Spanka et al. BMC Genomics (2021) 22:106

https://doi.org/10.1186/512864-021-07409-4 B M C G enom iCS

RESEARCH ARTICLE Open Access

Impact of PNPase on the transcriptome of ®
Rhodobacter sphaeroides and its
cooperation with RNase Ill and RNase E

Daniel-Timon Spanka, Carina Maria Reuscher and Gabriele Klug"

Check for
updates

Abstract

Background: The polynucleotide phosphorylase (PNPase) is conserved among both Gram-positive and Gram-
negative bacteria. As a core part of the Escherichia coli degradosome, PNPase is involved in maintaining proper RNA
levels within the bacterial cell. It plays a major role in RNA homeostasis and decay by acting as a 3"-to-5'
exoribonuclease. Furthermore, PNPase can catalyze the reverse reaction by elongating RNA molecules in 5-to-3'
end direction which has a destabilizing effect on the prolonged RNA molecule. RNA degradation is often initiated
by an endonucleolytic cleavage, followed by exoribonucleolytic decay from the new 3’ end.

Results: The PNPase mutant from the facultative phototrophic Rhodobacter sphaeroides exhibits several
phenotypical characteristics, including diminished adaption to low temperature, reduced resistance to organic
peroxide induced stress and altered growth behavior. The transcriptome composition differs in the pnp mutant
strain, resulting in a decreased abundance of most tRNAs and rRNAs. In addition, PNPase has a major influence on
the half-lives of several regulatory sRNAs and can have both a stabilizing or a destabilizing effect. Moreover, we
globally identified and compared differential RNA 3" ends in RNA NGS sequencing data obtained from PNPase,
RNase E and RNase Il mutants for the first time in a Gram-negative organism. The genome wide RNA 3' end
analysis revealed that 885 3' ends are degraded by PNPase. A fair percentage of these RNA 3’ ends was also
identified at the same genomic position in RNase E or RNase Ill mutant strains.

Conclusion: The PNPase has a major influence on RNA processing and maturation and thus modulates the
transcriptome of R. sphaeroides. This includes sRNAs, emphasizing the role of PNPase in cellular homeostasis and its
importance in regulatory networks. The global 3" end analysis indicates a sequential RNA processing: 5.9% of all
RNase E-dependent and 9.7% of all RNase lll-dependent RNA 3’ ends are subsequently degraded by PNPase.
Moreover, we provide a modular pipeline which greatly facilitates the identification of RNA 5"/3" ends. It is publicly
available on GitHub and is distributed under ICS license.
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Background

Prokaryotes populate nearly every imaginable habitat. In
contrast to higher multicellular eukaryotes, they are dir-
ectly exposed to all types of environmental stress. Since
escaping is not an option, prokaryotes need mechanisms
to quickly adapt to their changing surrounding. This can
be achieved by modifying the transcriptome and/or the
proteome. One essential mechanism in bacterial adapta-
tion is to exchange the sigma factor, a subunit of the
RNA polymerase. Alternative sigma factors target differ-
ent DNA sequences and thus activate the expression of
a specific set of genes. This activates transcription of
genes needed for the cell to deal with the present growth
condition [1, 2].

Besides and in addition to the transcriptional initi-
ation, posttranscriptional regulation plays a major role in
bacterial adaptation [3]. During the past decades, more
and more bacterial non-coding RNAs were discovered
and found to be involved in various posttranscriptional
regulatory networks (reviewed in [4]).

Current studies documented, that the prokaryotic
transcriptome is heavily influenced by processing and
maturation reactions mediated by the endoribonuclease
E [5-7]. Endonucleolytic RNA cleavage by RNase E is
mostly followed by further degradation. 3'-to-5" exonu-
cleases can attack the new 3" end and RNase E can bind
to the monophosphorylated new 5° end and promote
further endonucleolytic degradation in 5'-to-3" direc-
tion. Secondary structures can protect against 3'-to-5’
degradation [8] and can also impede RNase E mediated
5'-to-3" processing [9]. A key player during RNA turn-
over is a multicomponent degradation complex called
the degradosome. In Escherichia coli, this complex is
composed of RNase E, which serves as catalytic and scaf-
fold protein, a DEAD box RNA helicase (RhIB), an exori-
bonuclease (polynucleotide phosphorylase, PNPase) and
an enolase (reviewed in [10]). In contrast to that, studies
of the a-proteobacterium Rhodobacter capsulatus sug-
gest, that PNPase is most likely not part of its degrado-
some [11] that in addition to RNase E includes 2 dead-
box helicases and the transcriptional termination factor
Rho. Moreover, the composition of the R. capsulatus
degradosome changes in response to altering environ-
mental conditions [12].

The PNPase is a trimer comprising three Pnp mono-
mers that form a ring-like structure. In E. coli, each
monomer consists of two RNase PH-like domains and a
KH and S1 domain [13, 14]. A deletion of pnp is possible
in E. coli, whereas a double knockout of PNPase and
RNase II is not viable [15]. The R. sphaeroides genome
does not harbour an RNase II gene and it is not possible
to delete the pnp gene. The same effect was also ob-
served in at least one other organism, Pseudomonas aer-
uginosa [16]. Removal of the RNA-binding KH/S1
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domains of PNPase leads to an eightfold reduced bind-
ing affinity to RNA in E. coli [14]. Further, the trimer
formation is less stable, which leads to a wider central
channel [14]. PNPase not only serves as an important
3'-to-5" exoribonuclease involved in mRNA degradation
but also in tRNA processing and degradation [15, 17].
Besides that, PNPase can also prolong RNA molecules in
5'-to-3" direction using nucleotide diphosphates present
in the cytoplasm. This tail allows recruitment of single-
strand dependent exoribonucleases thus reducing the
RNA half-life [18]. Since PNPase is an enzyme with such
a widespread influence on the cellular RNAs, the pnp
expression has to be tightly regulated. Similar to rne
mRNA levels, pnp mRNA levels are balanced in an auto-
regulatory manner. The endoribonuclease RNase III first
cleaves a stem-loop located in the pnp leader sequence.
The newly generated 3" end in this RNA duplex is then
targeted and degraded by PNPase. Ultimately this leads
to reduced pnp mRNA stability [19, 20]. Besides PNPase,
several other exoribonucleases are likely involved in
RNA processing, maturation and degradation in the a-
proteobacterium R. sphaeroides. These are the RNase R,
RNase D and RNase PH which catalyze mainly tRNA
and rRNA processing reactions and all act in 3'-to-5’
direction [21-23]. In addition, RNase J1 is responsible
for the maturation of the 23S rRNA and very few other
transcripts [24, 25]. In contrast to the other RNases, it
processes RNA molecules in 5'-to-3" end direction [26].
The endoribonucleases RNase E, III and G (homolog of
RNase E) are mainly responsible for RNA maturation
and turnover [7, 27, 28].

In order to understand bacterial adaptation, it is im-
portant to elucidate the complex interplay between dif-
ferent RNases and how they sequentially process RNA
molecules. A common way for degradation of mRNA
and maturation of RNA precursors requires two steps:
First, the endoribonucleases III, E or P catalyse the en-
donucleolytic cleavage of the RNA molecule. Second,
the enzymes PNPase, RNase R, RNase PH or RNase II
can further degrade the RNA fragments from 3'-to-5'-
direction (reviewed in [29, 30]). In both steps, new RNA
3’ ends are generated (Fig. la+b). Recent studies in the
Gram-positive human pathogen Streptococcus pyogenes
illustrate how initial processing by endoribonuclease Y is
followed by further maturation reactions catalyzed by
the exoribonucleases PNPase and RNase R [31]. The
other principal mechanisms for RNA 3’ end generation
are transcription termination by RNA polymerase and
the 3’-terminal elongation mediated by PNPase (Fig.
lc+d).

