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A Cluster of Four Homologous Small RNAs Modulates C, Metabolism
and the Pyruvate Dehydrogenase Complex in Rhodobacter sphaeroides
under Various Stress Conditions
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ABSTRACT

In bacteria, regulatory RNAs play an important role in the regulation and balancing of many cellular processes and stress re-
sponses. Among these regulatory RNAs, trans-encoded small RNAs (sRNAs) are of particular interest since one sSRNA can lead to
the regulation of multiple target mRNAs. In the purple bacterium Rhodobacter sphaeroides, several SRNAs are induced by oxida-
tive stress. In this study, we focused on the functional characterization of four homologous sRNAs that are cotranscribed with
the gene for the conserved hypothetical protein RSP_6037, a genetic arrangement described for only a few sSRNAs until now.
Each of the four sSRNAs is characterized by two stem-loops that carry CCUCCUCCC motifs in their loops. They are induced un-
der oxidative stress, as well as by various other stress conditions, and were therefore renamed here sSRNAs CcsR1 to CcsR4
(CcsR1-4) for conserved CCUCCUCCC motif stress-induced RNAs 1 to 4. Increased CcsR1-4 expression decreases the expres-
sion of genes involved in C, metabolism or encoding components of the pyruvate dehydrogenase complex either directly by
binding to their target mRNAs or indirectly. One of the CcsR1-4 target mRNAs encodes the transcriptional regulator FIhR, an
activator of glutathione-dependent methanol/formaldehyde metabolism. Downregulation of this glutathione-dependent path-
way increases the pool of glutathione, which helps to counteract oxidative stress. The FIhR-dependent downregulation of the
pyruvate dehydrogenase complex reduces a primary target of reactive oxygen species and reduces aerobic electron transport, a
main source of reactive oxygen species. Our findings reveal a previously unknown strategy used by bacteria to counteract oxida-
tive stress.

IMPORTANCE

Phototrophic organisms have to cope with photo-oxidative stress due to the function of chlorophylls as photosensitizers for the
formation of singlet oxygen. Our study assigns an important role in photo-oxidative stress resistance to a cluster of four homolo-
gous sRNAs in the anoxygenic phototrophic bacterium Rhodobacter sphaeroides. We reveal a function of these regulatory RNAs

in the fine-tuning of C, metabolism. A model that relates oxidative stress defense to C, metabolism is presented.

he purple bacterium Rhodobacter sphaeroides is able to adapt

its life-style to changing environmental conditions by making
use of many different metabolic pathways like aerobic and anaer-
obic respiration, fermentation, and anaerobic anoxygenic photo-
synthesis. Major determinants of the life-style of R. sphaeroides are
light quality and quantity, as well as oxygen tension. Under mi-
croaerobic conditions, R. sphaeroides produces photosynthetic
complexes in the dark, while light inhibits their formation (1, 2).
In addition to the intricate transcriptional regulation of photosyn-
thesis genes by diverse protein regulators, photosynthetic com-
plex formation is also based on oxygen-dependent mRNA stabil-
ity for photosynthetically relevant genes and control by sRNAs (3,
4). Light-dependent inhibition of photosynthetic complex forma-
tion in the presence of oxygen presumably avoids the formation of
reactive oxygen species (ROS). The formation of most ROS (su-
peroxide, hydrogen peroxide, and hydroxyl radicals) is based on
electron transfer to molecular oxygen and can occur during aero-
bic respiration, as well as during photosynthesis (5). In contrast,
singlet oxygen ('O,) is generated upon excitement transfer from a
photosensitizer to molecular oxygen. In R. sphaeroides, it was
shown that 'O, is generated in considerable amounts by bacterio-
chlorophylls of the reaction center (6, 7). 'O, can lead to the dam-
age of various macromolecules within the cell and triggers a spe-
cial set of sigma factors, which consequently leads to the activation
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of specific defense mechanisms (8). In addition to the major de-
terminants, light and oxygen, further environmental factors like
available carbon sources influence the life-style of R. sphaeroides.
One carbon source that can be used under phototrophic, as well as
respiratory, conditions is methanol (9—11). Throughout the utili-
zation of this one-carbon (C,) compound, the cytotoxic interme-
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diate formaldehyde is produced and is then degraded by a strictly
regulated and glutathione (GSH)-dependent pathway (9, 12). In
addition to the toxicity of formaldehyde, this metabolic pathway is
another putative source of ROS. The transfer of reducing power to
cytochromes and isocytochromes in the membrane by a pyrrolo-
quinoline quinone (PQQ)-dependent pathway can result in the
activation of an electron transport chain that uses molecular oxy-
gen as a final electron acceptor (13). Consequently, the utilization
of C, compounds might impact the redox status and indirectly
cause ROS generation.

In many bacteria, small RNAs (sRNAs) play important roles in
the regulation of stress responses, cell membrane modulation,
carbon utilization, and other key events in the cell and finally
support adaptation to changing environments (14). SRNA-depen-
dent regulation relies on diverse mechanisms that occur mostly on
the posttranscriptional level and include interaction with target
mRNAs, as well as protein sequestering. Interaction with target
mRNAs can affect mRNA stability and/or translation initiation
(14). Often, the bacterial Sm-like protein Hfq is needed to enable
base pairing between sRNAs and their target mRNAs. Hfq in-
creases sSRNA stability, solves secondary structures in sSRNAs, as
well as in mRNAs, and finally helps sSRNAs to bind their target
mRNAs (15-18). By a differential RNA sequencing (dRNA-seq)
(19) approach searching for photo-oxidative stress-related and
abundant sRNAs in R. sphaeroides, 20 sSRNAs were identified (20).
Many of these SRNAs are induced upon stress, and their transcrip-
tion is initiated at distinct promoters that are recognized by alter-
native sigma factors. For example, the alternative sigma factor
RpoE is activated by 'O, and subsequently induces one sRNA, as
well as another sigma factor, RpoH;, which in turn induces three
additional sRNAs (21). These findings imply that sSRNAs support
the regulation of stress responses in R. sphaeroides.

Among the sRNAs that are induced by different ROS, R. spha-
eroides possesses a repeat of the four homologous sRNAs
RSs0680a to RSs0680d (here renamed CcsR1 to CcsR4 [CcsR1-4]
for conserved CCUCCUCCC motif stress-induced RNAs 1 to 4),
which are cotranscribed with an upstream gene, encoding a hypo-
thetical protein (RSP_6037) (20). This protein contains a con-
served domain of unknown function (DUF1127). In R. spha-
eroides, the RSP_6037-CcsR1-4 operon is controlled by a
promoter that is dependent on both RpoH; and RpoH;, which
leads to induction under multiple stress conditions like oxidative
and photo-oxidative stress but also under heat stress (20, 21). In
this study, we focused on the function of sSRNAs CcsR1-4 and
found that they modulate methanol-based C, metabolism under
oxidative stress conditions. This presumably leads to an increase
in the availability of major scavengers of ROS like reduced GSH
and also reduces sources of oxidative stress derived from C,; me-
tabolism. Moreover, we found indications that CcsR1-4 are in-
volved in stress-dependent downregulation of the pyruvate dehy-
drogenase complex. Our data indicate that functional cooperation
among the four homologous sRNAs exists and that they might
collaboratively act under stress conditions.

