn-002, we further

hypothesized that RpoS K222* mutation led to impaired BosR levels.

To test this, we constructed a rpoS mutant strain with the K222* mutation in the
chromosome, designated RpoS-K222* (Fig. 1B). The result showed that RpoS-K222* exhibited
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120  phenotypes identical to those of Tn-001 and Tn-002: truncated RpoS, abolished OspC
production, and notably, reduced BosR levels (Fig. 1C). However, no detectable differences
were observed in bosR mRNA levels in all strains tested (Fig. 1D). These findings suggest that

RpoS truncation leads to a significant reduction of BosR at the protein level in B. burgdorferi.
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125  Fig. 1. Analyses of B. burgdorferi mutants harboring with RpoS truncation. (A) Coomassie
gel staining and immunoblot analyses of Tn mutants. Wild-type B. burgdorferi strain
5A18NP1 and various transposon mutants (labeled at top) were cultured in BSK-II medium at
37°C and harvested at stationary phase. Cell lysates were subjected to SDS-PAGE (top panel)
and immunoblot analyses (bottom panel). The bands corresponding to OspC, RpoS, BosR and

130 FlaB are indicated on the right. (B) Strategy for constructing a rpoS mutant with K222*
mutation. pSR027, a suicide vector harboring a wild-type copy of rpoS linked to an aadA
streptomycin-resistant marker; pSR028, a suicide vector identical to pSR027, except harboring a
mutated rpoS with K222* (depicted in red). pSR027 and pSR028 were transformed into wild-
type B. burgdorferi strain 5A18NP1, and the resulting strains are designated RpoS-WT and

135  RpoS-K222*, respectively. (C) Coomassie gel staining and immunoblot analyses of RpoS-
K222* mutants. B. burgdorferi strains were cultured and analyzed identical to Fig. 1A. (D)
Quantitation of bosR mMRNA levels by qRT-PCR. RNAs were extracted from the cultures in
Fig. 1C and subjected to gRT-PCR. The bosR mRNA level in strain RpoS-WT were normalized
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as 1.0. The bars represent the mean values of three independent experiments, and the error bars
140  represent the standard deviation.

RpoS is required for BosR production

The result showing that RpoS truncation by K222* mutation results in decreased BosR

protein levels were unexpected, given the well-established notion that BosR controls RpoS

145  levels. To determine whether this phenotype is specific to K222* mutation, we assessed BosR
levels in various strains lacking RpoS. As shown in Fig. 2A, significant reductions in BosR

levels were observed in the rpoS deletion mutant, the rpoN deletion mutant, and the rrp2 ®**
mutant. As a control, we included a bosR mutant and an ospC mutant in the analysis, since we
observed that polyclonal anti-BosR antibody often reacts with OspC. However, the anti-BosR

150  antibody used in this study was a monoclonal and specific to BosR. The results from the bosR
and ospC mutants confirmed that the band detected by this anti-BosR monoclonal antibody
corresponded to BosR, not OspC (Fig. 2A). Additionally, similar to the results shown in Fig. 1D,

none of the mutants exhibited changes in bosR mMRNA levels. These findings suggest that the

deletion of RpoS leads to a substantial reduction of BosR protein levels.

155 The above results were obtained from spirochetes cultured at 37°C and harvested during
stationary phase - conditions optimal for RpoS and BosR production. To investigate whether
RpoS controlling BosR is specific to the growth phase, wild-type B. burgdorferi, the isogenic
rpoS mutant, and the complemented strains were harvested at various time points (day 4 to day
7). As expected, in both the wild-type and complemented strains, OspC, RpoS, and BosR were
160 induced by increased cell density (concomitantly with decreased culture media pH) (Fig. 2C). In
the rpoS mutant, BosR levels showed a slight increase with increasing in cell density. However,
a significant decrease in BosR levels was detected on Days 6 and 7, when RpoS and BosR
productions were fully induced in the wild-type type B. burgdorferi (Fig. 2C). This suggests that
RpoS does not influence basal BosR expression but is crucial to induce full BosR production

165  during stationary phase of growth.

To determine whether the regulation of BosR by RpoS is strain-specific, we conducted

immunoblot analyses on various mutants lacking RpoS in the strain 297 background. Consistent
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with the observations in the B31 background, BosR production was significantly decreased in the
rpoS, rpoN, and rrp2 ¢ mutants (Fig. 2C). These findings suggest that the requirement of

RpoS for BosR induction at the stationary phase is not strain-specific.
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Fig. 2. Analyses of BosR levels in various strains lacking RpoS. (A) Coomassie gel staining
and Immunoblot analyses. Wild-type B. burgdorferi strain 5A14, the rpoS mutant (ArpoS),
rpoS complement (rpoS®™), rpoN mutant (ArpoN), rrp2°%° mutant (rrp26%°¢), rrp2°%
complement (rrp2°°%°®™) 'bosR mutant (AbosR), and ospC mutant (AospC) were cultured in
BSK-II medium at 37°C and harvested at stationary phase (day 6). Cell lysates were subjected to
SDS-PAGE (top panel) or immunoblot analyses (bottom panel). The bands corresponding to
OspC, RpoS, BosR and FlaB are indicated on the right. (B) Quantitation of bosR mRNA levels
by gRT-PCR. RNAs were extracted from the cultures in Fig. 2A and subjected to qRT-PCR.
The bosR mRNA level in wild-type B. burgdorferi 5A14 were normalized as 1.0. The bars
represent the mean values of three independent experiments, and the error bars represent the