In this study, we report that in the Rhodobacter
sphaeroides pnp mutant strain several physiological
characteristics are affected by the deletion of the KH
and S1 domains, including growth behavior and
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pigmentation. In a global approach, we further used
RNA-Seq data and identified all RNA 3" ends that are
PNPase-, RNase III- or RNase E-dependent. Intersection
analysis sheds light on important processing events by
the analyzed RNases that shape the transcriptome in a
cooperative manner. Finally, we could demonstrate, that
homeostasis of the regulatory sSRNAs CcsR1-4 rely on
initial RNase E cleavage followed by PNPase
degradation.

Methods

Bacterial strains and growth conditions

The strains used in this study are listed in Table S1 [32].
Microaerobic Rhodobacter sphaeroides cultures (dis-
solved oxygen concentration of 25-30 uM) were culti-
vated in 50 ml Erlenmeyer flasks filled with 40 ml malate
minimal medium at 32 °C under continuous shaking at
140 rpm in the dark [33]. To perform phototrophic culti-
vation, Metplat bottles were completely filled and sealed.
Afterwards the cultures were constantly exposed to
white light with an intensity of 40 W/m?” at 32 °C.

Construction of pnp KH and S1 deletion strain

The deletion of the pnp C-terminal KH and S1 domains
in Rhodobacter sphaeroides 2.4.1 was carried out by
homologous recombination. Since pnp is essential in R.
sphaeroides, only the RNA binding domains KH/S1 were
replaced by a gentamicin resistance gene on the chromo-
some. The up and down fragments were generated using
the primer pairs pnpFragAfw/pnpFragArev (5'-gaaTT-
CAAGAAGCTGGAAAGCTCGAT, 5'-ggatcctcAGGTT
TCCACGATCTCGCGG, 870bp) and pnpFragBfw/
pnpFragBrev  (5'-ggaTCCGTCTCGGCATGAAGATG,
5'-aagc TTCTCGTCCGAAGACGTGCTG, 631 bp),
introducing an in-frame TGA stop codon within the

reverse primer of the up fragment (see underlined bases
in primer pnpFragArev). The stop codon is located at
position 1755 in the pnp gene and leads to translation
termination directly upstream of the deleted KH/S1 re-
gion (Fig. 2a). Both fragments were cloned in pPHU281
using EcoRI/BamHI and BamHI/HindIII cleavage sites.
The gentamicin resistance gene was taken from
pPHU45Q and inserted between the up and down frag-
ment on the plasmid with BamHI. The final construct
was transformed to E. coli strain S17-1 and subse-
quently transferred to Rhodobacter sphaeroides 2.4.1 by
diparental conjugation. The conjugants were selected on
malate minimal agar containing 10 pg/ml gentamicin.

Measurement of bacteriochlorophyll and carotenoids

The determination of bacteriochlorophyll and carotenoid
concentrations was performed as described in [34]. The
calculations rely on the extinction coefficients (76
mM ™ t.cm™! for bacteriochlorophyll @, 128 mM ™ .cm™*
for carotenoids) published in [35].

Spot assay

A volume of 5yl taken from a liquid culture during the
exponential growth phase was placed on malate minimal
agar plates. The plates were first incubated at 4°C or
42°C for 1 day and then shifted to 32°C and cultivated
for three more days. To test resistance to organic perox-
ides, tert-butyl hydroperoxide (tBOOH) was added to
the agar (300 uM final concentration). That plate as well
as the control without any tBOOH were subsequently
incubated at 32 °C for 3 days.

Determination of RNA half-life
Rhodobacter cultures were cultivated under microaero-
bic conditions. During the exponential phase, the sample
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to was harvested. Immediately after that the transcription
inhibitor rifampicin was added to a final concentration
of 0.2 mg/ml. The following samples were taken at the
indicated time points. All cells were harvested on ice
and total RNA was isolated and blotted as described
below.

Northern blot analysis

The hot phenol method was used to isolate total RNA
[36]. The procedure was followed by a DNase treatment
(Invitrogen #AM1907) according to the manufacturer’s
protocol to digest remaining DNA fragments. The elec-
trophoretic separation in a gel and subsequent Northern
blot analysis was performed as described earlier [37].
The oligonucleotide end-labelling was performed using
T4 polynucleotide Kinase (T4-PNK, Thermo Scientific)
according to the manufacturer’s instructions. Radioactive
[YBZP]—ATP was obtained from Hartmann Analytic
(SRP-301), the oligonucleotides used for labeling are
listed in Table S2 in Additional file 1. After overnight in-
cubation with labeled oligonucleotides, the membrane
was washed in 5x SSC buffer and exposed to a screen

for 1 day. The QuantityOne 1-D Analysis Software
(BioRad, version 4.6.6) was used to quantify the signals.

All signal intensities were normalized to the correspond-
ing 5S rRNA signal.

Library preparation
Three single colonies were used to inoculate three inde-
pendent pre-cultures. Every culture was then used to in-
oculate three main cultures (nine in total). During the
exponential growth phase, all three replicates belonging
to one biological pre-culture were harvested and pooled.
Total RNA was extracted followed by DNase treatment.
RNA quality was checked using a 2100 Bioanalyzer
with the RNA 6000 Nano kit (Agilent Technologies).
Five hundred nanograms of high quality total RNA were
used for the preparation of a cDNA library with the
NEBNext Multiplex Small RNA Library Prep kit for Illu-
mina (NEB) in accordance with the manufacturers’ in-
structions with modifications: RNA samples were
fragmented with Mg>* at 94°C for 3 min 15s using the
NEBNext Magnesium RNA Fragmentation Module
(NEB) followed by RNA purification with the Zymo
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Oligo Clean & Concentrator kit. Fragmented RNA was
dephosphorylated at the 3’ end, phosphorylated at the
5" end and decapped using 10 U T4-PNK +/-40 nmol
ATP and 5U RppH, respectively (NEB). After each en-
zymatic treatment RNA was purified with the Zymo
Oligo Clean & Concentrator kit. The RNA fragments
were ligated for cDNA synthesis to 3" single-read (SR)
adapter and 5" SR adapter diluted 1:2 with nuclease-free
water before use. PCR amplification to add Illumina
adaptors and indices to the cDNA was performed for 14
cycles. Barcoded DNA Libraries were purified using
magnetic MagSi-NGS"®** Plus beads (AMSBIO) at a 1.5
ratio of beads to sample volume. Libraries were quanti-
fied with the Qubit 3.0 Fluorometer (ThermoFisher) and
the library quality and size distribution was checked
using a 2100 Bioanalyzer with the DNA-1000 kit (Agi-
lent). Sequencing of pooled libraries, spiked with 10%
PhiX control library, was performed in single-end mode
on the NextSeq 500 platform (Illumina) with the High
Output Kit v2.5 (75 Cycles). Demultiplexed FASTQ files
were generated with bcl2fastq2 (Illumina). The sequen-
cing data are available at NCBI Gene Expression Omni-
bus  (http://www.ncbi.nlm.nih.gov/geo) under the
accession number GSE156818.

Bioinformatical analysis

The 3" end analysis was performed with XPEAP, a pipe-
line programmed for this study. First, the adapter se-
quences were removed and all raw reads trimmed for
quality with Trim Galore (version 0.6.3). All filtered
reads were mapped to the Rhodobacter sphaeroides 2.4.1
genome (assembly GCF_000012905.2) using READemp-
tion (version 0.4.3 [38];) with the mapper segemehl (ver-
sion 0.2.0 [39];). The DESeq2 package (version 1.26.0
[40];) was used for the normalization of read counts and
the full transcriptome analysis. The results were vali-
dated with the R package baySeq (version 2.20.0 [41];)
with the gene quantification table obtained from READ-
emption. Coverage generation for both full coverage and
3" end coverage was done with READemption. The 3’
end coverage files were converted to BED file format
with Bedops (version 2.4.37) and filtered. All bases with-
out a minimal read coverage of 10 were rejected. Fur-
ther, all positions with a signal ratio lower than 5%
comparing the 3" end and the full read coverage were
excluded. The nucleotide-wise fold changes were calcu-
lated with DESeq2 and all nucleotide positions kept
which passed the log,-fold change cutoff < -1 orz+1
and exhibited an adjusted p-value (Benjamini-Hochberg
algorithm) lower than 0.05. All positions within a max-
imal distance of three nucleotides were merged to one
3" end with BEDtools’ subcommand merge (version
2.25.0 [42];), the mean log,-fold change was computed
for every differential 3" end. BEDtools intersect was used
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to identify genes with overlapping differential 3’ ends
and all ends without any overlapping feature were
assigned to untranslated regions.

