JUSTUS-LIEBIG-

UNIVERSITAT
GIESSEN

Kumulative Inauguraldissertation zur Erlangung des
Doktorgrades der Naturwissenschaften
— Dr. rer. nat. —

The interplay of RNases and sRNAs contributes
to a complex layer of post-transcriptional gene
regulation in proteobacteria

Daniel-Timon Spanka

Justus-Liebig-Universitat Gieflen
Institut fiir Mikrobiologie und Molekularbiologie
Dezember 2021






The interplay of RNases and sRNAs contributes to a complex layer

of post-transcriptional gene regulation in proteobacteria

Daniel-Timon Spanka



This project was started in July 2018 and ended in December 2021. It was supervised
by Prof. Dr. Gabriele Klug, head of the Institute of Microbiology and Molecular Biology,
Department 08, Justus Liebig University Gielen.

Dean: Prof. Dr. Thomas Wilke
Justus Liebig University Gieflen
Systematics & Biodiversity Lab
Heinrich-Buff-Ring 26-32, 35392 Gieflen

1. Reviewer: Prof. Dr. Gabriele Klug
Justus Liebig University Gieflen
Institute of Microbiology and Molecular Biology
Heinrich-Buff-Ring 26-32, 35392 Gieflen

2. Reviewer: Prof. Dr. Annegret Wilde
University of Freiburg
Faculty of Biology, Institute of Biology III
Schénzlestr. 1, 79104 Freiburg i. Breisgau



Contents

SUMMATY . . . . o v o e e e e e e e e e e e e 7

Chapter 1: RNases and small RNAs as key players in bacterial post-transcriptional
gene regulation . . . ... Lo oL oo 9

Chapter 2: Impact of PNPase on the transcriptome of Rhodobacter sphaeroi-
des and its cooperation with RNase IIl and RNase E . . . . ... ... 43

Chapter 3: Maturation of UTR-derived sRNAs is modulated during adapta-
tion to different growth conditions . . . . . . .. ... ..o 59

Chapter 4: The small DUF1127 protein CcaF1 from Rhodobacter sphaeroides
is an RNA-binding protein involved in sRNA maturation and
RNA turnover . . . . . . . . . 79

Chapter 5: A complex network of sigma factors and sRNA StsR regulates
stress responses in R. sphaeroides . . . . . . . . ... ... ... .... 97

Chapter 6: High-throughput proteomics identifies proteins with importance

to postantibiotic recovery in depolarized persister cells . . . . . .. .. 117

Appendix . . . .. 137
1 Declaration . . . . . . . . . . . e 138

2 Authors’ contributions . . . . . . . . .. 139

3 Acknowledgments . . . . . .. ... 140






Summary

Bacteria face constantly changing environmental conditions, like changes in temperature
or exposure to oxidative stress. Since bacterial cells have only limited options to physically
escape, a rapid adaption to the surroundings is required. As key element, gene expression
is altered on transcriptional and post-transcriptional levels. This study illustrates the
crucial role of polynucleotide phosphorylase (PNPase) for adaption to low temperatures,
growth during organic peroxide stress, and during microaerobic growth conditions in the
a-proteobacterium Rhodobacter sphaeroides. Moreover an RNA-seq analysis reavealed
that the abundance of at least 334 of in total 4104 transcripts (7 %) depends on PNPase
function, among them rRNAs and tRNAs which are lower abundant in a pnp mutant
strain compared to the parental wild type. Additionally, PNPase influences the half-lives
of different regualtory small RNAs (sRNAs) by stabilization or destabilization, among
them CcsR1-4 and UpsM. Based on RNA-seq data, RNase E-, RNase I1I-, and PNPase-
dependent differential RNA 3’ ends were globally predicted using an advanced analysis
pipeline developed for this study. The results highlight a stepwise RNA processing first by
endo- then by exonucleases: 5.9 % of all RNase E-dependent RNA 3’ ends and 9.7 % of all
RNase ITI-dependent 3’ ends are further degraded by PNPase.