8
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standard deviation. (C) Coomassie gel staining and Immunoblotting of spirochetes harvested
at various cell densities. Wild-type B. burgdorferi strain 5A4, rpoS mutant, and the
complemented strain were cultured in BSK-I11 medium at 37°C with an initial concentration of

185  1x10* cells/ml and harvested on day 4, 5, 6 and 7, respectively. Cell lysates were subjected to
SDS-PAGE (top panel) or immunoblot analyses (bottom panel). The bands corresponding to
OspC, RpoS, BosR and FlaB were indicated on the right. (D) Coomassie gel staining and
Immunoblotting of various mutants in 297 background. Wild-type B. burgdorferi strain
AH130, rpoS mutants (ArpoS-1 & -2), rpoN mutants (ArpoN-1 & -2), rrp2°2° mutant

190 (rrp2°%), and the rrp2°%° complemented strain (rrp2°2*°*“°™) were cultured were cultured
and analyzed identical to Fig. 2A.

IPTG-induced rpoS expression resulted in a dose-dependent BosR production

To further investigate the control of BosR levels by RpoS, we aimed to determine how
artificially varying rpoS expression levels would affect BosR protein levels. To this end, we
195 employed a previously constructed shuttle vector containing the rpoS ORF along with 50 bp of
rpoS 5’UTR driven by a lac promoter (designated lacp-UTRps-rpoS, Fig. 3A) (18). This
plasmid was then transformed into a rpoS mutant. As expected, IPTG induction in the rpoS
mutant carrying the lacp-UTR0s-rpoS led to an increase in RpoS levels in a dose-dependent
manner (Fig. 3B). In the uninduced culture, low or basal levels of BosR protein was detected in
200 the rpoS mutant, but BosR levels increased following IPTG induction (50 to 125 pM),
correlating with the increase in RpoS levels (Fig. 3B). However, IPTG-induced rpoS expression

did not affect bosR mRNA levels (Fig. 3C).
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205 Fig. 3. Influence of BosR levels by IPTG-induced rpoS expression. (A) Schematic
representation of the shuttle vector carrying an IPTG-inducible rpoS gene (lacp-UTRypos-
rpoS). The blue arrow labeled as flaBp-lacl is a flaB promoter-driven lacl gene. The lac
promoter is fused with a fragment containing 5S’UTRpes and rpoS ORF (brown arrow). (B)
Coomassie gel staining and Immunoblot analyses. wWIid-type B. burgdorferi strain 5A14 and

210  the isogenic rpoS mutant harboring lacp-UTRes-rpoS were cultured in BSK-11 medium with an
initial concentration of 1x10* spirochetes/ml and with various concentrations of IPTG (indicated
on top). Spirochetes were harvested on day 6 and subjected to SDS analysis (top panel) or
immunoblotting (bottom panel) using monoclonal antibodies against RpoS, BosR or FlaB
(loading control). (C) Quantitation of bosR mMRNA levels by gRT-PCR. RNAs were extracted

215  from the cultures in (B) and subjected to qRT-PCR. The values represent the bosR mMRNA copies
normalized to 1000 copies of B. burgdorferi flaB mRNA. The bars represent the mean values of
three independent experiments, and the error bars represent the standard deviation.

We recently reported that BosR binds to rpoS 5’UTR region and governs the turnover

220  rate of rpoS mMRNA (18). Thus, the stability of rpoS mRNA transcribed from the lacp-UTRpos-
rpoS construct used above is influenced by BosR, complicating the interpretation of the result.
Additionally, binding to the RNA target often influences the stability of bacterial RNA-binding
proteins (31). To simplify the study, we employed two additional IPTG-inducible rpoS shuttle
vectors: lacp-UTRa-rpoS, in which the rpoS 5’UTR is deleted (retaining only the 5°UTR from

225  the lac promoter), and the shuttle vector lacp-UTRgag-rpoS, where the rpoS 5°UTR is replaced
with the flaB 5’UTR (Fig. 4A) (18). We previously demonstrated that the rpoS mRNA
transcribed from both constructs no longer requires BosR for stability, allowing for BosR-
independent rpoS expression (18). Accordingly, an rpoS mutant harboring either lacp-UTRac-

rpoS or lacp-UTRsas-rpoS were subjected to immunoblot analysis to assess BosR levels. As

230 expected, IPTG induction in the rpoS mutant carrying either of these plasmids resulted in
increased RpoS production in a dose-dependent manner (Fig. 4B & 4C). Consistent with the
pattern observed in Fig. 3B, BosR exhibited a similar dose-dependent increase in response to
IPTG-induced RpoS production (Fig. 4B & 4C). These results collectively support that notation

that RpoS regulates BosR protein levels in B. burgdorferi.