The intersection of the differential 3’ ends between
different RNase mutant strains was analyzed with BED-
tools window using a window size of 1nt while only
matches on the same strand were considered for further
analysis. Fisher’s exact test was calculated for all inter-
section files using BEDtools’ subcommand fisher.

XPEAP is published under ISC license and can be
accessed via Zenodo/GitHub (DOI: https://doi.org/10.
5281/zenodo.8475,  https://github.com/datisp/XPEAP).
The raw reads and analyzed data from all experiments
are deposited on NCBI Gene Expression Omnibus:
PNPase and RNase III mutant strains (NCBI GEO acces-
sion number: GSE156818) and thermosensitive RNase E
mutant strain (NCBI GEO accession number:
GSE71844, published in [7]).

For the 3" elongation analysis, reads that could not be
mapped in end-to-end mode with segemehl were
mapped with bowtie2 (version 2.2.6) in local mode with
option —very-sensitive-local and flags -f -p 24 —no-hd.
Reads with less than 10 nt matching at the 5" end were
rejected. The sequences following the matching regions
were extracted with awk (version 4.1.3).

Results and discussion

Physiological consequences of altered PNPase activity

To analyze the functionality of PNPase in vivo, we
designed and cloned a pnp mutant strain of Rhodo-
bacter sphaeroides 2.4.1. The KH-S1 RNA binding do-
mains were removed and a stop codon was
introduced at the end of the remaining coding se-
quence of pnp resulting in a truncated enzyme lack-
ing those domains. The knockout was confirmed via
selection on agar containing gentamicin and subse-
quent RNA sequencing analysis (Fig. 2a). Growth be-
havior of this strain differed from that of the wild
type (Fig. 2b). When cultivated under microaerobic
conditions, the growth rate was reduced, but both
wild type and mutant finally reached the identical
ODggo- Under phototrophic conditions the mutant
leaves exponential phase earlier than the wild type
reaching a lower final ODgg. A previous study re-
vealed that reduced RNase E activity strongly impeded
phototrophic growth of R. sphaeroides, while it had
no effect on chemotrophic growth [7]. Moreover, the
pnp mutant and the parental wild type strain vary in
pigment composition (Fig. 2c+d). These differences
are strongly dependent on the cultivation conditions:
A significantly lower concentration of carotenoids and
bacteriochlorophyll a was observed in the pnp mutant
under microaerobic conditions (p-values < 0.05), while
the pnmp mutant exhibited repeatedly higher pigment


http://www.ncbi.nlm.nih.gov/geo
https://doi.org/10.5281/zenodo.8475
https://doi.org/10.5281/zenodo.8475
https://github.com/datisp/XPEAP

Spanka et al. BMC Genomics (2021) 22:106

concentrations under phototrophic conditions. How-
ever, this difference was statistically not significant.

In E. coli, Yersinia enterocolitica and Photorhabdus sp.
PNPase plays an important role in the cold shock re-
sponse due to selective degradation of mRNAs for cold
shock proteins at the end of the acclimation phase to
low temperature [43—46]. Based on this observation, we
decided to test the R. sphaeroides strains for their ability
to adapt to low and high temperatures. Wild type and
pnp mutant cells were incubated at 4 °C or 42 °C on agar
plates for 1 day and then shifted to an optimal
temperature of 32°C. In both cases growth of the pnp
mutant was strongly impeded, while the wild type was
able to grow at 42 °C and 4 °C (Fig. 2e). Also, in contrast
to the wild type, the pnp mutant was not able to grow
on malate minimal agar containing 300 uM tBOOH,
while the wild type showed weak growth. Tertiary butyl-
alcohol is representing organic peroxides that are pro-
duced e. g. during photo-oxidative stress.

Our results show that PNPase of R. sphaeroides is in-
volved in cold adaptation as other bacterial PNPases and
also is strongly impeded in its adaptation to heat.
Whether the same molecular mechanisms are respon-
sible for the phenotype as in other bacteria remains to
be elucidated. This study for the first time analyses the
function of PNPase in a phototrophic bacterium. The ef-
fect of PNPase on the bacteriochlorophyll levels and on
carotenoid levels depends on growth conditions. Many
genes are involved in the formation of photosynthetic
complexes and it is not possible to correlate these
phenotypic changes to specific changes of the transcrip-
tome. We observed before that a temperature-sensitive
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variant of RNase E had little effect on growth under
microaerobic conditions but strongly impeded photo-
trophic growth [7]. For the PNPase mutant we observed
slower growth under both conditions, phototrophic
growth was less affected, in contrast to the rne mutant.

PNPase modulates the transcriptome of R. sphaeroides
PNPase is an enzyme involved in many RNA processing
reactions, and a global influence on the transcriptome
can be expected as also shown for the Gram-positive S.
pyogenes [31]. For the transcriptome analysis, three pre-
cultures of the wild type and the pnp mutant strain of R.
sphaeroides were inoculated with cells from three differ-
ent single colonies. With each of these pre-cultures,
three main cultures were inoculated (nine in total),
grown under microaerobic conditions and later har-
vested during the exponential growth phase. All cultures
initially derived from one colony in the first step were
pooled. Total RNA was isolated and the DNA-free RNA
was sequenced on an Illumina NextSeq 500 platform.
The overall reproducibility within the replicates was fair,
only one replicate obtained from the wild type strain
showed some deviation to the other samples of the
group (Supplementary Fig. S1, Additional file 1). In total
98% of the entire variance can be explained by the first
two principal components.
Figure 3 shows the result of the DESeq2 analysis (ver-
sion 1.26.0 [40];) and illustrates the log,-fold changes of
the normalized read numbers in the pnp mutant versus
the wild type strain (see Supplementary Table S3, Add-
itional file 2). All transcripts with a log,-fold change < -
1 orz+1 and an adjusted p-value <0.05 (Benjamini
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Hochberg algorithm) were considered to have a signifi-
cant differential abundance within the two strains
(coloured dots). We then decided to only keep those dif-
ferentially expressed genes which have a basemean >50
(red dots) in order to further decrease the number of
false positive hits. In total 334 transcripts met these
strict criteria, 226 of them showed lower abundance in
the pnp mutant strain and 108 showed higher abun-
dance in the pnp mutant strain compared to the wild
type. The most prominent differences were observed in
the feature classes tRNA and rRNA: 94% of all tRNAs
(51 out of 54) and 100% of all rRNAs (9 out of 9)
showed a lower abundance in the pmp mutant strain
(Fig. 3b). Altogether 37% of all non-coding RNAs, here
merged of sSRNAs and ncRNAs (including 6S, SRP RNA
and tmRNA), were observed to have a differential abun-
dance. Within the groups of RNAs with increased or de-
creased abundance, no distinct orthologous group of
encoded proteins (COG) could be found to be promin-
ent (Supplementary Fig. S2A + B, Additional file 1).

The transcriptome is directly affected by the action of
RNases. Moreover, the RNA entity is modulated through
secondary effects by the PNPase-mediated processing of
sRNAs and mRNAs that code for regulatory elements,
for example transcription factors. Thus, our transcrip-
tome analysis reflects both direct and indirect PNPase
dependent regulations and does not allow a distinction.
In either case, our data emphasize the effect which
PNPase has especially on stable RNAs (rRNA, tRNA). A
similar effect was also observed in E. coli, although both
rRNAs and tRNAs were more abundant in the pnp mu-
tant despite a conducted rRNA depletion prior to RNA
sequencing [47]. Further, Plociniski et al. [48] demon-
strated, that PNPase is involved in processing of riboso-
mal RNA and tmRNA in Mycobacterium smegmatis and
M. tuberculosis.