MATERIALS AND METHODS

Construction of CcsR-overexpression strains. In order to construct bac-
terial strains with enhanced levels of CcsR RNAs, we made use of overex-
pression plasmids pRK4352 and pBBR4352 (4). A DNA fragment con-
taining the promoterless RSP_6037-CcsR1-4 locus was PCR amplified,
subcloned into the pDrive cloning vector (Qiagen), and ligated into the
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BamHI/EcoRI sites of pRK4352 after restriction with the corresponding
enzymes. The resulting plasmid was named pR6037_CcsR1-4. Smaller
DNA fragments, comprising solely CcsR1-4, were cloned in a similar way
into the BamHI/EcoRI and BamHI/Xbal sites of pRK4352 and pBBR4352,
yielding plasmids pRCcsR1-4 and pBCcsR1-4, respectively. For overex-
pression of CcsR1, CcsR2, CesR1 and CesR2, and CesR1 to CesR3, cloning
into pRK4352 was done as described and the plasmids obtained were
named pRCcsR1, pRCcsR2, pRCcsR1+2, and pRCcsR1-3. All plasmids
were transferred to R. sphaeroides by conjugation. For the primers and
plasmids used, see Tables S1 and S2 in the supplemental material.

Deletion of fIhR. The protein-coding sequence of flhR was completely
deleted and replaced with the kanamycin resistance cassette from pUC4K
(22). A 688-bp DNA fragment located upstream of fIhR was amplified
with primers up2591Kpn-f and up2591Pst-r (see Table S1 in the sup-
plemental material). A 682-nucleotide (nt) DNA fragment located
downstream of fIhR was amplified with primers down2591Pst-f and
down2591Hind-r. The fIhR downstream fragment was cloned into the
HindIII and PstI sites of plasmid pPHU281 (23); afterwards, the upstream
fragment was introduced into the Kpnl and PstI sites. The kanamycin
cassette from pUC4K was cloned into the PstI site. The resulting plasmid,
pPHU2591up-KM-down, was transferred into R. sphaeroides 2.4.1 by
conjugation, and kanamycin-resistant and tetracycline-sensitive clones
were selected. Correct insertion of the kanamycin resistance cassette into
the chromosome by double crossover was confirmed by PCR with suitable
primers.

Construction of an FIhR expression plasmid. The protein-coding
sequence of fIhR, together with the 5" untranslated region (UTR), was
amplified with primers 2591ovfbam1 and 25910vRkpn1 and introduced
into the BamHI and Kpnl sites of pRK4352 (4). The resulting plasmid,
pRK_fIhR, was transferred to wild-type R. sphaeroides 2.4.1 and an endog-
enous fIhR deletion strain, and tetracycline-resistant clones were selected.

Construction of lacZ reporter plasmids. To analyze SRNA-mRNA
interactions, the 16S rRNA (RSP_4352) promoter sequence was amplified
and subcloned into the pDrive cloning vector (Qiagen). After restriction
of the pDrive derivative with XhoI and Kpnl, the promoter fragment was
introduced into the corresponding restriction sites of the lacZ fusion vec-
tor pPHU235 (24), yielding plasmid pPHU16S. DNA fragments contain-
ing an upstream region and the first codons of genes with predicted
mRNA interaction sites for CcsR1-4 were amplified with specific primers
and subcloned into the pDrive cloning vector (Qiagen) or cloning vector
pJET1.2 (Thermo Scientific). After restriction with Xbal and Pstl, DNA
fragments were cloned into plasmid pPHU16S, producing in-frame fu-
sions to the lacZ gene. Reporter plasmids were finally transferred to R.
sphaeroides strains harboring either pBBR4352 or pBCcsR1-4 by conju-
gation. For the primers and plasmids used, see Tables S1 and S2 in the
supplemental material.

Site-directed mutagenesis. The derivative of pDrive containing the
fIhR (RSP_2591) fragment was used as the template for mutagenesis PCR.
Primers Mut2591GGA27CCTfw and Mut2591GGA27CCTrv were de-
signed to introduce specific mutations into the sSRNA-mRNA interaction
region of the mRNA. After PCR, template plasmids were digested with
Dpnl and PCR-generated (mutated) plasmids were transformed into
Escherichia coliJM109. Successful mutagenesis was verified by sequencing.
Finally, the mutated RSP_2591 (flhR) mRNA fragment was cloned into
the Xbal/Pstl sites of pPHU16S, resulting in pPHU16S2591 .

Bacterial strains and cultivation. Precultures of R. sphaeroides were
grown in minimal-salt medium containing malate as a carbon source at
32°C under microaerobic conditions (25 wM dissolved oxygen) by shak-
ing flasks filled to 75% of their respective volume at 140 rpm (25). Exper-
iments were performed under either microaerobic or aerobic conditions
(180 pM dissolved oxygen; continuous aeration). The strains used in this
work were wild-type R. sphaeroides 2.4.1 and derivatives thereof (see Table
S3 in the supplemental material). For cloning procedures, E. coli strains
JM109 and S17-1 (see Table S3) were grown in Standard I nutrient broth
(Roth) at 37°C under aerobic conditions. Antibiotics were applied to R.
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sphaeroides and E. coli cultures when necessary. For the final concentra-
tions used, see Table S3.

Physiological experiments. R. sphaeroides cultures were grown under
either aerobic or microaerobic conditions and harvested at an optical
density at 600 nm (ODg,) of 0.4 (exponential growth phase) or 1.5 (tran-
sition to stationary growth phase under microaerobic and aerobic growth
conditions) for analysis of growth phase-dependent CcsR1-4 expression.
For analysis of the (photo-)oxidative stress response, cultures were grown
in minimal-salt medium under aerobic conditions as described above. At
an ODg, of 0.4 (exponential growth phase), 250 wM paraquat, 100 uM
tert-butyl hydroperoxide (tBOOH), or 1 mM hydrogen peroxide (H,O,)
was added (time point 0) and cells were incubated with the stress-gener-
ating chemical for 10 min. Photo-oxidative stress was generated by the
addition of 0.2 wM methylene blue and irradiation with white light at 800
W/m? for 10 min as described previously (26). Cultures for salt and heavy
metal experiments were grown under microaerobic conditions to an
ODyq, 0f 0.4 as described above and supplemented with 10 uM cadmium
chloride, 100 wM zinc sulfate, or 500 mM sodium chloride for 10 min
until harvesting. For analysis of the heat shock response, cells were grown
at 32°C under microaerobic conditions and shifted to a water bath at 42°C
for 10 min when an ODg, of 0.4 was reached. Cells were harvested on ice
and collected by centrifugation at 10,000 X g and 4°C.

Zone-of-inhibition assays. For zone-of-inhibition assays, overnight
cultures of R. sphaeroides were diluted to an OD, of 0.2 and cultivated
under microaerobic conditions as described above. After they reached an
ODyq, of 0.4, cultures were harvested and diluted to an ODgg, of 0.2.
Seven milliliters of top agar (minimal-salt medium containing 0.8% aga-
rose) was mixed with 200 pl of diluted culture and poured on top of an
agar plate (1.6% agarose in minimal-salt medium) without a selection
marker. After solidification of the top agar, filter disks soaked with either
10 pl of 700 mM tBOOH or 10 pl of 200 mM paraquat were placed on top
of the plates. After incubation at 32°C for 3 days, the diameters of the
inhibition zones were measured.

RNA preparation. For Northern blot analysis, total RNA was isolated
by the hot-phenol method (27) and quantified photometrically at 260 nm
with a NanoDrop 1000 UV/Vis spectrophotometer (PeqLab). For tran-
scriptome analysis, total RNA was isolated as described previously (28). In
short, RNA was extracted by the hot-phenol method and contaminating
DNA was removed by DNase I (Invitrogen) treatment. Afterwards, RNA
was purified with RNeasy MinElute spin columns (Qiagen) and RNA
quality was assigned on 10% polyacrylamide gels.