10
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Fig. 4. Influence of BosR levels by IPTG-induced, BosR-independent rpoS expression. (A)
Schematic representation of the shuttle vectors lacp-UTRa-rpoS and lacp-UTRyas-rposS.
The blue arrow labeled as flaBp-lacl is a flaB promoter-driven lacl gene. lacp-UTRac-rpos, the
lac promoter is fused with the rpoS gene (brown arrow) in which the rpoS 5°UTR is deleted

240  (retaining only the 5°UTR from the lac promoter); lacp-UTRy4s-rpoS, the lac promoter is fused
with the rpoS gene where the rpoS 5°UTR is replaced with the flaB 5’UTR (highlighted in red).
(B & C) Coomassie gel staining and Immunoblot analyses. Wild-type B. burgdorferi strain
5A14 and the isogenic rpoS mutant harboring lacp-UTR4-rpoS (B) or lacp-UTRsas-rpoS (C)
were cultured in BSK-I1 medium with an initial concentration of 1 x 10* spirochetes/ml and with

245  various concentrations of IPTG (indicated on top). Spirochetes were harvested on day 6 and
subjected to SDS analysis (top panel) or immunoblotting (bottom panel) using monoclonal
antibodies against RpoS, BosR or FlaB (loading control).

IPTG-induced bosR expression requires RpoS for BosR production

250 The result above suggests that RpoS does not influence bosR transcription. To gather
further evidence that RpoS regulates BosR production at the protein level, rather than the
transcription level, we investigated the effect of RpoS on BosR levels produced from IPTG-
induced bosR transcription. Thus, a shuttle vector harboring an IPTG-inducible bosR ORF

(designates lacp-UTRyac-bosR, Fig. 5A), was transformed into the bosR, rpoS, and rpoN deletion

11
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255  mutants, respectively. As expected, IPTG induction in the bosR mutant carrying lacp-UTR|ac-
bosR resulted in a dose-dependent increase in BosR protein levels (Fig. 5B). In contrast, no
increase in BosR protein levels was detected in the rpoS or rpoN mutants upon IPTG induction
(Fig. 5B), despite an observed increase in bosR mMRNA in both mutants in response to IPTG
(Fig. 5C). These findings indicate that IPTG-induced bosR expression requires RpoS for the full

260  production of BosR protein.
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Fig. 5. Influence of RpoS on BosR protein levels produced from IPTG-induced bosR
transcription. (A) Schematic representation of the shuttle vector carrying an IPTG-
inducible bosR gene (lacp-UTR|,-bosR). The blue arrow labeled as flaBp-lacl is a flaB

265  promoter-driven lacl gene. The lac promoter is fused with the bosR ORF (red arrow, which has a
5’UTR within the lac promoter sequence, UTRjy). (B) Coomassie gel staining and
Immunoblot analyses. The bosR, rpoN and rpoS mutants harboring lacp-UTRsc-bosR plasmid
were cultured in BSK-1I medium with various concentrations of IPTG (indicated on bottom).
Spirochetes were harvested at stationary phase and then subjected to SDS analysis (top panel) or

270  immunoblotting (bottom panel). (C) Quantitation of bosR mMRNA levels by gRT-PCR. RNAs
were extracted from (B) and subjected to qRT-PCR analyses. The values represent the bosR
mMRNA copies normalized to 1000 copies of B. burgdorferi flaB mRNA. The bars represent the
mean values of three independent experiments, and the error bars represent the standard
deviation. *** p <0.0001, **, p < 0.001, *, p < 0.01, using one-way ANOVA.

275

RpoS controls BosR protein levels in mammalian host-adapted spirochetes
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Spirochetes grown at 37°C in stationary phase activate the RpoN-RpoS pathway,
providing a valuable model for investigating the regulatory mechanism of this pathway.
However, these conditions do not fully capture the extent of RpoS activation observed during

280 mammalian infection, such as very high level of OspC production and diminished OspA
production characteristic of spirochetes in this environment (8, 25). To determine the influence
of RpoS on BosR levels under conditions that mimic the mammalian host environment, we
cultivated spirochetes using a dialysis membrane chamber (DMC) implanted in the peritoneal
cavities of rats (8, 32). As shown in Fig. 6, wild-type and the rpoS-complemented strains grown

285 under DMC conditions produced high levels of OspC and undetectable levels of OspA,
consistent with the expected host-adapted phenotype. The rpoS mutant, as previously reported,
failed to activate OspC and repress OspA (8). Notably, BosR was virtually undetectable in the
rpoS mutant under DMC conditions (Fig. 6), implying an essential role of RpoS in BosR
production during mammalian infection.
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0
kDa \Q‘ b@w ‘90
130— | BN * +
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| 1 4 .4 JEE

290

Fig. 6. Influence of RpoS on BosR levels under mammalian host-adapted conditions. Wild-

type B. burgdorferi strain 5A4 (WT), the isogenic rpoS mutant (ArpoS) and the complementation

stain (rpoS®°™) were cultivated in DMCs. Thirteen days after implantation, spirochetes were

harvested and subjected to silver staining and immunoblot analyses. Bands corresponding to
295  OspA, OspC, RpoS, BosR and FlaB (loading control) are indicated on the left.
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RpoS regulates BosR protein turnover rate