We further validated these predictions using a differ-
ent algorithm. An empirical Bayes approach integrated
in the baySeq package (version 2.20.0 [41];) was used to
identify differential expression (Supplementary Table S4,
Additional file 2). The results of the two methods per-
fectly agree, since virtually all genes could be properly
assigned. Every transcript (blue dot) with a log,-fold
change <0 (pnp mutant/wild type) according to the
DESeq2 analysis was also observed to be lower abundant
in the pnp mutant according to the baySeq algorithm
and vice versa (Fig. 3c). This includes every differently
expressed gene which fulfills the strict criteria as men-
tioned above.

The RNA sequencing data was further used to investi-
gate the cellular RNA 3’ elongation. All reads that could
not be mapped end-to-end were instead mapped in very
sensitive local mode with bowtie2 (version 2.2.6). To in-
crease the quality of the analysis, all reads without a
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minimal matching sequence of 10 nt at the 5’ end were
excluded. Only soft clipped sequences at the 3" ends of
the remaining reads were extracted with awk (version
4.1.3) (Supplementary Fig. S3A, Additional file 1). The
overall results are similar for both strains: The lengths of
elongated sequences are comparable, the majority of
them (95%) is shorter than 39 nt in length. Further, the
base frequency for each nucleotide position of the 3" tail
reveals an enrichment of guanine within the first 20
bases (Supplementary Fig. S3B + C+ D, Additional file
1). A sequence motif which is related to a PNPase-
dependent elongation could not be identified. Since both
the lengths and base frequencies of the 3" tails do not
differ in between the analyzed strains, we conclude that
the deletion of the KH-S1 domains does not have a
major impact on the overall RNA 3’ elongation events
in R. sphaeroides.

Levels of regulatory sRNAs are influenced by PNPase

An important effect of the PNPase on levels of small
RNAs was reported: the enzyme does not only influence
mRNA but also sSRNA stability [49-51]. We were espe-
cially interested in those sSRNAs that are derived from 5’
or 3" UTRs and wanted to investigate the role of PNPase
during the maturation process. For further analysis, we
selected five sSRNAs which showed a different pattern in
the read coverage comparing pnp mutant and wild type.
Two of them, CcsR1 and SorY, are known to have a
regulatory function during the oxidative stress response
in Rhodobacter sphaeroides [52, 53]. UpsM is processed
from the mraZ 5 UTR in a stress-dependent manner by
RNase E [54]. The other two sRNAs have not been de-
scribed so far and their function is still unknown. One is
located in the intergenic region between RSP_1711 and
rpsL and is derived from the rpsL 5° UTR. The second
one is derived from the 5" UTR of RSP_6083. During
the exponential growth phase, three of these sRNAs dif-
fered in abundance comparing the total RNA from the
pnp mutant and the wild type strain (Fig. 4a+b). More-
over, processing products of the sSRNAs IGR_1711_rpsL
and 5" UTR_6083 were prominently enriched in the pnp
mutant. Interestingly, the abundance of the mature tran-
script of SorY and 5" UTR RSP_6083 does not vary be-
tween the strains. To further evaluate the SRNA stability,
we added rifampicin during the exponential phase and
determined the RNA half-lives (Fig. 4c+d). CcsR1, SorY,
IGR_1711_rpsL and 5'UTR_6083 are strongly stabilized
in the mutant lacking PNPase, resulting in prolonged
half-lives. In contrast to that, the half-life of UpsM drops
form 12.2 min in the wild type to 4.0 min in the pnp mu-
tant. The changed stabilities are in agreement with the
observed sRNA levels during exponential phase (Fig. 4a).
These observations highlight the role of PNPase during
the maturation of sSRNAs and in the homeostasis of their
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levels which has been described in E. coli. Cameron and
De Lay [50] reported a stabilizing function by PNPase
on Hfq-dependent sRNAs during the exponential growth
phase in E. coli. They speculate, that PNPase may for ex-
ample protect Hfg-bound sRNAs by degrading binding
sites for other ribonucleases. Our data show a different
trend in Rhodobacter sphaeroides, which suggests a
mainly destabilizing effect on the selected sRNAs in this
study. Even though CcsR1-4, UpsM and SorY are Hfq-
dependent [52, 54, 55], CcsR1-4 and SorY are destabi-
lized by PNPase and only UpsM fits the model proposed
for E. coli. The two UTR-derived sRNAs are also desta-
bilized by PNPase. The reason for these differences re-
mains unidentified. Given this major influence of
PNPase on the abundance of regulatory sRNAs, the

pleiotropic effect of a pnp mutant becomes even more
perspicuous.

Deletion of the KH-S1 domains of PNPase leads mainly to
enriched RNA 3’ ends

As a 3'-to-5" exoribunuclease, PNPase plays an import-
ant role in RNA turnover and decay from the 3" end.
Therefore, we analyzed how the RNA 3’ ends differ in
abundance comparing the pnp mutant to the wild type.
For this study we developed XPEAP, an analysis pipeline.
It allows the detection of RNA 5’ or 3" ends in prokary-
otic NGS data and covers all relevant steps form data
preprocessing to the final statistical analysis. As input
the raw read files, three replicates of each strain, were
used. After trimming and read alignment to the
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reference genome, READemption’s subcommand cover-
age was used to generate coverage files which contain
the nucleotide positions of the 3’ end bases of each
aligned read. The coverage files from the plus and minus
strand were integrated in one data set. Subsequently all
nucleotide positions that did not exhibit a coverage of
>10 in at least one of the analyzed libraries were ex-
cluded. We further calculated the ratio of the 3’ end
coverage and the full read coverage for every replicate
and every position. To improve the signal noise ratio,
only positions with a ratio higher than 0.05 were kept. A
DESeq2 analysis was conducted based on this
nucleotide-wise coverage files to detect differences
within the two strains. All positions which showed a
log,-fold change < —1 or>+1 and an adjusted p-value
<0.05 (Benjamini Hochberg algorithm) were kept for fur-
ther analysis, the other positions were rejected. Due to
the fact that the 3'-to-5" end processing is a dynamic
process, it is supposed that in some cases several 3’ ends
per RNA molecule will be detected. This is why we de-
cided to merge all nucleotide positions within a range of
3 nt with BEDtools’ subcommand merge. The range of
mapped positions which belong to one 3’ end is defined
as distribution size. All resulting positions are regarded
as true differential 3" ends.
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In total 1072 differential 3' ends could be detected,
the majority of them (around 68%) were mapped to a
single position (Fig. 5a). By far most of all 3" ends (82%)
were strongly enriched in the pnp mutant strain showing
a log,-fold change between +5 and +9 (Fig. 5b). These
ends represent either termination sites or arise from
cleavage by endoribonucleases and are further processed
by PNPase in the wild type. The ends were strand-
specifically assigned to the different feature classes ac-
cording to their genomic position with BEDtools inter-
sect. All 3" ends that did not overlap with any feature
were classified in the group UTR. This group may also
contain additional sRNAs that have not yet been identi-
fied. The most prominent changes could be observed
within the coding sequences and the untranslated re-
gions: In both feature classes, around 10 times more
RNA 3’ ends were enriched in the pnmp mutant com-
pared to the wild type (Fig. 5¢c). These 885 ends are
interpreted as PNPase-degraded. To search for putative
motifs, the 15nt upstream sequence of every pnp
enriched differential 3" end was extracted with BEDtools
getfasta. Only non-overlapping 3" ends were kept for the
following analysis to reduce bias during the motif ana-
lysis. No binding motif or consensus sequence could be
found with MEME Suite (version 5.3.0).
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Fig. 5 The PNPase mutation leads to a change in RNA 3" end composition. a Histogram illustrating the different distribution sizes of all 1072
differential 3" ends. Q; =1 nt; Q, = 1 nt; Q3 = 3 nt; arithmetic mean =3.86 nt. b Distribution of the log,-fold changes of all differential 3’ ends,
comparing the pnp mutant strain and the wild type. 82% of the 3’ ends are enriched in the mutant. ¢ All 3" ends were assigned to genes or UTRs
according to their genomic position and then grouped in feature classes. Most 3" ends in CDS (coding sequences) and UTRs were enriched in the
pnp mutant, but more tRNA 3" ends were detected in the wild type. d + e The boxplots show the absolute number of 3" ends enriched in the
mutant per gene d and the relative number (normalized to the gene length) (e). Overall 306 genes were observed to harbour at least one 3" end
enriched in the mutant. Every dot represents one gene
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We further detected 189 3° ends which are
enriched in the wild type. One possible explanation
for this observation is, that these RNAs are de-
graded by PNPase from the 3’ end, but at the de-
tected positions stable secondary structures prevent
further RNA 3'-to-5' end degradation in the wild
type. For a test of this hypothesis all sequences
within windows of 20 nt, 30 nt, 40 nt and 50 nt up-
stream of the detected wild type enriched 3’ ends
were extracted as described above. As a control we
selected sequences of the same length but located
downstream of the 3’ ends (Supplementary Fig.
S8A, Additional file 1). These RNA sequences are
supposed to have no effect on the stop of PNPase
decay since they are properly degraded. RNAfold
(version 2.4.17) was used to compute the minimal
folding energy (MFE) of every sequence. Independ-
ently of the window size, the distributions of both
groups are highly similar and no shift to low MFE
values was observable in the upstream sequences
(Supplementary Fig. S8B, Additional file 1). But re-
markably, the number of unstructured sequences
(MFE = 0.0 kcal/mol) was three times higher down-
stream of the 3" ends (n =29, 13.8%) compared to
the regions upstream of the 3’ ends (n =9, 4.8%)
(Supplementary Fig. S8C, Additional file 1). We
therefore conclude that unstructured sequences may
at least enhance degradation by PNPase while highly
structured RNA sequences may facilitate a stop of
decay. Moreover, other still unknown factors, e.g.
binding proteins, are likely to influence degradation
by PNPase. Using MEME, no recurring motif that
could hint to conserved binding sites was detectable
in the upstream sequences.