Small RNAs are pivotal for post-transcriptional gene expression since they specificially
regulate their target RNAs in various ways. During the last years, sSRNAs were found to
be not exclusively transcribed by an own promoter but to be derived from mRNA 5 or 3/
untranslated regions (UTRs). So far only few examples of UTR-derived sRNAs are known
from the model organisms Escherichia coli, Salmonella enterica, and R. sphaeroides. This
study depicts the SRNA landscape in R. sphaeroides: According to global predictions, UTR-
derived sRNAs are indeed numerous and account for 37 % of all sSRNAs. In a genome wide
screening five novel UTR-derived sRNAs were detected in R. sphaeroides and subsequently
characterized. Some of these sSRNAs, among them UdsC, were induced by oxidative stress
or during different growth phases. Altered transcription rate is not always responsible for
the observed changes of SRNA abundances indicating the involvement of other factors. The
RNase E-dependent processing of several UTR-derived sRNAs varied for example during
the early stationary growth phase and during growth under iron limiting conditions. In
vivo RNase E, RNase III, and PNPase are the enzymes which are mainly involved in R.
sphaeroides UTR-derived sRNA maturation, processing or degradation. These observations
were strongly supported by a global predictive approach: based on multiple RNA-seq
datasets obtained from different RNase mutant strains, transcription start sites and
Rho-independent terminator predictions the generation mechanisms of all R. sphaeroides

UTR-derived sRNA 5" and 3’ ends were computed, emphasizing the importance of RNase E.

Taken together this work provides new insights in the complex networks of post-
transcriptional gene regulating in bacteria. It sheds light on the interwoven relationship
between SRNAs and RNases which can either act individually or work together to form a

sophisticated layer of gene regulation.






CHAPTER 1

RNases and small RNAs as key players in bacterial

post-transcriptional gene regulation
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Chapter 1

The world is a dangerous place

When Heraclitus noted more than 2000
years ago “Panta rhei — Everything flows”,
he most likely had no bacterial cells in
mind. However, the life of microorganisms
could hardly be described more aptly, be-
cause stasis in terms of environmental and
growth conditions is sought here in vain.
The habitats of many bacteria are char-
acterized by changing physical influences,
be it through changes in ambient temper-
ature, incidence of light or UV radiation.
In addition, parameters such as salinity or
the pH value, the availability of trace ele-
ments or energy sources change. Of course,
not every bacterial cell lives on its own,
but shares the habitat with various other
species, whereby the entire population de-
velops dynamically. Microorganisms must
protect themselves from these sometimes
very harmful environmental influences and
adapt to them at the population and indi-
vidual level. Since individual cells, in con-
trast to higher eukaryotes, can only iso-
late themselves from the environment to
a limited extent, and in most cases the
possibilities for escape are also extremely
restricted, other strategies are used. In the
case of a slow and gradual change, popula-
tions of bacteria can adapt through evolu-
tion. Those cells with beneficial mutations
will assert themselves in the long run. But
when microorganisms face sudden changes
in environmental conditions, there are only

two options: “Flight or fight!”.

Flight — biofilms, persistence &
sporulation

On a shorter time scale, many bacterial
species can escape disadvantageous growth
conditions by forming a biofilm (reviewed
by Yin et al., 2019). To do this, individual

cells first attach to a surface, where they
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form a matrix of self-synthesized polysac-
charides, nucleic acids, and proteins. As the
process continues, additional cells can at-
tach, causing the biofilm to increase in size
and grow three-dimensionally. This biofilm
provides diverse protection, for example
against antiobiotics (Anderl et al., 2000),
UV-C radiation (Bernbom et al., 2011) or
extreme pH values (de Paz et al., 2007).
Nonetheless, conditions are never ideal for
all cells since for example the oxygen or
nutrient availability may be limited in the

inner layers of the biofilm.

Persister cells are tightly connected to
biofilms. Many bacterial species, among
them various human pathogens, can make
use of a special trick to circumvent danger-
ous habitats and form so-called persister
cells. These cells represent a small subpopu-
lation of an isogenic culture which exhibits
different phenotypical characteristics than
the other cells. Facing antibiotic treatment
or other harmful surrounding conditions
this subpopulation enters a dormant state
whereas the rest of the population dies (re-
viewed by Fisher et al., 2017; Lewis, 2010).
They grow very slowly or are even non-
growing (Balaban et al., 2004). Since most
antibiotics require an active metabolism to
develop an effect (e.g. rifamycin: Calvori
et al., 1965; ampicillin: Campoli-Richards
& Brogden, 1987; aminoglycosides: Serio
et al., 2018), dormant persister cells can
hardly be targeted and their susceptibility
to antibiotics is dramatically reduced. In
contrast to resistant cells, persister cells
can only tolerate antibiotics and exhibit
the same minimal inhibitory concentration
as the non-persistent cells (Brauner et al.,
2016). Persistence is often regulated by en-
dogenous toxin-antitoxin systems, for ex-