To explore the mechanism by which RpoS regulates BosR protein levels, we examined

the impact of RpoS on the turnover rate of BosR protein, a common bacterial mechanism for

300 controlling protein levels (33). Accordingly, we compared the turnover rates of BosR protein
among wild-type B. burgdorferi, the rpoS mutant, and the rpoS-complemented strains, by
treating the cultures with spectinomycin, a bacterial protein translation inhibitor (34, 35). In both

the wild-type and rpoS-complemented spirochetes, BosR protein levels remained relatively
stable during 24 hrs of spectinomycin treatment (Fig. 7). In contrast, in the rpoS mutant, BosR

305 protein levels began to decrease 6 hrs after spectinomycin treatment, and were completely
diminished after 12 and 24 hrs, despite the low basal level of BosR protein present before the
treatment compared to those in the wild-type and rpoS-complemented spirochetes (Fig. 7). FlaB

levels in the rpoS mutant were not altered by spectinomycin treatment. These findings suggest

that RpoS controls the turnover rate of BosR protein.

WT ArpoS rpoScom

- +  + + - + + + - + + + (100 pg/ml spectinomycin)
0 6 12 24 O 6 12 24 0 6 12 24 (hrs of treatment)

W c— — — -——-Rpos

[ ————— oo Sl e > BosR

.M.“M FlaB

Fig. 7. BosR protein turnover assay. Wild-type B. burgdorferi strain 5A14, rpoS mutant

(ArpoS), or rpoS complement (rpoS®™) spirochetes were cultured in BSK-I1 medium at 37°C. On
day 7 during stationary phase of growth, translational arrest was performed by treating the
cultures with spectinomycin. Spirochetes were harvested at various time points as indicated and

315 subjected to immunoblotting. Experiments were repeated in three independent biological
replicates. A representative image is shown here.

310

Environmental cues regulate rpoS transcription

320 The current model suggests that environmental cues induce RpoS production through

BosR, based on BosR’s role in governing rpoS expression. However, our findings indicate that

14
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RpoS also modulates BosR protein levels, necessitating a re-examination of how environmental
cues induce RpoS production. To investigate this, we first assessed the impact of environmental

cues on the promoter activity of the bosR or rpoS gene.

325 Wild-type B. burgdorferi was transformed with a shuttle vector containing a luciferase
reporter (luc ORF) driven by the bosR promoter (pOY463, which includes 2.1 kb upstream of the
BosR ORF and contains both the P1 and P2 bosR promoters) (36) (Fig. 8A Top). Another set of
spirochetes was transformed with a shuttle plasmid containing a luciferase reporter driven by the
o>*-type rpoS promoter (pJK002, which includes 75 bp upstream of the rpoS ORF and lacks

330 putative BS1 and BS2 BosR binding sites) (Fig. 8B Top). The constructed B. burgdorferi strains
were grown either at 23°C or 37°C and harvested at mid-logarithmic or stationary phase. RNAs
were then extracted and subjected to qRT-PCR analyses to assess the levels of the luc reporter
RNA, as well as native rpoS and bosR RNA.

In wild-type B. burgdorferi harboring pOY463, no significant changes in luc or bosR

335 mRNA levels were observed when comparing spirochetes grown at 23 vs 37°C, suggesting that

elevated temperature does not induce bosR promoter activity (Fig. 8A, Bottom). However, a 1.8-

fold increase in bosR mMRNA levels was observed when comparing mid-log to stationary phase

cultures (Fig. 8A, Bottom). Although stationary phase growth appeared to increase luc mRNA

levels by approximately 1.7-fold, this increase was not statistically significant. Nevertheless, the

340 moderate increases in bosR and luc mRNA levels do not fully account for the substantial

induction of BosR observed under stationary phase conditions (Fig. 2C). In contrast, both rpoS

and luc mRNA levels increased to 7-14 folds in response to elevated temperature and increased

cell density in wild-type B. burgdorferi harboring pJK002 (Fig. 8B, Bottom). These findings
suggest that environmental cues induce the activation of rpoS transcription.

345 We then investigated whether environmental cues-induced BosR production is RpoS-
dependent. Wild-type B. burgdorferi, the isogenic rpoS mutant, and the rpoS-complemented
strain were grown at 23 or 37°C and harvested at mid-log or stationary phase. Results showed
that rpoS deletion significantly reduced temperature- and cell density-induced BosR production
(Fig. 8C). These combined findings suggest that environmental cues induce rpoS transcription