The group of tRNAs exhibited less differential 3’
ends in the pnp mutant strain, all with rather minor
log,-fold changes (median - 1.3). This affects 32 of in
total 54 tRNAs. We observed characteristic 3’ ends
which show a clear edge in the wild type RNA cover-
age profile of the tRNASY and tRNA"" (see Supple-
mentary Fig. S9A, Additional file 1). The other tRNAs
coverage profiles of the wild type harbour only minor
edges but are stronger sloped than in the pnp mutant
(see Supplementary Fig. S9B, Additional file 1). The
reason for these differences still remains concealed.
Nevertheless, the detection of those 3’ ends depicts
the high sensitivity of XPEAP. The influence of the E.
coli PNPase on tRNA maturation and degradation has
been investigated intensively. PNPase is involved in
the repair process of several tRNAs [56], although
this enzyme does not affect the tRNA poly(A) tail
length [57]. Furthermore, both PNPase and RNase II
remove the Rho-independent terminator structure of
the leuX tRNA [58]. In chloroplasts of A. thaliana,
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the PNPase activity is directly linked to the decay of
tRNAs [59].

Moreover, our data suggest that PNPase-dependent
degradation is not limited to only one site per gene. In
many cases, more than one RNA 3’ end per gene was
enriched in the mutant (Fig. 5d+e). This affects in par-
ticular the 23S rRNAs, but also several mRNAs and
ncRNAs. This is not surprising, since often several
RNase E cleavage sites per gene could be detected in
Rhodobacter sphaeroides, but also in Salmonella enterica
[6, 7]. After RNase E cleavage, the RNA fragments be-
come potential new substrates for PNPase.

It should be mentioned that some of the 1072 differen-
tial 3" ends may arise from a stop of the sequencing re-
action after about 75 nucleotides in the single-end
sequencing. 3" ends at such a distance from the 5" end
account for only 4.8% of all differential 3" ends. More-
over, this number also contains real 3" ends as depicted
in Fig. 4: as predicted, a 75nt RNA derived from IGR
1711-rpsL occurs only in the mutant but not in the wild

type.

Intersection analysis

Multiple ribonucleases are involved in RNA processing
and turnover. In many organisms, the ribosomal RNA
maturation requires an initial endonucleolytic cleavage
of the long nascent precursor transcript by RNase IIL
This is followed by further enzymatic reactions, per-
formed for example by RNase E, J, G and various other
enzymes. PNPase can process those RNA species which
are newly generated by endonucleases from the 3" end.
Furthermore, both PNPase and RNase E are part of the
E. coli degradosome and work together in RNA degrad-
ation. In the R. capsulatus degradosom fraction PNPase
activity could be detected, but only a small amount [11].
To get more insight into the interplay of RNase E,
RNase III and PNPase we analyzed the correlation of 3’
ends from the wild type, the pnp mutant, an RNase III
mutant and a strain with reduced RNase E activity. In
the RNase III mutant strain, the rnc gene was removed
by homologous recombination [24]. Since RNase E is an
essential enzyme in Rhodobacter sphaeroides, the rne
mutant strain was achieved by replacing the native rne
by the gene of the thermosensitive RNase E from E. coli
[54]. At 32°C the enzymatic activity is already reduced
and is even more reduced at 42 °C [7].

First, the differential 3" ends were detected as de-
scribed in the previous section (see Additional file 3 for
the full list of detected RNA 3" ends). For the compari-
son of a mutant to the corresponding wild type strain,
we only analyzed data that was obtained from the very
same sequencing chip. Next, the overlap between the de-
tected 3" ends was investigated with BEDtools’ subcom-
mand window. Using this function, a window of 1nt
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upstream and 1 nt downstream of every differential pnp
mutant 3" end was set prior to the intersection analysis
to compensate a potential inaccuracy during 3" end de-
termination. Two hundred eighty-nine differential 3’
ends could be detected in the rnmc mutant, more than
half of them (166; 57%) were uniquely overlapping with
PNPase dependent 3" ends (Fig. 6a). Within this group,
no 3’ end showed a reduced abundance in the pnp mu-
tant and an increased abundance in the rmc mutant
strain (Fig. 6b). By far the highest number of overlapping
ends could be found in tRNAs (Fig. 6¢). Taken together,
9.7% of all RNase III generated RNA 3" ends are further
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processed by PNPase (Fig. 6a + b: quadrant rnc depleted,
pnp enriched). Although in E. coli RNase III is involved
in pnp mRNA processing [20, 60], we could not observe
any effect on the pnp mRNA levels in the RNase III mu-
tant strain in Rhodobacter sphaeroides.

A much greater number of total 3" ends was identified to
be RNase E-dependent: 5445 at 32°C and 14,873 at 42°C
(Fig. 6d+g). At the permissive temperature, the majority of
differential 3" ends could be assigned to CDS and UTR
(Fig. 6e+f). At the non-permissive temperature more than
2.5% of all differential pnp mutant RNA 3’ ends (279 in
total, 271 unique pnp mutant ends) overlap with those
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differential 3" ends identified in the rne mutant. Plotting
the log,-fold changes reveals a specific pattern: 75% of all
intersecting 3" ends are pnp enriched and rne depleted (Fig.
6h), suggesting that these 3" ends are generated by RNase E
cleavage and further removed by PNPase. This group is
mainly composed of ends located in CDS and UTRs, but
also in several ncRNAs (Fig. 6i). Interestingly only 5.9% of
all 3" ends which are generated by RNase E are further de-
graded by PNPase. Such a low fraction of around 6% was
also observed in S. pyogenes [31]. We hypothesize, that a
portion of the RNase E generated 3" ends can at least partly
be trimmed by other 3'-to-5" exonucleases and thus are
not detected in the pnp mutant strain. Also, stable second-
ary structures at the newly generated 3" ends may prevent
PNPase degradation. At the permissive temperature, the
pnp mRNA levels do not differ, whereas at 42 °C the pnp
mRNA levels are more than doubled (log,-fold change =
1.75, comparison rne mutant versus wild type) strongly
supporting an effect of RNase E on pnp stability.