ample encoded by the hip genes (Black



et al., 1991, 1994), tisB/istR (Dérr et al.,
2010) or hok/sok (Gerdes et al., 1985) in
Escherichia coli. The recovery process af-
ter dormancy is as specific as the mecha-
nism is which initiated persistence. The
toxin TisB is for example induced dur-
ing DNA damage via the LexA regula-
tor (Vogel et al., 2004) and accounts for a
collapse of the proton motive force (Uno-
son & Wagner, 2008; Gurnev et al., 2012).
TisB-dependent persister cells in E. coli
seem to accumulate reactive oxygen species
(ROS; Edelmann & Berghoff, 2019) thus
components of the alkyl hydroperoxide re-
ductase Ahp as well as the outer mem-
bran protein OmpF are crucial during the
recovery phase (see Chapter 6). Another
studied example is the TacT toxin from
Salmonella enterica which inhibits transla-
tion by blocking an amine group of amino
acids on charged tRNA molecules (Chev-
erton et al., 2016). Salmonella cells can
detoxify using the peptidyl-tRNA hydro-
lase (Pth). Pth recycles damaged tRNAs
and thereby counteracts the TacT effects
which leads to resumption of growth (Chev-
erton et al., 2016).

Another way to escape unfavourable con-
ditions is motility. Besides for example
twitching and gliding, one widely spread
mechanism of movement is based on rotat-
ing flagella which allow the cells to move.
In parallel bacteria sense their surrounding
area e.g. in terms of molecules (chemotaxis,
aerotaxis), light (phototaxis), Earth’s mag-
netic field (magnetotaxis) and direct the
movement along a gradient towards the de-
sired condition (e.g. reviewed by Nakamura
& Minamino, 2019 and Wong-Ng et al.,
2018). In a temporal dimension, bacteria
often can escape by sporulation or other

resistant dormant bodies. A multitude of

bacterial genera — among them Bacillus
and Clostridium — can form endospores,
a type of cell which is metabolically inac-
tive and has several protective properties.
Sporulation is started in response to stress
conditions and the spores can outlast harm-
ful conditions such as dryness, radiation
or toxic chemical compounds (reviewed by
Cho & Chung, 2020). When the situation
becomes more favourable, spores can be
activated, germinate and start dividing. Of
course the principle of sporulation as a way
to survive harmful conditions is also widely
spread among fungi (reviewed by Wyatt
et al., 2013).

Fight — gene regulation

However, it is not always only external fac-
tors that affect bacterial cells and require
rapid adaptation: Intracellular processes
such as transcription/translation may be
deregulated, leading to accumulation of
non-functional intermediates or misfolded
proteins. Regardless of whether external
environmental conditions and growth con-
ditions change or processes in the cell
run incorrectly, bacteria must use effective
mechanisms to adapt to the new condi-
tions within the shortest possible time. To
achieve this, genes are regulated at tran-
scriptional and post-transcriptional levels.
Due to the small volume of the bacterial
cell and the lack of a nucleus, these pro-
cesses are coupled both spatially and tem-
porally. They are functionally interwoven,
influence each other and thus form very

finely balanced regulatory networks.

Transcriptional regulation

According to the central dogma of molecu-
lar biology, information cannot be passed
from DNA to protein without RNA as an
intermediate. Thus balanced RNA levels

11



Chapter 1

help to ensure a proper proteome composi-
tion and are pivotal for cell viability. Essen-
tially, two fundamental factors influence
the abundance of an RNA species in the
cell: the production of RNA by transcrip-

tion and its degradation or decay.