Northern blot analysis. Total RNA was separated on 10% polyacryl-
amide gels containing 7 M urea. RNA was transferred to nylon mem-
branes by semidry electroblotting as described previously (20). For
detection of CcsR1 in initial experiments, the 24-nt antisense oligode-
oxynucleotide p-0680a (see Table S1 in the supplemental material), which
binds to the second stem-loop of the sRNA, was used. For differential
detection of CcsR1 to CcsR3, antisense oligodeoxynucleotides for the re-
spective full-length sSRNAs were used (see Table S1). RSs1543 and 5S
rRNA were detected with probes p-1543 and p-5S. Oligodeoxynucleotides
were end labeled with [y->*P]ATP and T4 polynucleotide kinase (Fer-
mentas) and subsequently purified with Microspin G-25 columns (GE
Healthcare). Hybridization was performed in accordance with the proto-
col of Church and Gilbert for hybridization buffer with low and moderate
stringency (29).

Transcriptome analysis. For microarray analysis, strains were
grown under aerobic conditions to exponential phase (OD g, of 0.4).
Two individual microarrays (biological replicates), each containing a
pool of three independent experiments for each strain, were applied as
follows. Two micrograms of pooled total RNA from R. sphaeroides
strains 2.4.1(pRK415) and 2.4.1(pRCcsR1-4) was labeled with Cy5 and
Cy3, respectively, with the ULS Fluorescent Labeling kit for Agilent arrays
(Kreatech) and competitively hybridized to Custom Gene Expression Mi-
croarrays from Agilent Technologies (8x15K; ID 027061) designed for
wild-type R. sphaeroides 2.4.1 (28). Sample fragmentation, hybridization,
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and data scanning were performed in accordance with the specifications
given by Agilent. Raw median fluorescence values were extracted with the
Feature Extraction Software (Agilent), and data were further processed
with the Bioconductor package Limma for R (30). Within-array normal-
ization according to LOESS corrected for dye bias. Normalized fluores-
cence values were used to calculate expression ratios. Only probes with
fluorescence values above the background, as specified by nonspecific
probes, were included in the analysis. In order to filter for genes with
differential expression, only probes giving a log, ratio of =—0.7 or =0.7
were included, while the remaining probes were omitted. Finally, genes of
special interest after bioinformatic analyses for RNA interaction of
CcsR1-4 with respective with mRNAs (see below) were analyzed manu-
ally.

qRT-PCR. RNA was prepared by the hot-phenol method as described
above. The One-Step Brilliant III quantitative reverse transcription
(qRT)-PCR master mix kit (Agilent) was used for RT, followed by PCR as
described in the manufacturer’s manual. A final concentration of 4 ng of
total RNA pl~! was used. Reactions were run in a C1000 thermal cycler
(Bio-Rad Laboratories). For the primers used for amplification, see Table
S1 in the supplemental material. Expression of mRNAs was calculated
relative to that of a control sample and normalized to rpoZ. Statistical
analysis was performed with Student’s ¢ test, and P values of =0.05 were
considered statistically significant.

Proteome analysis. Cultures of R. sphaeroides 2.4.1(pRK415) and
2.4.1(pRCcsR1-4) were grown under aerobic conditions to the exponen-
tial growth phase (ODgg, of 0.4). Soluble proteins from biological tripli-
cates were subjected to gel-based proteomics after L-[>°S]methionine
pulse-labeling as described previously (31). Evaluation of protein gels was
performed with Delta2D software (Decodon) (32).

Gel mobility shift assay. RNAs were transcribed in vitro with T7 RNA
polymerase (New England BioLabs) by using PCR products with T7 pro-
moter sequences in the 5" end as templates. For the primers used to gen-
erate DNA templates for in vitro transcription of CcsR1, PcrZ (control
sRNA), fIhR (target mRNA), and bchN (control mRNA), see Table S1 in
the supplemental material. CcsR1 and PcrZ were labeled with [a-
32PJUTP in the reaction mixture, while mRNA fragments remained un-
labeled. After transcription, the RNA was purified with G50 spin columns
(GE Healthcare) followed by gel extraction. RNA interactions were tested
in a final volume of 15 pl by mixing 250 fmol of SRNA (CcsR1 or PcrZ)
with various amounts of mRNA. Samples were incubated in 1X structure
buffer (100 mM Tris [pH 7], 1 M KCI, 100 mM MgCl,) for 30 min at 32°C.
Reaction mixtures were then mixed with 3 pl of loading dye (50% glyc-
erol, 0.5X Tris-borate-EDTA [TBE], 0.2% bromophenol blue) and
loaded onto native gels containing 0.5X TBE and 6% acrylamide. Gels
were prerun at 100 V for 30 min before loading. Electrophoresis was
performed at room temperature by applying 200 V for 2.5 h. Gels were
dried and analyzed via phosphorimaging.

Bioinformatic tools. The prediction of SRNA structures was per-
formed with Sfold and RNAfold (33-35). For putative CcsR1-4 targets,
mRNA structures were predicted with the NUPACK webserver similarly
to previous studies (36, 37). The analysis was done by using standard
parameters for NUPACK but changing the environmental temperature to
32°C, reflecting the regular incubation temperature of R. sphaeroides un-
der laboratory conditions. Genome-wide predictions of sSRNA-mRNA in-
teractions were performed with IntaRNA and RNApredator (38, 39). The
top 50 results of each search were subjected to further analysis. For anal-
ysis of operons, the Prokaryotic Operon DataBase (ProOpDB) was used
(40).

Determination of 3-galactosidase activity in reporter strains. Deriv-
atives of pPHU16S containing putative target mRNAs were introduced
into R. sphaeroides strains carrying either pBBR4352 or pBCcsR1-4 by
conjugation. Conjugants were cultivated on plates containing appropriate
mixtures of antibiotics at 32°C. Three liquid cultures were derived for each
reporter strain by inoculating a mixture of 10 colonies/conjugants. These
cultures were used to measure the relative B-galactosidase activity in the

jb.asm.org 1841


http://jb.asm.org

Billenkamp et al.

A) B) CcsR1 (83nt)
C
PRpotyRpoH,, 100 bp Lo é:u cUc
— C U C
C (o) (o] UC
RSP_6037 RSP_2091 Acal caG
cG CcG
cG GU
UA CG
hypothetical CcsR putative benzoate transporter, BenE GC AU
protein GC GC
AU CG
Gca GC
GU GC
UA CG
s.auuuc®  Gcaaca®  Vecuwus
C) 5' | Stem 1 | Loop 1 | Stem 1 | | Stem 2 | Loop 2 | Stem 2 | 3
* * Fhkdkkdkkhkk * 2 dk kkk Kk dkk kdkkkkkdkhkkdkkhk kk Kk kk * Kk
CcsR1 GUUUCCUGCGAGGUCCC--ACCUCCUCCC-GGGACCUGUAG-CAGCA-GCGGCGACGCCUCUCCUCCUCCCUGGUGUCGCCGUCCUUU-~ 83nt
CcsR2 ---UCUUCGAACGGCC-UCUCCUCCUCCCUGGCCGAUCGGA--ACC--GCAGCGGCCCC-CUCCUCCUCCCUGGGGUCGCUGCACCAGAU 81lnt
CcsR3 --ACUUCGGCACUGC----ACCUCCUCCC-GCGGUGCCGA-UGACCAAGCGGCGGCUCC-CUCCUCCUCCCUGGAGCCGUCGCCCCC--~ 78nt
CcsR4 --ACUUCGGCACUGC----ACCUCCUCCC-GCGGUGCCGA-UGACCAAGCGGCGGCUCC-CUCCUCCUCCCUGGAGCCGCCGCCCCC-~~ 78nt
D) micro- . 3 1 o
g aerobic O, H,0, tBOOH 0, 42°C  500mM 10uM 100 pM
aerobic Nacl  cdcl,  Znso,
£ L oL £ £ £ £ £
. e F s Ff e Ffs £ e Fs Feoe & s F
-\953-55'5§§§5§5$5§5§§§$§
@ < ¢ g © N N 9 N O N Q Ny Q ~ o ~ o ~

CcsR1 (83 nt)
CesR2 (81 nt)

CcsR3 (78nt)