350 and RpoS production, which in turn promotes BosR protein levels.
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355  Fig. 8. Effects of temperature and cell density on transcriptional activation of rpoS and
bosR. (A) Analyses of the luciferase reporter driven by the bosR promoter. Top panel shows
a schematic representation of the reporter construct. The upper diagram illustrates the
organization of bosR gene in the genome. The lower diagram depicts the luc gene fused to the
full length of the bosR promoter in shuttle vector pOY463. The putative bosR promoter P1 and
360 P2 are highlighted in black circles. For gRT-PCR analyses (Bottom panel), wild-type B.
burgdorferi strain B31 carrying pOY463 (WT+pOY463) was cultured in BSK-11 medium either
at 23°C and 37°C and harvested at mid-log (M) or stationary (S) phases. RNAs were extracted
and subjected to qRT-PCR analyses. The expression levels of both bosR and luc isolated from
23°C and mid-log culture were set as 1.0. (B) Analyses of the luciferase reporter driven by the
365  rpoS promoter. The upper diagram illustrates the organization of rpoS gene in the genome. The
lower diagram depicts the luc gene fused to the sigmab4-type minimal rpoS promoter in shuttle
vector pJK002. For qRT-PCR analyses (Bottom panel), spirochetes were cultured in BSK-II
medium either at 23°C and 37°C and harvested at mid-log (M) or stationary (S) phases. RNAs
were extracted and subjected to gRT-PCR analyses. The expression levels of both rpoS and luc
370 isolated from 23°C and mid-log culture were set as 1.0. All bars represent the mean values of
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three independent experiments, and the error bars represent the standard deviation. ****p <
0.0001 respectively using one-way ANOVA. (C) Coomassie gel staining and immunoblot
analyses. Wild-type B. burgdorferi strain 5A4, the isogenic rpoS mutant (ArpoS), the rpoS-
complemented strain (rpoS®™"), were cultured in BSK-Il1 medium at 23°C and 37°C (Left) and

375  harvested at mid-log phase (day 2) and stationary phase (day 6) (Right, 37°C). Cell lysates were
subjected to SDS-PAGE (top panel) or immunoblot analyses (bottom panel). The bands
corresponding to OspC, RpoS, BosR and FlaB were indicated on the right.

380
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DISCUSSION

RpoS serves as a master regulator that orchestrates the differential expression of

385  numerous genes during the enzootic cycle of Borrelia burgdorferi. Given its critical and complex
role, spirochetes have evolved multiple mechanisms to modulate RpoS levels in response to
various host and environmental signals at different stages of the cycle. The current model
proposes that environmental signals and Borrelia factors modulate RpoS levels through BosR,

based on the findings that BosR governs rpoS expression and its own levels are influenced by

390 these signals and factors. In this study, however, we present a novel positive feedback loop
between RpoS and BosR. Our findings show that RpoS post-transcriptionally regulates BosR
levels, while environmental cues stimulate rpoS transcription and RpoS production, thereby
enhancing BosR protein levels. These findings not only introduce a new layer of regulation to the
existing paradigm of the RpoN-RpoS cascade, but also call for a re-evaluation of all factors and

395  signals previously believed to primarily influence RpoS levels through BosR.

Several lines of evidence support the conclusion that RpoS regulates BosR protein
levels: (1) Mutants deficient in RpoS production exhibited reduced BosR protein levels despite
unchanged bosR mMRNA levels (Fig. 1 & 2); (2) IPTG-induced RpoS production led to a dose-
dependent increase in BosR protein levels (Fig. 3 & 4); (3) IPTG-induced bosR expression

400 required RpoS for BosR protein production (Fig. 5); (4) Both environmental cues and DMC
conditions required the presence of RpoS to induce BosR production (Fig. 6 & 8). We further
demonstrate that RpoS modulates BosR levels by influencing protein turnover rate (Fig. 7),
though the precise mechanism remains to be elucidated. Given that BosR is a newly identified
RNA-binding protein, one plausible mechanism is that RpoS could regulate BosR by regulating

405  the availability of BosR’s RNA binding targets, as bacterial RNA-binding proteins are often
stabilized through their interactions with RNA (31). Thus far, the only RNA-binding site
identified for BosR is the 5’UTR region of rpoS (18). However, the regulation of BosR protein
levels by RpoS does not appear to involve BosR binding to rpoS RNA, as IPTG-induced RpoS
production from rpoS mRNA, with or without the 5’UTR binding site for BosR, yielded similar

410  results (Fig. 4B & 4C). It remains possible that RpoS facilitates BosR binding to other, as yet
unidentified, RNA targets, thereby stabilizing BosR. Nevertheless, regulation of BosR By RpoS
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is likely indirect, as RpoS, being a global regulator, controls the expression of numerous genes in

B. burgdorferi. RpoS may influence expression of factors within proteolysis pathways involved

in RosR degradation, a common regulatory mechanism of bacterial protein turnover regulation
415 (37).

The notion that the induction of BosR levels by environmental cues and other factors
mainly occurs at protein levels rather than at mMRNA levels has been reported previously by
several groups (23, 24, 36, 38-40). In ticks and mammals, regulation of bosR expression levels
has been observed (36, 40, 41), but determining whether regulation at the protein level in vivo is

420  challenging and remain to be determined. Although our results demonstrate the pivotal role of
regulation of BosR protein levels by RpoS, it does not diminish the importance of regulation of
bosR at the transcriptional level. Elegant work done by Ouyang et al., showed that the
transcription of bosR in B. burgdorferi is chiefly governed by a ’°-type promoter and BosR can

auto-regulate its own expression at this promoter (36).