The DNA-dependent RNA-polymerase
is required for mRNA synthesis. The ap-
proximately 400 kDa complex is composed
of the five subunits «, B, B’, w and
an interchangeable o factor. This last-
mentioned subunit binds to specific pro-
moter sequence motifs upstream of genes
and hence guides the RNA-polymerase
complex to the gene to be transcribed. Af-
ter binding the correct site and opening the
promoter complex, the initiation process
is finished and transcription starts. With
this system, sets of genes —called regulons—
coding for proteins with similar functions
can easily be selected and expressed, for
example in response to stress (reviewed
by Feklistov et al., 2014; Hinkle & Cham-
berlin, 1972). Different o factors compete
for binding to the RNA-polymerase and
the availability of these different proteins
depends for example on their subcellular
localization, sequestration, or the rate of
synthesis (reviewed e.g. by Bervoets &
Charlier, 2019). Furthermore, transcrip-
tion rate is heavily influenced and modu-
lated by various other proteins, called tran-
scription factors. These are DNA binding
proteins which can regulate transcription
in a negative or positive manner. Com-
mon mechanisms of action include block-
ing the promoter region, deformation of
DNA or forming a roadblock for the RNA-
polymerase (negative). Activation of tran-
scription can for example be enhanced by
class I/II activators or by conformational

changes of DNA in order to improve RNA-
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polymerase binding (positive) (reviewed
e.g. by Bervoets & Charlier, 2019). Be-
sides the described transcription initiation
also elongation and termination are regu-
lated in multiple ways to ensure optimal
gene expression (reviewed by Washburn &
Gottesman, 2015).

RNA thermometers & Co.

A very basic type of post-transcriptional
gene regulation are RNA thermometers,
which are short sequences usually located
in 5 UTRs of selected transcripts. These
RNA sequences form secondary structures
via base pairing upstream of the start
codon and thus usually mask the ribosome
binding site (RBS), repressing translation.
As temperature increases, the previously
structured region melts, making the RBS
accessible to ribosomes, and translation
initiation begins (reviewed by Narberhaus
et al., 2006). In prokaryotes RNA ther-
mometers control genes for the adaption to
heat (rpoH mRNA in E. coli, Morita et al.,
1999), probably also to cold stress (Ya-
manaka et al., 1999) and virulence genes
(Waldminghaus et al., 2007). Mechanisti-
cally, RNA thermometers are the purists
within post-transcriptional gene regula-
tion because no RNases, SRNAs, or other
molecules are required for proper function-
ality. The information for the complete
switch is present in the sequence of the
RNA thermometer, making the system in-
herently robust and less prone to failure.
Conceptually related to RNA thermome-
ters are riboswitches. These are 5" UTR
located RNA sequences which very speci-
ficially bind small target molecules such
as thiamin pyrophosphate (Mironov et al.,
2002) or S-adenosylmethionine (Wang &
Breaker, 2008). After ligand binding, trans-

lation can be facilitated or repressed (re-



viewed by Tucker & Breaker, 2005). Be-
sides the two mentioned mechanisms, pro-
teolysis represents another important in-
stance regarding post-translational gene
regulation. Protein degradation, also, has
to be controlled in multiple ways (i.e. selec-
tivity and specificity), but this is outside of
the scope of this review article (suggested
further reading: Mahmoud & Chien, 2018).

RNases, key players of
post-transcriptional gene regulation

In addition to transcriptional regulation,
the control and modulation of RNA sta-
bility is a crucial mechanism in the course
of differential gene regulation. RNA degra-
dation is catalyzed in the bacterial cell by
numerous ribonucleases (RNases). Many
RNases are highly conserved (e.g. RNase
III), but there are also differences between
different classes and species of bacteria.
Unlike for example E. coli, R. sphaeroides

does not encode RNase II.

Messenger RNA degradation is often ini-
tiated in E. coli by an endonuclease (RNase
E, G, III, or P) which breaks the tran-
script into shorter fragments in an initial
reaction. In the case of RNase E, mRNAs
with a 5’ monophosphate are preferentially
processed and unstructured AU-rich re-
gions are cut. In E. coli these fragments
are subsequently hydrolytically or phos-
phorolytically cleaved by 3'-to-5" exonucle-
ases (PNPase, RNase II, and RNase R)
(reviewed by Deutscher, 2006). However,
in E. coli the aforementioned exonucle-
ases sometimes cannot completely degrade
the mRNA fragments, so that short RNA
oligonucleotides result from this reaction.
These can then be converted into mononu-
cleotides by an oligoribonuclease (Ghosh
& Deutscher, 1999).