RSs1543

SSrRNA

FIG 1 Expression conditions for the homologous CcsR sRNAs. (A) The four sRNAs CcsR1—-4 are transcribed together with an upstream gene encoding
a conserved hypothetical protein (RSP_6037). Transcription is initiated at an RpoH/RpoH,;-dependent promoter and terminated at a rho-independent
stem-loop structure (20). (B) The secondary structure of CcsR1 displays two exposed CCUCCUCCC motifs in the loops (gray). The secondary structure
was predicted by Sfold (33). (C) Alignment of CcsR1-4 sequences. Albeit showing a similar secondary structure, only the CCUCCUCCC motifs (gray) are
highly conserved. Perfect conservation among all four sRNAs is indicated by asterisks. (D) Differential detection of CcsR1, CcsR2, and CcsR3 and CcsR4
in Northern blot assays. CcsR1-4 levels were monitored under different growth/stress conditions: exponential (exp.) and stationary (stat.) growth phases
under aerobic and microaerobic conditions; O, , superoxide (250 wM paraquat, aerobic conditions); 1 mM H,O,, aerobic conditions; 100 uM tBOOH,
aerobic conditions; 'O,, singlet oxygen (0.2 .M methylene blue, white light at 800 W/m?, aerobic conditions); 42°C, heat stress (microaerobic condi-
tions); 500 mM NaCl, salt stress (microaerobic conditions); 10 puM CdCl,, cadmium stress (microaerobic conditions); 100 wM ZnSO,, zinc stress
(microaerobic conditions). Time point 0 min represents SRNA expression before the addition of chemicals to the liquid cultures, while time point 10 min
is after 10 min of incubation with the chemical or at 42°C. RSs1543 and 5S rRNA were probed as controls. For detection of CcsR1 to CcsR3, the probes

pCesR1 (73 nt), pCcsR2 (80 nt), and pCcsR3 (88 nt) were used.

early exponential growth phase (ODyg, 0f 0.4). Measurements of 3-galac-
tosidase activity were carried out as previously described (41, 42).
Determination of total GSH. For GSH assays, cultures were grown
under microaerobic conditions to an ODg, of 0.4. Cells from 2 ml of
culture were harvested on ice, and pellets were stored at —20°C after
centrifugation at 10,000 X g. Cells were resuspended in 3.75% 5-sulfosal-
icylic acid for lysis, which was supported by vigorous shaking. Cell debris
and proteins were precipitated by centrifugation at 10,000 X g and con-
sequently separated from GSH, which remained in the supernatant.
Ellman’s reagent [5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB)] was pre-
pared as a 6 mM solution in reaction buffer (143 mM NaH,PO,, 6 mM
EDTA, pH7.5) and used for colorimetric determination of GSH. Reaction
mixtures with a volume of 1 ml were set up as follows. An 845-pl volume
of reaction buffer containing NADPH (0.3 mg ml ™) was mixed with 50
pl of supernatant and 100 pl of DTNB (6 mM). Samples were kept at
room temperature for 10 min to allow GSH to be completely oxidized by
DTNB. Afterwards, reactions were started by adding 5 pl of GSH reduc-
tase from baker’s yeast (Sigma-Aldrich; diluted to 100 U ml ™ in reaction
buffer). Color development was monitored at 412 nm over time. Total
GSH concentrations were calculated from initial slopes in comparison to
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a calibration curve prepared from a standard GSH solution in reaction
buffer. Total GSH concentrations were normalized to ODg, values.

Microarray data accession number. The data discussed in this
publication have been deposited in the NCBI Gene Expression Omnibus and
are accessible through GEO Series accession number GSE67145 (43).

RESULTS

The CcsR sRNAs contain conserved sequence motifs and are ex-
pressed under various stress conditions. The sRNAs CcsR1-4
were originally discovered by dRNA-seq and were shown to form
an operon with the hypothetical protein RSP_6037 (Fig. 1A) (20).
In a strain lacking the alternative sigma factors RpoH; and RpoH;,
decreased amounts of CcsR1 were detectable, in agreement with
transcription from an RpoH;/RpoH;; promoter upstream of
RSP_6037 and generation of CcsR1-4 by processing (21). On the
basis of new sequencing results obtained with Illumina (data not
shown) combined with the specific detection of individual sSRNAs
in Northern blot assays (see Fig. S1 in the supplemental mate-
rial), we redefined their particular lengths: CcsR1 has a size of
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83 nt (RSs0680a, 73 nt previously [20]), while CcsR2 has a size of
81 nt (RSs0680b, 80 nt previously [20]) and CcsR3 has a size of 78
nt (RSs0680c, 88 nt previously [20]). The size of CcsR4 could not
be determined because of weak coverage in RNA-seq, but the data
indicate a size of 78 nt, which is supported by a single band in
Northern blot assays when using a probe against CcsR3 that also
binds CcsR4 because of sequence identity (Fig. 1C; see Fig. S1).
The predicted secondary structures of the sSRNAs show high con-
servation. They consist of two stem-loop structures presenting
non-base-paired CCUCCUCCC motifs on top of both stem-loops
(Fig. 1B shows the folding of CcsR1; for the structures of CcsR2
and CcsR3, see Fig. S2A and S2B). The CCUCCUCCC motifs
show high sequence conservation among CcsR1—4, while other bases
of the sSRNAs show only moderate conservation. Especially the bases
involved in the formation of the first stem show only limited conser-
vation, while the stem structure is nevertheless conserved (Fig. 1C). It
was possible to detect CcsR1 and CcsR2 differentially in Northern
blot assays with specific 70-nt probes (Fig. 1D; see Fig. S1), while
individual detection of CcsR3 and CcsR4 failed because of particu-
larly high sequence homology between the two sSRNAs, as mentioned
above (Fig. 1C). It was previously shown that singlet oxygen or heat
shock leads to induction of CcsR1 expression (20, 21). In order to
expand the knowledge about conditions that induce the expression of
CcsR1-4, liquid cultures of wild-type R. sphaeroides 2.4.1 in the
early exponential growth phase were subjected to different stress
conditions. These experiments revealed that CcsR1-4 are strongly
induced upon transfer to stationary phase and under various stress
conditions. Especially (photo-)oxidative stress and heat shock
led to induction of CcsR1-4, while salt stress led to a lower
CcsR1-4 level. Moreover, a weak effect of cadmium ions on
CcsR1-4 expression was observable (Fig. 1D). The sRNA
RSs1543 (21), which is also under the control of an RpoH;/
RpoHj;-dependent promoter, showed the same induction pat-
tern as observed for CcsR1-4. Since the basal expression levels
of CcsR1-4 and RSs1543 depend on oxygen tension, the bands
at time point 0 show different intensities and were higher at
time point 0 under microaerobic conditions.