We further elucidated the statistical significance of the
observed overlapping 3" ends. For every comparison of de-
tected 3" ends (prp mutant versus rnc/rne mutant) BED-
tools’ subcommand fisher was used to first compute the
number of possible 3’ ends, taking into account the gen-
ome size and the individual distribution sizes of determined
3" ends. Second, the number of overlaps and non-overlaps
was computed and the Fisher’s exact test applied. For a
possible number of 633,092 (pnp versus ruc), 748,506 (pnp
versus rne 32 °C) and 667,153 (pnp versus rne 42 °C) RNA
3" ends the resulting two-tail p-value are close or equal to 0
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in each case (0, 7.3x 107 %", 29 x 10" **"). This strongly
suggests a higher number of RNA 3" ends at the same gen-
omic positions than would be expected, if the given 3" ends
would be randomly distributed within the genome.

The total number of detected 3" ends as well as the
overlapping 3" ends differ within the strains analyzed in
this study. It cannot be excluded, that this observation
may be influenced by a different number of uniquely
aligned reads: The samples of the RNase E mutant and
the corresponding wild type strain previously published
[7] showed on average a four times higher number of
uniquely aligned reads than the samples sequenced for
this study (PNPase mutant, RNase III mutant and wild
type strain). On the other hand, although Lécrivain et al.
[61] used a somewhat different algorithm and parame-
ters to detect differential 3" ends in Streptococcus pyo-
genes, the number of identified 3' ends (wild type
enriched: 183; pnp mutant enriched: 1255) is strikingly
similar to our findings in the Gram-negative organism R.
sphaeroides (wild type enriched: 189; pmp mutant
enriched: 885). This similarity strongly supports the reli-
ability of the data obtained in this study and suggests
valid differences in between the analyzed strains.

To illustrate these overlapping 3’ ends we chose
two of the previously shown sRNAs. Several differen-
tial 3" ends can be found in the sRNAs CcsR1-4,
which are derived from one co-transcript by RNase E
cleavage [52]. The read coverage depicts a strong en-
richment of CcsR1-4 in the pmp mutant (Fig. 7a),
which agrees with the Northern Blot data (Fig. 4a).
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Several pnp mutant enriched 3’ ends have been de-
tected. Three of them overlap with those RNA 3’
ends which are depleted in the rme mutant in com-
parison to the wild type, even at 32°C (Fig. 7a,
highlighted in red color). The read coverage of the
sRNA IGR_RSP_1711_rpsL reveals, that the first 75
bases of the RNA are enriched in the pmp mutant
(Fig. 7b). This shorter fragment was also detected by
Northern blot analysis (Fig. 4a). Comparing wild type
and the RNase E deficient strain, a 3" end depleted in
the mutant could be found at the very same site. Des-
pite some changes in overall abundance, no RNase
I1I-dependent differential 3" ends were detectable. For
both of the two described sRNAs, a similar processing
pattern is proposed. The initial transcript is first
processed by RNase E, indicated by the depleted 3’
ends in the rne mutant. Followed by this cleavage, the
remaining RNA molecule is further degraded by
PNPase thus leading to enriched 3’ ends in the pnp
mutant. This observation is in agreement with previ-
ous studies in Gram-negative (reviewed in [29, 30]) as
well as in Gram-positive bacteria. In Streptococcus
pyogenes for example, the endonuclease RNase Y gen-
erates new RNA 3’ ends, which are subsequently
trimmed by PNPase [31]. PNPase seems not to be a
component of the degradosome of the related species
R. capsulatus [11], which most likely also accounts
for R. sphaeroides. Even though this direct interaction
between RNase E and PNPase may be lacking, our
data provide strong evidence that stepwise RNA pro-
cessing is mediated by these enzymes also in
Rhodobacter.

Conclusion

In this study we characterized the function of PNPase
in the Gram-negative alpha-proteobacterium Rhodo-
bacter sphaeroides and shed light on the interplay of
RNase E, RNase III and PNPase during RNA degrad-
ation. A lack of the KH-S1 RNA binding domain
leads to severe effects on growth behavior,
temperature stress tolerance, pigmentation and the
bacteriochlorophyll a content. Total RNA sequencing
illustrates a high impact of PNPase on levels of di-
verse RNAs, in particular on tRNAs and rRNAs. We
could further demonstrate, that the stability of several
regulatory sRNAs relies on PNPase function, thus
leading to altered levels during exponential growth
phase. Next, the global comparison of differential
RNA 3’ ends identified in the pnp and ruc mutant
strain as well as in a strain with reduced RNase E ac-
tivity is in agreement with a sequential processing of
transcripts: 5.9% of all RNase E and 9.7% of all RNase
III generated RNA 3’ ends are afterwards trimmed by
PNPase.

Page 13 of 15

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512864-021-07409-4.

Additional file 1: Table S1. Strains used in this study. Table S2.
Overview of all oligonucleotide probes and corresponding sequences
that were used in this study. Figure S1. Scatterplot of the principal
component analysis, which was performed using DESeq?2. Each of the
colored dots (pnp mutant strain: red; wild type: blue) represents one
replicate. Figure $2. Comparing the pnp mutant to the wildtype, the
RNAs with decreased (A) or increased abundance (B) could not be
assigned to specific orthologous groups of encoded proteins (COG). x-
axis: relative number of observations per group [%]; y-axis: COG category.
Figure S3. The 3’ elongated RNA sequences are similar in the wild type
and the pnp mutant strain. A) Schematic overview of the sequence ex-
traction procedure. The lengths of all non end-to-end mapped reads (B)
and of all tail sequences (C) do not differ. In both strains the first part of
the tail (around 20 nt in length) is guanine rich (D). Figure S4. Full size
Northern blots of the depicted images in Fig. 4. with probes CcsR1 (A),
SorY (B), UpsM (C), IGR_1711_rpsL (D) and 5" UTR RSP_6083 (E). Red
frames mark the selected sections. Figure S5. Full size Northern blots of
the depicted half-life images in Fig. 4. with probes CcsR1 (A) and SorY (B).
Red frames mark the selected sections. Figure S6. Full size Northern
blots of the depicted half-life images in Fig. 4, with probes UpsM (A) and
IGR_1711_rpsL (B). Red frames mark the selected sections. Figure S7. Full
size Northern blots of the depicted half-life images in Fig. 4 with probe 5
UTR RSP_6083. Red frames mark the selected sections. Figure S8. A) Se-
quence windows of 20, 30, 40 or 50 nt upstream and downstream of
every wild type enriched 3" end were extracted. B) Every dot in the box-
plots depicts the minimal folding energy (MFE) [kcal/mol] of one RNA se-
quence computed with RNAfold. C) The number of unstructured
sequences (MFE = 0.0 kcal/mol) is increased in the group of 20 nt down-
stream control sequences. Figure S9. Representative RNA full coverage
and 3" end coverage profiles of two selected tRNAs in the wild type and
the pnp mutant strain. The full coverage of tRNAs can exhibit characteris-
tic 3" ends as shown for tRNA"Y (A) or 3" ends which are detected be-
cause of minor edges and a different slope (tRNA™®, B).

Additional file 2: Supplementary tables of differential gene expression.
Table S3. DESeq?2 analysis results comparing the differential gene
expression in the pnp mutant strain and the wild type. Table S4. BaySeq
analysis results comparing the differential gene expression in the pnp
mutant strain and the wild type.