Besides degradation of mRNAs, many
RNases such as RNase E or RNase III
are also involved in the processing and
maturation of RNAs. A notable exam-
ple is the maturation of 16S, 23S and
5S rRNAs, which are co-transcribed in
many bacteria and then cut from the
transcript by RNase E and RNase III
(reviewed by Deutscher, 2009; Klein &
Evguenieva-Hackenberg, 2002). Additional
enzymes are involved, as the rRNA operon
also contains sequences for up to three
tRNAs. In R. sphaeroides the 23S rRNA
is further cleaved by RNase III at stem-
loop sequences (so-called intervening se-
quences) and then processed by RNase
J, among others (Rische & Klug, 2012).
Thus, the 23S rRNA is fragmented into
a 5.8S-like rRNA, a 1.1 kb, and a 1.5 kb
molecule (Evguenieva-Hackenberg & Klug,
2000; Zahn et al., 2000).

In contrast to an enzymatic degrada-
tion, RNA molecules are also subject to
natural decay. In aqueous solution, the 2’-
OH end in an RNA molecule can cause
a nucleophilic attack on the phosphate
group of the next nucleotide, resulting in
strand breakage (Brown & Todd, 1955;
Westheimer, 1968). This autohydrolysis oc-
curs spontaneously and affects the stability
of all RNAs equally; therefore, it is of no
importance with respect to gene regula-

tion.
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Due to copyright restrictions, this
figure may not be printed in the
presented work. The original
illustrations were published as
Figure 1 and Figure 2 in:

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

It is available via the following link:
https://doi.org/10.1146/
annurev.micro.61.080706.093440

Figure 1.1: Schematic representation of
RNA degradation and the degradosome
in E. coli.

A Degradation of mRNAs (colored purple) is
initiated by an endonucleolytic cut catalyzed
mainly by RNase E or RNase III. The RNase
E cleavage sites are often found near the RNA
5" end. B Subsequently, the resulting mRNA
fragments are digested to nucleotides by ex-
oribonucleases. RNA helicase B and poly(A)
polymerase serve as auxiliary enzymes as they
facilitate the degradation of structured RNAs.
Highlighted in red: Components of the degra-
dosome. C The scaffold for the degradosome is
the non-catalytic part of RNase E (C-terminal
half; shown in blue). There are binding do-
mains for RNA helicase B (purple), enolase
(dimer, yellow), and one PNPase trimer (green).
Four of these RNase E molecules with bound
enzymes form the degradosome. Each of these
subunits is structurally and functionally inde-
pendent. Illustration modified after Carpousis,
2007.
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In the following, the degradosome, and
the enzymes RNase E, and PNPase are
described in more detail, since they are of
particular importance for gene regulation
by maturation and degradation of sRNAs.
Of course other enzymes such as RNase
IIT or RNA pyrophosphohydrolase RppH
can also contribute to these regulatory net-
works. However, as far as it is currently
known, they are involved only to a minor
extent (further reading: Court et al., 2013
and Bechhofer & Deutscher, 2019).

The bacterial degradosome

RNA molecules are subject to constant
degradation. In E. coli this degradation is
first initiated by an endonuclease — mostly
RNase E — which cuts the transcript near
the 5’ end or intercistronically if transla-
tion is halted (Figure 1.1A). The mRNA
fragments generated in this way are then
digested to nucleotides by various exori-
bonucleases (Figure 1.1B). These two steps
are spatially closely coupled in E. coli and
many other bacteria, as the degradation
of RNA is often catalyzed by the degrado-
some. This is a very large complex which
is composed of several enzymes and is of-
ten membrane-associated (Khemici et al.,
2008). In E. coli, an ATP-dependent RNA
helicase (RhIB), an enolase dimer, and at
the RNase E C-terminus, a PNPase trimer
bind to the non-catalytic part of RNase E
(Figure 1.1C; Py et al., 1994, 1996; Car-
pousis et al., 1994). RNA is bound in this
complex by RNase E and endonucleolyti-
cally cleaved. Thereafter, structured RNA
molecules are linearized by RhlB and can
be immediately degraded by PNPase in the
3'-to-5’ direction (reviewed by Carpousis,
2007). Enolase is actually an enzyme of
glycolysis and its exact function in the con-

text of the degradosome remains unknown



to date. However, at least two studies have
shown that enolase is responsible for rapid
degradation of transcripts encoding trans-
porters of glucose and other carbon sources
(Morita et al., 2004; Bernstein et al., 2004).
However, the composition of the degrado-
some is dynamic; for example, in E. coli
the helicase RhlB can be subsituted by
CspA (cold shock protein A) under cold
shock conditions (Prud’homme-Généreux
et al., 2004). Also, the bound proteins vary
among organisms: in Rhodobacter capsu-
latus, PNPase is probably not part of the
degradosome (Jéager et al., 2001).