Overexpression of CcsR sSRNAs leads to enhanced resistance
to oxidative stress. To assess the function of the CcsR sRNAs, we
first attempted to construct a strain that has CcsR1-4 deleted
from the chromosome. It was not possible to isolate such a mu-
tant, implying that CcsR1-4 are essential. If CcsR1-4 were pro-
vided on a plasmid, a deletion of the chromosomal copy was pos-
sible. We designed overexpression plasmids to alter the cellular
CcsR1—4 levels. The CcsR1—4 sRNA cluster, either with or with-
out the upstream RSP_6037 gene, was expressed under the control
of a strong 16S rRNA promoter on the low-copy-number plasmid
pRK415. The resulting plasmids (Fig. 2A) were transferred to
wild-type R. sphaeroides 2.4.1 and an hfq deletion strain. Northern
blot analysis with a probe that preferentially binds CcsR1 (p-
0680a) demonstrated that the abundance of CcsR1 was influenced
by the presence of RSP_6037: the sSRNA abundance was decreased
when RSP_6037 was simultaneously overexpressed (Fig. 2B). Fur-
thermore, a positive influence of Hfq on steady-state CcsR1-4
levels was observed. Interaction of Hfq with CcsR1-4 was previ-
ously demonstrated (20, 44). Overexpression of CcsR1-4 had no
significant impact on the growth rate under either aerobic or mi-
croaerobic conditions (data not shown). Interestingly, the resis-
tance to oxidative stress was enhanced when overexpressing
CcsR1-4 (Fig. 2C). The degree of enhancement of resistance was

May 2015 Volume 197 Number 10

Journal of Bacteriology

Conserved Stress-Induced sRNAs in R. sphaeroides

proportional to that of CcsR1-4 RNA levels and therefore was
influenced by the simultaneous overexpression of RSP_6037
(compare Fig. 2B and C). We also tested strains overexpressing
CcsR1 or CesR2 alone, CcsR1 and CcsR2, or CcsR1 to CesR3. All
of the strains showed higher resistance to 200 mM paraquat than a
control strain did. Maximal resistance was achieved only when all
copies of CcsR were present (Fig. 2D). This indicates that CcsR con-
tributes to stress resistance when only a single copy is present but that
the presence of several copies enhances the function of CcsR.
CcsR1-4 target search by a combined approach. In order to
better understand the function of CcsR1-4, we used a combined
target search approach. The data from a microarray analysis, a
proteome analysis of soluble proteins, and bioinformatic predic-
tions were integrated, and putative targets of CcsR1-4 were se-
lected for further analysis. In the microarray analysis, we com-
pared wild-type R. sphaeroides strain 2.4.1, which constitutively
overexpresses CcsR1—4 without RSP_6037, to an empty-vector
control. Because of the constant overexpression of CcsR1-4, cells
may adapt to this situation, so that the detection of direct but also
indirect effects of CcsR1-4 can be expected. Only 1% of the tran-
scripts analyzed with reliable A-value showed a considerable dif-
ference in expression levels. Only 0.4% of the transcripts showed
higher abundance in the CcsR1-4 overexpression strain (log, ra-
tio of =0.7), and 0.5% of the transcripts showed a decreased level
(log, ratio of =—0.7, see Fig. S3B). Among the transcripts with
increased abundance, CcsR1 to CcsR3 showed the strongest up-
regulation (Fig. S3C), which was expected in the overexpression
strain and underscores our Northern blot assay results (Fig. 2B).
While no functional groups could be determined for genes with
increased transcript levels, two functional groups emerged among
the genes with lowered transcript levels. On the one hand, genes
related to C,; metabolism showed lower mRNA abundance, i.e.,
pqqA (RSP_6132, putative coenzyme PQQ synthesis protein),
xox] (RSP_2580, putative methanol oxidation protein), xoxF
(RSP_2578, putative PQQ dehydrogenase protein), cycB
(RSP_2579, cytochrome ¢533i), and coxS and coxL (RSP_2878
and RSP_2877, two subunits of a putative carbon monoxide de-
hydrogenase). On the other hand, genes that encode subunits of
the pyruvate dehydrogenase complex exhibited lower mRNA lev-
els, i.e., pdhD (RSP_2968, dihydrolipoamide dehydrogenase),
pdhAb (RSP_4049, dehydrolipoamide acetyltransferase), and
pdhB (RSP_4050, deydrolipoamide acetyltransferase E2 compo-
nent). Finally, four protein-coding genes and two sRNAs that do
not belong to the groups mentioned were downregulated (Fig.
S3C). The proteins encoded by these mRNAs resemble hypothet-
ical proteins, a flagellum structure protein and a nucleotide sugar
epimerase, while the function of the sRNAs is unknown. After
evaluation of the microarray, we added data from a proteomic
approach comparing the CcsR1-4 overexpression strain and the
control strain, which we have already used for microarray analysis.
Proteins were pulse-labeled with L-[*>*S]methionine for 10 min,
and changes in protein spots therefore reflect changes in protein
synthesis (Fig. S3D). By this approach, we detected 511 protein
spots. A significant decrease in spot intensity (log, ratio of =—0,3;
P =0.05) in the CcsR1-4 overexpression strain could be detected
for 18 protein spots, while a significant increase in spot intensity
(log, ratio of =0,3; P = 0.05) could be detected for 5 protein spots.
However, we found only a small direct overlap with the microar-
ray data, which was limited to CoxL (RSP_2877). The synthesis of
several proteins with roles in C, metabolism and the pyruvate
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FIG 2 Expression of CcsR1-4 is RSP_6037 and Hfq dependent, and elevated levels of the four sSRNAs lead to enhanced resistance to oxidative stress. (A)
Schematic representation of plasmids used for constitutive overexpression of the CcsR RNAs under the control of the 16S rRNA promoter. The
broad-host-range plasmid pRK415 was used as an empty-vector control. (B) The level of CcsR1 expression is decreased in an hfg deletion strain and is
negatively influenced by co-overexpression with RSP_6037, as monitored by Northern blotting of total RNA from cultures in the exponential growth
phase. Results for wild-type (WT) R. sphaeroides and an hfq deletion strain, each harboring plasmid pRK415, pRCcsR1-4, or pR6037_CcsR1-4, are shown. 55
rRNA served as a loading control. For detection of CcsR1, p-0680a was used. (C and D) Enhanced resistance to oxidative stress caused by paraquat or the organic
hydroperoxide tBOOH can be correlated with elevated levels of CcsR RNAs, as demonstrated by zone-of-inhibition assays. Filter disks soaked with either 200 mM
paraquat or 700 mM tBOOH were placed on agar plates to suppress bacterial growth. R. sphaeroides wild-type strains carrying plasmid pRK415 or CcsR
overexpression plasmids were compared. After 3 days of incubation, the diameters of the zones of inhibition were measured. Results represent the mean
and error bars indicate the standard deviation for three independent biological replicates. Asterisks indicate a significant difference in the average zone of

inhibition diameter.

dehydrogenase complex was decreased, which is in agreement
with the microarray results. We observed different rates of synthe-
sis of the hypothetical proteins RSP_2876 and RSP_2879, which
are encoded by genes located in an operon together with coxL,
and of PdhAa, which is encoded by a gene located in an operon
with pdhAb and pdhB. From these data, we concluded that
CcsR1-4 possibly have a function in the regulation of C, me-
tabolism and the pyruvate dehydrogenase complex.

Our next step was to search for putative sites of CcsR1-4 in-
teraction with mRNAs of the functionally related genes by using
the web-based prediction tools IntaRNA for CcsR1-4 and
RNApredator for CcsR1 to increase the reliability of the predic-
tions (38, 39). First of all, these predictions indicated binding of
CcsR1-4 to the same target mRNAs, which is why CcsR1 was
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consequently used as a representative for the analysis of the bioin-
formatic predictions (see Table S4 in the supplemental material).
The results revealed that only parts of the interactions predicted by
the two prediction tools overlapped the data derived from the
microarray and proteome analyses. These overlaps finally repre-
sented a condensed set of putative target mRNA candidates and
comprised RSP_2876, coxL (RSP_2877), pdhB (RSP_4050), and
pqqA (RSP_6132), which were all shown to be downregulated on
either the mRNA or the protein synthesis level (Table 1). In addi-
tion, flhR (RSP_2591) was of particular interest because of predic-
tion results and its potential influence on C, metabolism through
regulation of the adhI-cycI operon and through a putative role in
the regulation of the cycB-xox] operon. Interestingly, the mRNAs/
proteins encoded by the three genes adhl, cycB, and xox] were
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TABLE 1 Combination of transcriptome and proteome analyses of CcsR1-4 overexpression and bioinformatic RNA interaction predictions reveals

putative CcsR target genes”