425 In addition to RpoS-dependent BosR production, there is also RpoS-independent BosR
production, as a basal level of BosR protein was observed in RpoS-deficient strains (Fig. 2C).
This basal level was detected even during early- and mid-log phase cultures when RpoS was
absent (Fig. 2C). In contrast, RpoS-dependent BosR production was most prominent during the
stationary phase of growth. As such, this “RpoS-dependent BosR production” phenomenon can
430  be overlooked if the culture conditions are not optimal for high RpoS levels (as indicated by a
prominent OspC band in the Coomassie-stained gel). On the other hand, while RpoS-dependent
BosR production is critical for high levels of BosR production, a constitutive RpoS-independent,
basal level of BosR production is likely essential for initial production of RpoS and for initiation
of the positive feedback loop between RpoS and BosR. During the shift from uninduced to
435  induced conditions, rpoS transcription is activated. The newly synthesized rpoS mRNA requires
the presence of BosR to bind to rpoS 5°UTR, preventing rpoS mRNA degradation and enabling
RpoS production. The produced RpoS subsequently enhances BosR protein stability, leading to
increased BosR protein levels which allow further accumulation of rpoS mRNA and higher
RpoS production (Fig. 9). Thus, this positive feedback loop between RpoS and BosR enables
440  rapid amplification of RpoS production in response to environmental changes during nymphal

tick feeding.
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Feedback regulation of alternative sigma factor RpoS has been reported in several
bacterial species. In Vibrio cholerae, cellular levels of RpoS during energy-deprived growth
conditions represses the transcription of the response regulator gene rssB (42), which is crucial

445  for the proteolytic degradation of RpoS by the CIpXP protease complex (43, 44). During normal
growth conditions, elevated RssB levels directly lead to RpoS protein degradation. This feedback
regulation between RpoS and RssB controls the motility and colonization in V. cholerae (45).
Another example is the negative feedback loop between RpoS and anti-adaptor IraP in E. coli in
response to various stresses (46). However, feedback regulation of RpoS with the involvement of

450  Fur/PerR family proteins has not been observed in other bacteria.

In summary, this study uncovered a positive feedback loop between RpoS and BosR,

revealing that not only does BosR regulate RpoS levels, but RpoS also regulates BosR levels

(Fig. 9). Furthermore, host signals (DMC) and environmental cues primarily stimulate RpoS
production by inducing rpoS transcription, contrary to previous notion that these signals increase

455  BosR levels which in turn, increase RpoS production. These findings raise several interesting
questions: (1) If not through BosR, how do environmental signals regulate rpoS transcriptional
activation? Besides BosR, Rrp2 and RpoN are two key regulators for rpoS transcription, but their

levels remain relatively stable across different growth conditions, and Rrp2 phosphorylation is
constitutively on in replicating spirochetes as it is crucial for B. burgdorferi viability (11, 15, 47,

460  48). Therefore, the precise mechanism by which environmental signals trigger rpoS transcription
remains to be elucidated. (2) Several factors, including but not limited to BadR, ppGpp, Rrp1,

PlzA, and BmtA, have been identified to regulate RpoS by modulating BosR levels (24, 38, 49-

53). Since these conclusions were largely based on the assumption that BosR controls RpoS,

could these factors, in fact, control RpoS first, subsequently influencing BosR levels? (3)

465  Conflicting results exist regarding how ospA expression is repressed by the RpoN-RpoS
pathway. Some studies suggest that BosR directly binds to the ospA promoter and represses

ospA expression (54, 55), while others propose that since the loss of RpoS abolishes ospA
repression, RpoS, not BosR, is responsible (53, 56). The new insight of RpoS regulating BosR

presented in this study may help resolve these conflicting findings.

470
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Fig. 9. Proposed model of the positive feedback loop between RpoS and BosR. During the
RpoS OFF stages of the B. burgdorferi enzootic cycle, BosR is produced at a basal level. In the
RpoS ON stages, host and environmental signals activate the rpoS transcription via an unknown

475  mechanism, newly transcribed rpoS mRNA is protected from degradation by the basal level of
BosR binding to the rpoS 5’UTR region. The produced RpoS protein then inhibits the
degradation of BosR, leading to an increase in BosR protein levels, which in turn protects more
rpoS mRNA from degradation, resulting in a rapid increase in RpoS levels.
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480 MATERIALS AND METHODS
B. burgdorferi strains and culture conditions

Low-passage, virulent B. burgdorferi strain 5A18NP1, AH130 and 5A14 were kindly
provided by Drs. H. Kawabata and S. Norris, University of Texas Health Science Center at
Houston. Spirochetes were cultivated in Barbour-Stoenner-Kelly (BSK-Il) medium

485  supplemented with 6% normal rabbit serum (Pel-Freez Biologicals, Rogers, AR) at 37°C with
5% CO2 (57). Appropriate antibiotics were added to the cultures at the time of growth, with final
concentrations of 300 pg/ml for kanamycin, 50 pg/ml for streptomycin, and 50 pg/ml for
gentamicin, respectively. All the constructed plasmids were maintained in Escherichia coli strain
DH5a. The antibiotic concentrations used for E. coli selection were as follows: streptomycin, 50

490 pg/ml; gentamicin, 15 pg/ml and rifampicin, 50 pg/ml, respectively. The B. burgdorferi strains
and plasmids used in this study are listed in the (Table 2).