Additional file 3: Supplementary tables of all differential RNA 3" ends.
Table S4. Differential RNA 3" ends comparing the pnp mutant strain and
the wild type. Table S5. Differential RNA 3" ends comparing the rnc
mutant strain and the wild type. Table S6. Differential RNA 3’ ends
comparing the rne mutant strain (32 °C) and the wild type (32 °C). Table
S7. Differential RNA 3" ends comparing the rne mutant strain (42 °C) and
the wild type (42 °C).

Acknowledgements

We thank Lennart Weber for developing the cloning strategy and Kerstin
Haberzettl for the cloning. We further thank the Core Unit SysMed at the
University of Wiirzburg for RNA-Seq data generation. This work was sup-
ported by Deutsche Forschungsgemeinschaft (GRK 2355) and the IZKF at the
University of Wirzburg (project Z-6).

Authors’ contributions

DTS performed the RNA experiments, developed and programmed XPEAP,
contributed to the data analysis and interpretation, and wrote the
manuscript. CMR performed the physiological experiments and prepared
total RNA for RNA sequencing. GK raised the funds, designed and supervised
this study, was involved in data interpretation and manuscript writing. All
authors read and approved the final manuscript.

Funding
The work was funded by Deutsche Forschungsgemeinschaft (DFG, GRK
2355). Open Access funding enabled and organized by Projekt DEAL.


https://doi.org/10.1186/s12864-021-07409-4
https://doi.org/10.1186/s12864-021-07409-4

Spanka et al. BMC Genomics

(2021) 22:106

Availability of data and materials
The datasets generated and analyzed during the current study are available
in the NCBI Gene Expression Omnibus repository (GSE156818 and GSE71844).

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 5 October 2020 Accepted: 26 January 2021
Published online: 06 February 2021

References

1.

Feklistov AD, Sharon BA, Darst SA, Gross C. Bacterial sigma factors: a
historical, structural, and genomic perspective. Annu Rev Microbiol. 2014;
68(1):357-76.

Kazmierczak MJ, Wiedmann M, Boor KJ. Alternative sigma factors and their
roles in bacterial virulence. Microbiol Mol Biol Rev. 2005;69(4):527-43.
Evguenieva-Hackenberg E, Klug G. New aspects of RNA processing in
prokaryotes. Curr Opin Microbiol. 2011;14(5):587-92.

Nitzan M, Rehani R, Margalit H. Integration of bacterial small RNAs in
regulatory networks. Annu Rev Biophys. 2017;46(1):131-48.

Carpousis AJ, Luisi BF, Mcdowall KJ. Chapter 3 Endonucleolytic initiation of
mRNA decay in Escherichia coli. Prog Mol Biol Trans| Sci Mol Biol RNA
Process Decay Prokaryotes. 2009:91-135.

Chao Y, Li L, Girodat D, Forstner KU, Said N, Corcoran C, et al. In vivo
cleavage map illuminates the central role of RNase E in coding and non-
coding RNA pathways. Mol Cell. 2017;65(1):39-51.

Forstner KU, Reuscher CM, Haberzettl K, Weber L, Klug G. RNase E cleavage
shapes the transcriptome of Rhodobacter sphaeroides and strongly impacts
phototrophic growth. Life Sci Alliance. 2018;1(4):e201800080.

Coburn GA, Mackie GA. Reconstitution of the degradation of the mRNA for
ribosomal protein S20 with purified enzymes. J Mol Biol. 1998,279(5):1061-
74.

Mackie GA, Genereaux JL. The role of RNA structure in determining RNase
E-dependent cleavage sites in the mRNA for ribosomal protein S20 in vitro.
J Mol Biol. 1993,234(4):998-1012.

Carpousis AJ. The RNA degradosome of Escherichia coli: An mRNA-
degrading machine assembled on RNase E. Annu Rev Microbiol. 2007;61(1):
71-87.

Jager S, Fuhrmann O, Heck C, Hebermehl M, Schiltz E, Rauhut R, et al. An
mMRNA degrading complex in Rhodobacter capsulatus. Nucleic Acids Res.
2001,29(22):4581-8.

Jager S, Hebermehl M, Schiltz E, Klug G. Composition and activity of the
Rhodobacter capsulatus degradosome vary under different oxygen
concentrations. J Mol Microbiol Biotechnol. 2004;7(3):148-54.
Bermudez-Cruz R, Ramirez F, Kameyama-Kawabe L, Montariez C. Conserved
domains in polynucleotide phosphorylase among eubacteria. Biochimie.
2005;87(8):737-45.

Shi ZS, Yang W-ZS, Lin-Chao SS, Chak K-FS, Yuan HS. Crystal structure of
Escherichia coli PNPase: central channel residues are involved in processive
RNA degradation. RNA. 2008;14(11):2361-71.

Donovan WP, Kushner SR. Polynucleotide phosphorylase and ribonuclease I
are required for cell viability and mRNA turnover in Escherichia coli K-12.
Proc Natl Acad Sci. 1986;83(1):120-4.

Chen R, Weng Y, Zhu F, Jin Y, Liu C, Pan X, et al. Polynucleotide
phosphorylase regulates multiple virulence factors and the stabilities of
small RNAs RsmY/Z in Pseudomonas aeruginosa. Front Microbiol. 2016;7:247.
Li ZP, Deutscher MP. The role of individual exoribonucleases in processing
at the 3" end of Escherichia coli tRNA precursors. J Biol Chem. 1994;269(8):
6064-71.

Mohanty BK, Kushner SR. Polynucleotide phosphorylase functions both as a
3" — 5" exonuclease and a poly(a) polymerase in Escherichia coli. Proc Natl
Acad Sci. 2000,97(22):11966-71.

Takata R, lzuhara M, Planta RJ. Differential degradation of the Escherichia
coli polynucleotide phosphorylase mRNA. Nucleic Acids Res. 1989;17(18):
7441-51.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 14 of 15

Jarrige A-C, Mathy N, Portier C. PNPase autocontrols its expression by
degrading a double-stranded structure in the pnp mRNA leader. EMBO J.
2001;20(23):6845-55.

Cheng ZF, Deutscher MP. Purification and characterization of the Escherichia
coli exoribonuclease RNase R. comparison with RNase II. J Biol Chem. 2002;
277(24):21624-9.

Cudny H, Deutscher MP. Apparent involvement of ribonuclease D in the 3'
processing of tRNA precursors. Proc Natl Acad Sci. 1980;77(2):837-41.
Deutscher MP, Marshall GT, Cudny H. RNase PH: an Escherichia coli
phosphate-dependent nuclease distinct from polynucleotide phosphorylase.
Proc Natl Acad Sci. 1988,85(13):4710-4.

Rische-Grahl T, Weber L, Remes B, Forstner KU, Klug G. RNase J is required
for processing of a small number of RNAs in Rhodobacter sphaeroides. RNA
Biol. 2014;11(7):855-64.

Rische T, Klug G. The ordered processing of intervening sequences in 23S
rRNA of Rhodobacter sphaeroides requires RNase J. RNA Biol. 2012,9(3):343-50.
Mathy N, Bénard L, Pellegrini O, Daou R, Wen T, Condon C. 5-to-3"
exoribonuclease activity in bacteria: role of RNase J1 in rRNA maturation
and 5 stability of mRNA. Cell. 2007;129(4):681-92.

Rauhut R, Jager A, Conrad C, Klug G. Identification and analysis of the rmc
gene for RNase Il in Rhodobacter capsulatus. Nucleic Acids Res. 1996;24(7):
1246-51.

Li Z, Pandit S, Deutscher MP. RNase G (CafA protein) and RNase E are both
required for the 5" maturation of 16S ribosomal RNA. EMBO J. 1999;18(10):
2878-85.

Deutscher MP. Degradation of RNA in bacteria: comparison of mRNA and
stable RNA. Nucleic Acids Res. 2006;34(2):659-66.

Bechhofer DH, Deutscher MP. Bacterial ribonucleases and their roles in RNA
metabolism. Crit Rev Biochem Mol Biol. 2019;54(3):242-300.