Log, fold change in
R. sphaeroides 2.4.1(prk415) vs

Energy (kcal/mol) R. sphaeroides 2.4.1(pRCcsr1—4)
Other gene(s) in
IntaRNA RNApredator operon, position in
Gene CesR1 CcesR1 operon Function Transcriptome Proteome
Top 10 genes in prediction
RSP_6040 —27.4 —22.7 1 Hypothetical protein 0.03
RSP_2255 —22.7 2 Acyl coenzyme A synthase —0.07
RSP_2254, 1 ABC efflux transporter, fused ATPase —0.16
and inner membrane subunits
RSP_3500 —225 4 ABC sugar transporter, periplasmic 0.06
binding protein
RSP_3503, 1 Sugar ABC transporter ATPase —0.06
RSP_3502, 2 ABC sugar transporter, inner 0.12
membrane subunit
RSP_3501, 3 ABC sugar transporter, inner 0.02
membrane subunit
RSP_3499, 5 Short-chain dehydrogenase 0.29
RSP_3949 (ansB) —22.4 1 Asparaginase/glutaminase 0.15
RSP_3947, 2 GntR family transcriptional regulator 0.11
RSP_1576 (trxB) -22 —19.59 1 Thioredoxin reductase —0.11
RSP_2591 (fIhR) —21.8 —20.26 1 Two-component transcriptional —0.31
regulator, LuxR family
RSP_2592,2 Hypothetical protein —0.09
RSP_2593 (flhS), 3 Hybrid histidine kinase —0.17
RSP_1195 (comF) —21.7 1 Competence protein F 0.29
RSP_1194 (grxC), 2 Glutaredoxin —0.11
RSP_2749 —21.5 Putative P4 family integrase 0.12
RSP_2872 (aglF) —21.4 —20.17 2 ABC a-glucoside transporter, inner 0.07
membrane subunit AglF
RSP_2870, 4 ABC a-glucoside transporter, 0.04
ATPase subunit AglK
RSP_2871, 3 ABC a-glucoside transporter, inner 0.06
membrane subunit AglG
RSP_2873, 1 ABC a-glucoside transporter, 0.01
perplasmic substrate-binding
protein
RSP_0573 (phoB) —21.2 —19.86 5 Response regulator receiver protein 0.06
RSP_0572, 6 Putative exonuclease 0.01
RSP_0574, 4 Hypothetical protein —0.17
RSP_0575, 3 Predicted signal transduction protein 0.04
containing cyclic nucleotide-
binding and CBS domains
RSP_0576, 2 Na*/solute symporter —0.34
RSP_0577, 1 Hypothetical protein —0.42
Genes with good correlation
of bioinformatic
predictions and gene
expression data
RSP_6132 (pgqA) —19.7 —17.96 1 Putative coenzyme PQQ synthesis —1,19
protein A
RSP_0792, 3 PQQ biosynthesis protein PqqC —0.27
RSP_0793,2 PQQ biosynthesis protein PqqB —0.25
RSP_4050 (pdhB) —18.2 3 Dihydrolipoamide acetyltransferase —0.78
component (E2) of pyruvate
dehydrogenase complex
RSP_4047 (pdhAa), 1 Pyruvate dehydrogenase E1 —0.61 —0.88
component, & subunit
RSP_4049 (pdhAb), 2 Dihydrolipoamide acetyltransferase —0.87
RSP_2876 —18.4 4 Putative carbon monoxide —0.39 —0.53

dehydrogenase medium chain
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TABLE 1 (Continued)

Log, fold change in
R. sphaeroides 2.4.1(prk415) vs

Energy (kcal/mol) R. sphaeroides 2.4.1(pRCcsr1—4)
Other gene(s) in
IntaRNA RNApredator operon, position in
Gene CcsR1 CcsR1 operon Function Transcriptome Proteome
RSP_2877 (coxL) —16.2 3 Putative carbon monoxide —0.72 —0.36
dehydrogenase large chain
RSP_2878 (coxS), 2 Putative carbon monoxide —0.81
dehydrogenase small chain
RSP_2879, 1 Hypothetical protein —0.55 —0.92
Selected genes with changed RSP_2575, 1 Glutathione-dependent —0.24
expression formaldehyde-activating enzyme
RSP_2576 (adhl), 2 Alcohol dehydrogenase class 11T —0.43 —0.31
RSP_2577 (cycl), 3 Isocytochrome c, —0.48
RSP_2578 (xoxF), 1 Putative pqq dehydrogenase protein —0.96
RSP_2579 (cycB), 2 Cytochrome css3; —0.75
RSP_2580 (xo0xJ), 3 Putative methanol oxidation protein —0.77
RSP_2581, 4 Rhodanese —0.38

“ Depicted are data from a transcriptome analysis and a gel-based proteome analysis comparing R. sphaeroides 2.4.1(pRCcsr1—4) to the control strain R. sphaeroides 2.4.1(pRK415)
under aerobic conditions in the early exponential growth phase in comparison to bioinformatic predictions of CcsR target mRNAs. For the transcriptome analysis, two individual
microarrays (biological replicates), each containing a pool of three independent experiments for each strain, were used. Genes were considered to be differentially expressed when
the log, ratio was =0.7 or =—0.7. For the gel-based proteome analysis, three individual cultures of each strain were labeled with L-[**S]methionine for 10 min to monitor changes
in protein synthesis. Proteins with a significant change in their log, ratio were included (log, =0.3 and P< 0.05 or =—0.3 and P = 0.05). The bioinformatic predictions for CcsR1

target mRNAs were performed by IntaRNA and RNApredator. For analysis of operons, ProOpDB was used (40).

among those downregulated and might therefore represent indi-
rect targets of the CcsR sRNAs.

Confirmation of CcsR1-4-dependent regulation of pre-
dicted mRNA interaction partners in vivo. To investigate the
binding of CcsR1-4 to putative target mRNAs, an in vivo RNA
interaction reporter system for analysis in R. sphaeroides was
used. The sSRNAs CcsR1-4 were constitutively overexpressed un-
der the control of a strong R. sphaeroides 2.4.1 16S rRNA promoter
on the medium-copy-number plasmid pBBRIMCS2 (Fig. 3A).

A) Piesmna

Putative targets of CcsR1—4 were translationally fused to lacZ on
the low-copy-number plasmid pPHU235 and expressed from
the same 16S rRNA promoter (Fig. 3B). 3-Galactosidase activ-
ities from reporter plasmids were measured in the sSRNA over-
expression strain and compared to those of a control strain
harboring the empty vector. A strain containing a nonspecific
bchN (RSP_0285) reporter was used as a negative control (4).
We analyzed the effects of CcsR1-4 on the expression of the
mRNAs for the transcriptional regulator flhR (RSP_2591), the
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FIG 3 Effect of CcsR1-4 on the expression of putative target genes. (A) Graphical representation of CcsR1-4 overexpression plasmid pBCcsR1-4, which was
used for the in vivo reporter system. Plasmid pBBR4352 served as a background control to measure basal 3-galactosidase activity from reporter plasmids.
Plasmids were transferred to wild-type R. sphaeroides 2.4.1 or an isogenic hfq deletion strain. (B) Construction of translational fusions of target mRNAs with lacZ on
plasmid pPHU16S. The translational start of each target gene is the + 1 position. Bases up- and downstream of the translational start site are displayed by negative and
positive numbers, respectively. Additional genes in the upstream regions are indicated in light gray. (C) Relative 3-galactosidase activities for translational lacZ fusions
with fIhR (RSP_2591), RSP_2876, coxL (RSP_2877), pdhB (RSP_4050), pqgqA (RSP_6132), and bchN (RSP_0285). B-Galactosidase activities were measured in cell
extracts from R. sphaeroides cultures in the exponential growth phase carrying either pBBR4352 or pBCcsR1—4. The behN'-'lacZ fusion served as a nonspecific control.
The error bars indicate the standard deviation from the mean of biological triplicates with two technical replicates each. WT, wild type.
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FIG 4 Effects of mutations in the predicted fIhR binding site of CcsR1-4 and interaction of CcsR1 with the flhR mRNA in vitro. (A) The secondary structure of
the flhR mRNA displays an exposed binding site for CcsR1 (bold and shaded) that is in relatively close proximity to the ATG codon (marked by plus signs). The
bases selected for a triple mutation (GGA) are marked by asterisks, and the corresponding bases introduced for mutation (CCT) are displayed. Secondary
structure was predicted by NUPACK (36). (B) A triple mutation within the predicted binding site of the flhR mRNA leads to loss of regulation by CcsR1-4 in the
in vivo reporter system. The B-galactosidase activity was measured in cell extracts from R. sphaeroides cultures in the exponential growth phase carrying either
pBBR4352 or pBCcsR1-4. (C) CcsR1 interacts with a 177-nt iR mRNA fragment containing the predicted binging site already at low concentrations in vitro.
A 250-fmol sample of CcsR1 was incubated with 25, 250, or 2,500 fmol of the fThR fragment and 2,500 fmol of the bchN control mRNA fragment, while 250 fmol
of PcrZ (4) was incubated with 2,500 fmol of the flhR fragment. Changes in gel migration behavior were observable only for CcsR1 with the fIhR fragment (marked