Generating a genome wide transposon library in B. burgdorferi

Random transposon mutagenesis was performed using the infectious B. burgdorferi B31

clone 5A18NP1. Briefly, electrocompetent B. burgdorferi cells were freshly prepared and were

495  transformed with 5 pg of each plasmid (pGKT) by electroporation following previously
published protocols (29, 58). Cultures were allowed to recover overnight in BSK-11 medium
without antibiotics, followed by limiting dilution and seeding into 96-well plates with 200 pg/ml
kanamycin and 50 pg/ml gentamicin. After two weeks of incubation, positive colonies were
selected and cultured in liquid BSK-1I medium with the same antibiotics until mid-log phase.

500 Cultures were then mixed with equal volume of BSK-1I medium containing 30% (v/v) glycerol
and were stored at -70°C. The transposon insertion site was determined by rescuing the
circularized Hindlll digested fragments in E.coli f (29), with the exact transposon insertion site

of each clone in the library was determined by dideoxynucleotide sequencing from recovered
plasmid using the specific sequencing primers. ldentification of the insertion site was

505 accomplished using batch local BLAST analysis (Bioedit; http://bioedit.software.informer.com).

Constructing B. burgdorferi expressing a K222* mutation RpoS

In order to make a B. burgdorferi strain expressing a K222* mutation in the

chromosomal copy of RpoS, we utilized the previously developed suicide plasmid pSR027
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which carries a wild-type rpoS linked to an aadA marker (conferring streptomycin resistance) for
510 cis-complementation of the rpoS mutant (18). Briefly, employing site-directed mutagenesis
approach using Q5® Site-Directed Mutagenesis Kit (New England Biolabs), T to A point
mutation was introduced at the 664 nucleotides of rpoS ORF in pSR028 using specific sets of
primer pSR028 FP: TTAAATTAGTATCTTTCCTTTTCATTTAATTTTG and pSR028
RP: AAAAGATATAACCTGGACAATAGTCC respectively. All the procedure including
515  designing of primers, PCR based mutations followed by KLD (kinase, ligase and Dpnl)

treatment were performed as per the manufacturer's guidelines. Mutations were confirmed by
sequencing. The resulted suicidal plasmid pSR028 was transformed into wild-type B.
burgdorferi 5A18NP1 competent cells and transformants were selected based on streptomycin

resistance (50 pg/ml).
520  Constructing B. burgdorferi expressing lacp-UTR),c-bosR shuttle plasmid

To artificially induce bosR expression in B. burgdorferi, an IPTG-inducible bosR
expression construct was constructed using a lacp-based inducible expression system (59). The
bosR open reding frame was amplified from B. burgdorferi genomic DNA using primers pSR083
FP (GATACATATGAACGACAACATAATAGACGTACATTC) and pSR083 RP

525 (GATAAGATCTTCATAAAGTGATTTCCTTGTTCTC). The purified PCR product was
digested with Ndel and Bglll restriction enzymes and cloned downstream of an T5 promoter into
the shuttle plasmid pOY99.2 (17). The resulted shuttle vector pSR083, was transformed into B.
burgdorferi 297 isogenic mutants of bosR, rpoN and rpoS with transformants selected based on

streptomycin resistance (50 pg/ml).
530 Immunoblot analysis

Spirochetes from mid-log or stationary phase-grown cultures were harvested by
centrifuging at 8000 x g for 10 min, followed by three washes with PBS (pH 7.4) at 4°C. Pellets
were suspended in SDS buffer containing 50 mM Tris—HCI (pH 8.0), 0.3% sodium dodecyl
sulfate (SDS) and 10 mM dithiothreitol (DTT). Cell lysates (10° cells per lane) were separated by

535 12% SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to nitrocellulose
membranes (GE-Healthcare, Milwaukee, WI). Membranes were probed with mouse monoclonal
antibody of anti- BosR (1:3000 dilution), anti-FlaB (1:3000 dilution) or anti-RpoS (1:100
dilution) (16, 60, 61), followed by anti-mouse 1gG-HRP secondary antibody (1:1000; Santa Cruz
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Biotechnology). Horseradish  peroxidase activity was detected wusing enhanced
540  chemiluminescence method (Thermo Pierce ECL Western Blotting Substrate) with subsequent

exposure to X-ray film.
Quantitative real time (QRT-PCR) PCR analyses

RNA samples were extracted from B. burgdorferi cultures using the RNeasy mini Kit

(Qiagen, Valencia, CA) according to the manufacturer's protocols (60), followed by on-column

545  treatment with RNase-free DNase | treatment Promega, (Madison, WI). The quality of DNA-free
RNA was confirmed by PCR amplification of flaB of B. burgdorferi. cDNA synthesis was
performed using the SuperScript Il reverse transcriptase with random primers (Invitrogen,
Carlsbad, CA). The primers for bosR (bosR g-RT PCR FP:
AGCTTGGCTTCCACAATAGC;bosR g-RT PCR RP: TTGCAATGCCCTGAGTAAATGA)