RNase E

The enzyme RNase E plays an important
role in the maturation of ribosomal RNA
(reviewed by Deutscher, 2009), mRNA
and sRNA (Chao et al., 2017; Forstner
et al., 2018; Eisenhardt et al., 2018) as
well as in the degradation of various RNA
species. Because of these important func-
tions, RNase E is an essential enzyme in
many Gram-negative model organisms (E.
coli: Baba et al., 2006; Ow & Kushner,
2002; S. enterica: Hammarlof et al., 2011;
R. sphaeroides: Forstner et al., 2018). How-
ever, RNase E homologs cannot be found
in all bacteria; in the Gram-positive Bacil-
lus subtilis, only the heterologous enzyme
RNase Y (Shahbabian et al., 2009) exists.
However, the functions of RNase E and
RNase Y appear to be similar, such that
a rny deletion in B. subtilis can be com-
plemented by the gene rne from E. coli
(Laalami et al., 2021).

RNase E preferentially cleaves at single-
stranded AU-rich sequences (McDowall
et al., 1994) and global analyses in S. en-
terica indicate a highly conserved uracil

at position +2 in the consensus motif

(Chao et al., 2017). An RNase E monomer
subdivides into two functionally distinct
domains, the catalytic (N-terminal half,
NTH) and the macromolecular scaffold do-
main (C-terminal half, CTH; Figure 1.2A).
The catalytic part consists of an S1 domain,
a 5’ sensor and DNase I-like domain, and
two RNase H-like domains (McDowall &
Cohen, 1996). This NTH of the enzyme is
necessary for RNA substrate binding and
catalytic activity. The CTH exhibits bind-
ing sites for the enzymes RhIB, enolase,
and PNPase, making the domain mainly
important for the structure and interaction
of the degradosome (reviewed by Carpousis
et al., 2009 and Mackie, 2012). Two RNase
E monomers interact via two Zn®" binding
cysteine residues between the large and
small domains, forming a functional dimer.
Again, two of these dimers bind via the
small domains and form a tetramer (Figure
1.1C). In the active site of RNase E, a Mg?t
ion is chelated by the carboxyl groups of
two aspartic acids (Callaghan et al., 2005).
The single-stranded RNA reaches the ac-
tive site through an S1 domain tunnel, is
bound via interactions with three different
amino acids, and is eventually hydrolyzed.
This results in a monophosphorylated 5’
end and a 3-OH end.

Basically, there are two pathways by
which mRNAs can be degraded by RNase
E. They are distinguished into the RNA
5'-dependent and the 5’-independent mech-
anism (direct-entry pathway, Baker &
Mackie, 2002). Originally, it was assumed
that only the phosphorylation state of
the RNA 5 end determines whether an
mRNA is degraded by RNase E or not
(Mackie, 1998). In the 5'-dependent mech-
anism degradation is initiated by the py-

rophosphohydrolase RppH which first hy-
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was published as Figure 1a in:

Jan;11(1):45-57.

Due to copyright restrictions, this figure may not be printed in the presented work. The original illustration

Mackie GA. RNase E: at the interface of bacterial RNA processing and decay. Nat Rev Microbiol. 2013

It is available via the following link: https://doi.org/10.1038/nrmicro2930

Figure 1.2: Schematic representation of ribonuclease E.

RNase E is a large enzyme and as a monomer consists of a total of 1061 amino acids. The structure
can be subdivided into two major elements: The N-terminal half (NTH) consists of one DNase
I-like domain, two RNase H-like domains, and one S1 and one 5’ sensor domain. The C-terminal
half (CTH) has no catalytic activity, but is necessary for interaction with other enzymes. Therefore,
binding sites for other enzymes of the degradosome RIhB, enolase and PNPase are found here.