by an asterisk), while no shift in the gel migration behavior of the controls was observable.

putative carbon monoxide dehydrogenase subunits coxL
(RSP_2877) and RSP_2876, the pyruvate dehydrogenase sub-
unit pdhB (RSP_4050), and pqqA (RSP_6132) encoding the
PQQ coenzyme synthesis protein. For translational fusions
with RSP_2876, coxL (RSP_2877) and pqqA (RSP_6132), no
effect of CcsR1-4 overexpression was observable (Fig. 3C). For
pdhB (RSP_4050), only a slight change in B-galactosidase ac-
tivity of about 20% occurred. In contrast, the reporter plasmid
for fIhR (RSP_2591) gave rise to a strong and significant (P <
0.05) decrease in [-galactosidase activity of 50% in the
CcsR1-4 overexpression strain (Fig. 3C). This indicates a di-
rect inhibitory effect of the sSRNAs on this mRNA.

Analysis of the interaction of CcsR1 with the flhiR mRNA. To
confirm the predicted site of interaction between sRNAs
CcsR1-4 and flhR mRNA, a triple mutation was introduced
into the flhR'-"lacZ fusion construct within the predicted
CcsR1-4 binding site (Fig. 4A). After mutation of the flhR mRNA,
the inhibitory effect of CcsR1-4 was no longer detectable (Fig.
4B). Testing of a compensatory mutation in the target was not
possible, since such changes in the interaction site are predicted to
severely change the RNA secondary structure. To further verify
that CcsR1 interacts directly with the fTiR mRNA, we performed
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gel shift assays. Radioactively labeled CcsR1 was transcribed in
vitro and incubated with a 177-nt fragment of flhR mRNA. In the
presence of the mRNA fragment, a change in the migration of
CcsR1 was visible (Fig. 4C). When a fragment of the bchN mRNA,
which has previously been shown to be targeted by the sSRNA PcrZ
in R. sphaeroides (4) but should not interact with CcsR1, was tested
as a negative control, the CcsR1 migration remained unaffected.
We also tested the effect of the flhR mRNA fragment on PcrZ and
did not observe retardation of migration.

CcsR1-4-dependent repression of fIhR increases the cellular
GSH pool. FIhR is a transcriptional activator of GSH-dependent
methanol/formaldehyde metabolism and may consequently in-
fluence the cellular GSH pool. Therefore, we compared the total
GSH content of a CcsR1-4 overexpression strain with that of a
control strain. Our results revealed that the CcsR1-4 overexpres-
sion strain has a higher GSH content per unit of ODyg, (Fig. 5A).
In a strain lacking FIhR, the GSH level was comparable to that of
the wild type. Overexpression of CcsR1-4 in the mutant, however,
failed to increase the GSH level (Fig. 5A). This supports the view
that CcsR1-4 affect the GSH pool through the interaction with the
flhR mRNA. In zone-of-inhibition assays, the fIhR mutant showed
resistance to oxidative stress similar to that of the wild type. Over-
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FIG 5 Comparison of CcsR1-4 functions in the wild-type and fIhR deletion backgrounds. (A) Intracellular GSH was measured in wild-type 2.4.1 and an
endogenous fIhR deletion strain overexpressing CcsR1-4 (pRCcsR1-4), as well as in the respective control strains carrying the empty vector pRK415. The
GSH concentration was determined in cell extracts from cultures in the exponential growth phase and normalized to the ODg,. The error bars indicate
the standard deviation from the mean of biological triplicates with two technical replicates. (B) Enhanced resistance to oxidative stress promoted by
CcsR1-4 overexpression is not observable in the endogenous fIhR deletion strain, as demonstrated by zone-of-inhibition assays. Filter disks soaked with
700 mM tBOOH were placed on soft agar plates to suppress bacterial growth. Wild-type R. sphaeroides and an endogenous fIhR mutant strain carrying
plasmid pRK415 or pRCcsR1-4 were compared. After 3 days of incubation, the diameters of the zones of inhibition were measured. Results represent the
mean and error bars indicate the standard deviation for three independent biological replicates. (C) Expression of selected genes from C, metabolism and
pdhB determined by qRT-PCR in wild-type R. sphaeroides carrying the plasmid pRCcsR1-4 and in an endogenous fIhR deletion strain. Moreover, wild-type R.
sphaeroides carrying the plasmid pRK_flhR and the endogenous flhR deletion strain carrying the plasmid pRK_flIhR were compared to wild-type R.
sphaeroides carrying the empty plasmid pRK415. (D) CcsR1-4 overexpression in the flhR deletion strain does not lead to significantly changed expression
of pdhB and most selected genes of C,; metabolism, while only pgqA shows decreased expression, as determined by qRT-PCR. The error bars indicate the
standard deviation of the mean of three biological replicates consisting of two technical replicates each. Asterisks indicate a statistically significant change
in gene expression (P = 0.05).

expression of CcsR1-4 did not induce resistance to oxidative
stress, as observed in the wild type (Fig. 5B). Finally selected genes
from C, metabolism that displayed lower expression levels in the
CcsR1-4 overexpression strain in the transcriptome analysis
showed the same tendency of regulation when qRT-PCR was used
(Fig. 5C). The genes from C,; metabolism and pdhB also showed
lower expression in the fIhR deletion strain than in a control strain
(Fig. 5C), indicating FIhR-dependent expression of adhl, cycB,
xox], pdhB, and coxL. Consequently, in the fIhR deletion strain,
overexpression of the CcsR RNAs from a plasmid did not have a
significant impact on the expression of these selected genes from
C, metabolism (Fig. 5D). Expression of pqqA and the effect of
CcsR1-4 on pgqgA mRNA levels were independent of FIhR.