550  were designed using Primer BLAST software. The cycling conditions were as follows: initial
denaturation of 94°C for 5 min followed by 35 cycles of denaturation at 94°C for 30 s, primer
annealing at 59°C for 30 s, and extension at 72°C for 40 s, with a final melt curve analysis. All
reactions were carried out in triplicates using an QuantStudio™ 3 Real-Time PCR thermocycler

and were analyzed using QuantStudio™ 3 Real-Time PCR software. Relative transcript levels

555  were normalized to flaB transcript levels, as described previously (60).
Protein turnover assay

Protein turnover was assessed as previously described (35) using wild-type 5A14, an
rpoS mutant (with a kanamycin-resistant marker insertion) and the rpoS-complemented strain
constructed in the same background. Briefly 10* cells/ml of B. burgdorferi were inoculated into

560 60 ml of BSK-Il medium, pH 7.5, and cultivated at 37°C to stationary phase (10° cells/ml).
Protein synthesis was arrested by adding 100 pg/ml of spectinomycin and 10 ml of cells were
harvested at 0, 6, 12 and 24-hours post- arrest for SDS-PAGE followed by immunoblotting for
BosR, RpoS and FlaB.

Cultivation of B. burgdorferi within dialysis membrane chambers (DMCs)

565 Dialysis membrane chambers (DMCs) containing 1x10° organisms diluted from a mid-
logarithmic growth culture at 37°C in vitro, were implanted into the peritoneal cavities of female

Sprague-Dawley rats as previously described (8, 32). The DMCs were recovered on day 13 post-
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implantation and spirochetes then were harvested, washed with PBS buffer, and then examined

by SDS-PAGE, silver staining, and Western blotting analyses.

570
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Table 1: List of point mutations identified in the selected transposon mutants

Strain Gene Point mutation identified by Corresponding amino acid
disrupted by whole genome sequencing substitution
transposon
insertion
Tn:35D5 bb 0295 rpoS - ('664%) Lysine 222 to stop codon
Tn:36C12 bb 0421 rpoS - (664") Lysine 222 to stop codon
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Table 2: List of B. burgdorferi strains and plasmids used in the study
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Strain/plasmid Description Source
5A14 Wild-type B. burgdorferi (62)
AH130 Wild-type B. burgdorferi (11)
5A4 Wild-type B. burgdorferi (63)
5A18NP1 Wild-type B. burgdorferi (63)
ArpoS rpoS mutant in 5A14, 5A4 and 297 background (6, 8, 64)
rpoS*" rpoS complement in 5A14 and 5A4 background (8, 64)
ArpoN rpoN mutant in 5A4NP1 and 297 background (6, 64)
AbosR bosR mutant in 5A14 and 297 background (18)
AospC ospC mutant in 5A4NP1 (65)
Abb_ 0295 hslU mutant in 5A18NP1 Present study
Abb 0421 bb_0421 mutant in 5A18NP1 Present study
Tn:001 Transposon mutant Present study
Tn:002 Transposon mutant Present study
Arrpl rrpl mutant in 5A4NP1 Present study
rrp2°%3%¢ rrp2°%°° mutant in 5A4NP1 and 297 background (11, 12)
rrp2®239ceom rrp2 complement in 5A4NP1 and 297 background (11, 12)
BbSR035 Wild-type B. burgdorferi 5A18NP1 expressing pSR027  Present study
BbSR036 Wild-type B. burgdorferi 5A18NP1 expressing pSR028  Present study
BbSR105 Wild-type B. burgdorferi B31M expressing pOY463 Present study
BbSR151 rpoS mutant in 5A14 expressing plac-5’UTR,-rpoS (18)
shuttle plasmid
BbSR186 bosR mutant in AH130 expressing plac-5’UTRy,c-bosR  Present study
shuttle plasmid
BbSR220 rpoS mutant in 297 expressing plac-5’UTRj,c-bosR  Present study
shuttle plasmid
BbSR221 ropoN mutant in 297 expressing plac-5’UTRj,c-bosR  Present study
shuttle plasmid
BbSR226 rpoS mutant in 297 expressing plac-5’UTRsas-rpoS Present study
shuttle plasmid
BbSR236 rpoS mutant in 5A18NP1 background Present study
BbSR244 rpoS complement in 5A18NP1 background Present study
ArpoS rpoS mutant in 5A18, 5A11, 5A18NP1 and 5A4NP1 Present study
background
pSR027 Suicidal plasmid for the cis complementation of rpoS (18)
pSR028 Suicidal plasmid for creating '664" mutation in the Present study
chromosomal copy of rpoS
pSR069 Shuttle plasmid containing plac-5’UTRrpoS-rpoS with a (18)
Strep” marker
pSR083 Shuttle plasmid containing plac-5’UTRyac-bosR with a Present study
Strep” marker
pSR115 Shuttle plasmid containing plac-5’UTRyas-rpoS with a (18)

Strep” marker

27


https://doi.org/10.1101/2024.09.14.613071
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.14.613071; this version posted September 15, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

pOY110 Shuttle plasmid containing plac-5’UTRja-rpoS with a (18)
Strep” marker

pGKT Suicidal plasmid containing Himar transposon (29)

pJK002 Shuttle plasmid containing rpoSp-luc (18)

pOY463 Shuttle plasmid containing bosRp-luc (36)

590
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