Broglia L, Lécrivain A-L, Renault TT, Hahnke K, Ahmed-Begrich R, Rhun AL,
et al. An RNA-seq based comparative approach reveals the transcriptome-
wide interplay between 3"-to-5' exoRNases and RNase Y. Nat Commun.
2020;11(1):1587.

van Niel CB. The culture, general physiology, morphology, and classification
of the non-sulfur purple and brown bacteria. Bacteriol Rev 1944;8(1):1-118.
PubMed PMID: 16350090; PubMed Central PMCID: PMC440875.

Remes B, Berghoff BA, Forstner KU, Klug G. Role of oxygen and the OxyR
protein in the response to iron limitation in Rhodobacter sphaeroides. BMC
Genomics. 2014:15(1):794.

Glaeser J, Klug G. Photo-oxidative stress in Rhodobacter sphaeroides:
protective role of carotenoids and expression of selected genes.
Microbiology. 2005;151(6):1927-38.

Shiozawa JA, Welte W, Hodapp N, Drews G. Studies on the size and
composition of the isolated light-harvesting B800-850 pigment-protein
complex of Rhodopseudomonas capsulata. Arch Biochem Biophys. 1982;
213(2):473-85.

Janzon L, Lofdahl S, Arvidson S. Evidence for a coordinate transcriptional
control of alpha-toxin and protein a synthesis in Staphylococcus aureus.
FEMS Microbiol Lett. 1986,33(2-3):193-8.

Berghoff BA, Glaeser J, Sharma CM, Vogel J, Klug G. Photooxidative stress-
induced and abundant small RNAs in Rhodobacter sphaeroides. Mol
Microbiol. 2009;74(6):1497-512.

Forstner KU, Vogel JM, Sharma C. READemption - a tool for the
computational analysis of deep-sequencing-based transcriptome data.
Bioinformatics. 2014;30(23):3421-3.

Hoffmann S, Otto C, Doose G, Tanzer A, Langenberger D, Christ S, et al. A
multi-split mapping algorithm for circular RNA, splicing, trans-splicing and
fusion detection. Genome Biol. 2014;15(2):R34.

Anders S, Huber W. Differential expression analysis for sequence count data.
Genome Biol. 2010;11(10):R106.

Hardcastle TJ, Kelly KA. baySeq: Empirical Bayesian methods for identifying
differential expression in sequence count data. BMC Bioinformatics. 2010;
11(1):422.

Quinlan AR. BEDTools: The Swiss-Army tool for genome feature analysis.
Curr Protoc Bioinformatics. 2014;47(1):11.

Yamanaka K, Inouye M. Selective mRNA degradation by polynucleotide
phosphorylase in cold shock adaptation in Escherichia coli. J Bacteriol. 2001;
183(9):2808-16.

Polissi A, Laurentis WD, Zangrossi S, Briani F, Longhi V, Pesole G, et al.
Changes in Escherichia coli transcriptome during acclimatization at low
temperature. Res Microbiol. 2003;154(8):573-80.



Spanka et al. BMC Genomics

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

(2021) 22:106

Goverde RL, Huis Int Veld JHJ, Kusters JG, Mooi FR. The psychrotrophic
bacterium Yersinia enterocolitica requires expression of pnp, the gene for
polynucleotide phosphorylase, for growth at low temperature (5°C). Mol
Microbiol. 1998;28(3):555-69.

Clarke DJ, Dowds BC. The gene coding for polynucleotide phosphorylase in
Photorhabdus sp. strain K122 is induced at low temperatures. J Bacteriol.
1994;176(12):3775-84.

Pobre V, Arraiano CM. Next generation sequencing analysis reveals that the
ribonucleases RNase I, RNase R and PNPase affect bacterial motility and
biofilm formation in E. coli. BMC Genomics. 2015;16(1):72.

Plocifiski P, Macios M, Houghton J, Niemiec E, Ptocifiska R, Brzostek A, et al.
Proteomic and transcriptomic experiments reveal an essential role of RNA
degradosome complexes in shaping the transcriptome of Mycobacterium
tuberculosis. Nucleic Acids Res. 2019;47(11):5892-905.

Andrade JM, Pobre VM, Matos AM, Arraiano C. The crucial role of PNPase in
the degradation of small RNAs that are not associated with Hfg. RNA. 2012;
18(4):844-55.

Cameron TA, Lay NRD. The phosphorolytic exoribonucleases polynucleotide
phosphorylase and RNase PH stabilize sRNAs and facilitate regulation of
their mRNA targets. J Bacteriol. 2016;198(24):3309-17.

Cameron TA, Matz LM, Sinha D, De Lay NR. Polynucleotide phosphorylase
promotes the stability and function of Hfg-binding sRNAs by degrading
target mRNA-derived fragments. Nucleic Acids Res. 2019;47(16):8821-37.
Billenkamp FA, Peng TA, Berghoff BA, Klug G. A cluster of four homologous
small RNAs modulates C1 metabolism and the pyruvate dehydrogenase
complex in Rhodobacter sphaeroides under various stress conditions. J
Bacteriol. 2015;197(10):1839-52.

Adnan F, Weber L, Klug G. The sRNA SorY confers resistance during
photooxidative stress by affecting a metabolite transporter in Rhodobacter
sphaeroides. RNA Biol. 2015;12(5):569-77.

Weber L, Thoelken C, Volk M, Remes B, Lechner M, Klug G. The conserved
dew gene cluster of R. sphaeroides is preceded by an uncommonly
extended 5' leader featuring the sSRNA UpsM. PLoS One. 2016;11(11):
e0165694.

Berghoff BA, Glaeser J, Sharma CM, Zobawa M, Lottspeich F, Vogel J, et al.
Contribution of Hfg to photooxidative stress resistance and global
regulation in Rhodobacter sphaeroides. Mol Microbiol. 2011;80(6):1479-95.
Reuven NB, Zhou Z, Deutscher MP. Functional overlap of tRNA
nucleotidyltransferase, poly(a) polymerase |, and polynucleotide
Phosphorylase. J Biol Chem. 1997,272(52):33255-9.

Mohanty BK, Maples VF, Kushner SR. Polyadenylation helps regulate
functional tRNA levels in Escherichia coli. Nucleic Acids Res. 2012;40(10):
4589-603.

Mohanty BK, Kushner SR. Processing of the Escherichia coli leuX tRNA
transcript, encoding tRNA Leub, requires either the 3'=5" exoribonuclease
polynucleotide phosphorylase or RNase P to remove the rho-independent
transcription terminator. Nucleic Acids Res. 2010;38(2):597-607.

Walter M, Kilian J, Kudla J. PNPase activity determines the efficiency of
mRNA 3-end processing, the degradation of tRNA and the extent of
polyadenylation in chloroplasts. EMBO J. 2002,21(24):6905-14.

Portier C, Dondon L, Grunberg-Manago M, Régnier P. The first step in the
functional inactivation of the Escherichia coli polynucleotide phosphorylase
messenger is a ribonuclease |l processing at the 5" end. EMBO J. 1987,6(7):
2165-70.

Lécrivain A-L, Rhun AL, Renault TT, Ahmed-Begrich R, Hahnke K, Charpentier
E. In vivo 3"-to-5" exoribonuclease targetomes of Streptococcus pyogenes.
Proc Natl Acad Sci. 2018;115(46):11814-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 15 of 15

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Bacterial strains and growth conditions
	Construction of pnp KH and S1 deletion strain
	Measurement of bacteriochlorophyll and carotenoids
	Spot assay
	Determination of RNA half-life
	Northern blot analysis
	Library preparation
	Bioinformatical analysis

	Results and discussion
	Physiological consequences of altered PNPase activity
	PNPase modulates the transcriptome of R. sphaeroides
	Levels of regulatory sRNAs are influenced by PNPase
	Deletion of the KH-S1 domains of PNPase leads mainly to enriched RNA 3′ ends
	Intersection analysis

	Conclusion
	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