DISCUSSION

Several sRNAs that are induced under (photo-)oxidative stress
(20) were identified in the phototrophic alphaproteobacterium R.
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sphaeroides 2.4.1. Among these are the homologous sRNAs
CcsR1-4, which are cotranscribed with the hypothetical protein
RSP_6037. A tandem duplicate sRNA is involved in iron homeo-
stasis in Pseudomonas aeruginosa, and sSRNA tandem repeats from
type III toxin-antitoxin systems in Erwinia carotovora are also
known (45, 46). However, in the special case of CcsR1-4, the
sRNAs are derived from the 3’ UTR of the upstream gene
(RSP_6037). 3" UTR-derived sRNAs were also demonstrated for
other organisms like E. coli and Salmonella enterica serovar Typhi-
murium and might therefore be more common (20, 47, 48). We
identified conditions that induce CcsR1-4 and RSs1543, which
have not been described until now for RpoH;/RpoH;;-dependent
genes, indicating that the RpoH;/RpoHy; regulon, in general, is
induced under these conditions. Enhanced resistance to oxidative
stress of a strain that overexpresses CcsR1—-4 demonstrates a role
in this stress response. A screening for putative target mRNAs was
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FIG 6 Metabolic network of CcsR-dependent targets and influence on cell regulatory networks. (A) After stress-dependent transcription, sSRNAs CcsR1-4
repress fIhR directly and thereby indirectly repress several genes with roles in C, metabolism and electron transport. Moreover, CcsR1-4 influence pgqA
expression through an unknown mechanism. FIhR is a transcriptional activator that has been shown to regulate adhl and cycl in R. sphaeroides (53). cycB and fghA
were demonstrated to be regulated by FIhR in P. denitrificans (55), while xox] is located in an operon together with cycB in R. sphaeroides. Moreover, xox] and cycB
also show FIhR dependence in R. sphaeroides and a dependence of the pyruvate dehydrogenase complex gene pdhB on FIhR is indicated. XoxF and Xox]J are
potential methanol oxidation proteins. TCA, tricarboxylic acid cycle. (B) Under oxidative stress, thioredoxins and GSH help to prevent oxidative protein and
lipid damage by interacting directly with oxidized residues and CcsR1-4 lead to repression of flhR. Through this, the stimulation of the AdhI pathway is indirectly
decreased. In addition, the AdhI pathway is known to be regulated by PrrA and RfdR (12, 53). If protein oxidation is not sufficiently prevented, protein
carbonylation occurs and reactive aldehydes are produced. These reactive aldehydes probably lead to activation of flhiR and more Adhl is produced, which then,

with the help of GSH, takes on a putative protective role in the oxidative stress response (54). Through the influence of the CcsR RNAs, fine-tuning of GSH
allocation in this network is achieved.
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based on transcriptome and proteome analyses, as well as bioin-
formatic predictions. In the transcriptome analysis, the steady-
state levels of a small number of the transcripts showed reduced
levels upon CcsR1-4 overexpression, in agreement with a specific
regulatory function of CcsR1-4 and implying an inhibitory effect,
as observed for most trans-encoded sSRNAs (14). Most genes with
lowered mRNA levels are involved directly in C, metabolism, con-
tribute to C; metabolism by cofactor synthesis, or encode subunits
of the pyruvate dehydrogenase complex. Changes in the synthesis
of proteins involved in the metabolic pathways mentioned were
confirmed by the proteomic approach. Overlap of the different
bioinformatic target predictions by IntaRNA and RNApredator
was limited to interaction predictions where CcsR1-4 bind to the
same target mRNAs. We conclude that the four copies of the CcsR
RNAs possibly show functional redundancy by binding to the
same target mRNA and thereby enhance the efficiency of regula-
tion by increasing the ratio of sSRNA molecules to mRNA mole-
cules. This is supported by the observation that all four sSRNAs are
needed for maximum induction of resistance to oxidative stress in
inhibition zone assays. A similar observation, that homologous
sRNAs can have functional redundancy and bind to the same
mRNA, was made before for, e.g., the sRNAs PrrF1 and PrrF2
from P. aeruginosa, for OmrA and OmrB in E. coli, and for the Qrr
sRNAs in Vibrio cholerae (45, 49-52). The integration of our data
suggests that CcsR1—-4 indirectly affect C; metabolism by binding
the mRNA of the transcriptional regulator FIhR. FIhR is a LuxR
family transcriptional activator that activates the transcription of
adhl and cycl upon exposure to formaldehyde and methylated
compounds as part of a regulatory network that additionally in-
volves the central response regulator PrrA and the transcriptional
repressor RfdR (12, 53). AdhI and Cycl play a central role in GSH-
dependent formaldehyde detoxification, and a function of class ITI
alcohol dehydrogenases like AdhI in oxidative stress is established
(13, 54). Moreover, it is known that the FIhR homolog in Paracoc-
cus denitrificans is involved in the regulation of the cycB-xox]
operon and fdhA (55). The loss of regulation through a triple-base
mutation in the predicted binding site within the fThlR mRNA and
the observed interaction between CcsR1 and the respective region
of the flhR mRNA in vitro support the predictions of CcsR1-4
binding to this specific region. The observed binding site of this
interaction is located in a partially unpaired region of a stem-loop
structure, which is in close upstream proximity to but does not
overlap the ribosomal binding site (RBS) of flhR. Several sSRNAs
were shown to bind their targets upstream of the RBS and to
interfere with translation by various mechanisms These include,
e.g., translation inhibition of an upstream open reading frame
combined with translational coupling, as shown for the regulation
of fur mRNA by RyhB (56), blocking of the ribosome stand-by site
of tisB mRNA by IstR1 (57), and GevB binding to translational
enhancer elements in several mRNAs (58). In agreement with the
observed regulation of the transcriptional regulator FIhR, the ef-
fect of CcsR1-4 on expression of genes from C; metabolism is
apparently indirect. Interestingly, all of the subunits of the pyru-
vate dehydrogenase complex were expressed less in the CcsR1-4
overexpression strain and in the flhR deletion strain, while no
interaction of the pdhB mRNA with CcsR1-4 was observable. This
indicates a direct or indirect effect of FIhR on the pyruvate dehy-
drogenase complex that has not been described before but also
renders a direct interaction with CcsR1-4 unlikely. In addition to
FlhR-dependent effects of CcsR1-4, an FlhR-independent influ-
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ence of CcsR1-4 on pgqA expression was observed. The PqqA
peptide is a precursor of PQQ, which is an important redox cofac-
tor in Gram-negative bacteria and is functionally related to C,
metabolism (59-61).

The repressing effect of CcsR1-4 on genes from C,; metabolism
gives rise to the question of physiological relevance. The increased
resistance to oxidative stress of a CcsR1—4 overexpression strain
already revealed an important role in the respective cellular re-
sponse. But how is C; metabolism connected to oxidative stress?
On the one hand, the regulation of PqqA and FIhR through the
CcsR RNAs can lead to decreased stimulation of the respiratory
electron transport chain, which is known to be a source of ROS
formation. In this respect, reduced ATP production comes as a
trade-off for reduced ROS formation (Fig. 6A). On the other
hand, an influence of CcsR1-4 on GSH-dependent mecha-
nisms is indicated. Here especially, the function of the AdhI
pathway in oxidative stress seems to be of central importance,
as a role for the type III alcohol dehydrogenase AdhE from E.
coli in the oxidative stress response was demonstrated (54).
AdhI most likely functions in GSH-dependent detoxification of
reactive aldehydes that are formed in oxidative protein car-
bonylation through ROS. In the course of the oxidative stress
response, the allocation of GSH is partly controlled through a
ratio of the CcsR RNAs to the fTAR mRNA. While CcsR1-4 are
generally formed upon stress, they will act as a fast riboregula-
tor on the flhR mRNA and lead to repression of FIhR, leading to
inhibition of the GSH-dependent AdhI pathway. This leads to
allocation of GSH to protein repair in concert with the thiore-
doxin system. Continuing protein oxidation will lead to pro-
tein carbonylation and, related to this, to the formation of
reactive aldehydes. The reactive aldehydes possibly induce flhR
expression and thereby the expression of genes of the Adhl
pathway. GSH will be allocated to the AdhI pathway as long as
FIhR expression is stimulated and reactive aldehydes are gluta-
thionylated. Consequently, a fraction of the intracellular GSH
is bound to aldehydes and not available for the initial protein
repair mechanism but prevents a toxic effect of accumulating
aldehydes. Thus, depending on the nature of the oxidative protein
damage that occurs, fine-tuning of fThR expression by CcsR1—4 leads
to precisely regulated GSH allocation to different cellular mecha-
nisms that handle the oxidative damage (Fig. 6B).
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