Mlustration modified after Mackie, 2012.

drolyzes two phosphate groups of the
RNA 5 end (Deana et al., 2008). Alter-
natively, 5" monophosphates can be gener-
ated by cuts from other endoribonucleases.
RNase E preferentially catalyzes RNAs
with monophosphorylated 5’ ends, whereas,
in contrast, triphosphorylated RNA sub-
strates are poorly cut (Mackie, 1998; Jiang
& Belasco, 2004). This preference is gener-
ated by the 5’ sensor domain (also called
phosphate-binding pocket), whose exis-
tence and function were first postulated
and later verified by a crystal structure
(Callaghan et al., 2005). An RNA end con-
taining monophosphate is initially enclosed
by the phosphate-binding pocket and the
RNase H-like subdomain. This is followed
by an allosteric conformational change of
the S1 domain, pushing the RNA with
the phosphate backbone close to the ac-
tive site where it is hydrolyzed (mouse-
trap model, Callaghan et al., 2005). For
5" triphosphates, the phosphate binding
pocket is sterically too narrow, resulting
in a reduced processing rate. However, the
binding properties per se are not affected
by the nature of the phosphorylation state.
Further studies suggest that RNase E is
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catalytically active mainly through the 5’-
independent degradation pathway (Clarke
et al., 2014). In this process, RNase E can
cut substrates without binding to the RNA
5" end, thus bypassing the specificity de-
scribed above. Particularly susceptible to
this direct degradation pathway are RNAs
that either have a stem-loop structure at
the 5" end or are particularly accessible to
RNase E because they are not protected
by translating ribosomes (Joyce & Drey-
fus, 1998; Braun, 1998). Such a stem-loop
structure located in the 5 UTR is bound
in the course of RNase E autoregulation,
in which RNase E degrades its own rne
transcript (Mudd & Higgins, 1993; Schuck
et al., 2009). The feed-back mechanism is
efficient: if the transcription rate of the rne
gene in E. coli is increased by a factor of
21, it follows that RNase E levels will only
slightly more than double (Jain & Belasco,
1995; Mudd & Higgins, 1993).

That RNase E is involved in multiple
processing and degradation reactions of
RNA is also evident from global TIER-seq
(transiently inactivating an endoribonu-

clease followed by RNA-seq) analyses of



RNase E cleavage sites in Salmonella and
Rhodobacter. In S. enterica, this revealed
approximately 22,000 RNase E-dependent
RNA 5 ends, of which nearly 60 % were
found in coding sequences. The remain-
ing sites were distributed among rRNAs,
tRNAs, 5'/3' UTRs, sRNAs, and intergenic
sequences (Chao et al., 2017). The cleav-
age sites in R. sphaeroides identified using
the same methodology are comparable in
terms of both number (23,000 sites) and
distribution between the different genomic
regions (Forstner et al., 2018). However,
it is striking that no RNase E-dependent
cleavage site could be found in about half
of all genes (approx. 2100). Moreover, in
Salmonella a high proportion of cleavage
sites could be identified in the region of
the stop codon (Chao et al., 2017) while
in R. sphaeroides RNase E cuts more fre-
quently in the immediate vicinity of the
start codon (Forstner et al., 2018).

The importance of RNase E to the bac-
terial cell is further highlighted by the fact
that RNase E plays an important struc-
turing role in addition to its active cat-
alytic function. The C-terminal half forms
the basic scaffold for the binding of all
other enzymes of the degradosome, so that
this multiprotein complex can not assem-
ble without RNase E. At the same time,
part of the non-catalytic domain (segment
A of RNase E) serves as an anchor in the in-
ner cytoplasmic membrane (Khemici et al.,
2008).

PNPase, the RNA shredder

In addition to RNase E, polynucleotide
phosphorylase (PNPase) is involved in
many RNA maturation and degradation
processes and is often associated with the

degradosome (reviewed by Briani et al.,

2016). Bacterial PNPase is conserved and
has strong structural and functional sim-
ilarities to the exosome of archaea and
eukaryotes (reviewed by Lin-Chao et al.,
2007). Basically, PNPase catalyzes the 3'-
to-5" phosphorolysis of polyribonucleotides,
releasing nucleoside diphosphates (NDPs),
which requires Mg2+. The equilibrium of
the reaction can be shifted, for example, by
increased concentrations of NDPs, so that
the reverse 5'-to-3' polymerization reaction
is preferentially catalyzed. Degradation by
PNPase of single-stranded RNA occurs un-
til stable secondary structures are reached
at the 3'-OH end. Subsequently, by extend-
ing the RNA in the 5-to-3" direction, the
RNA can be further destabilized by recruit-
ing exoribonucleases over the newly syn-
thesized heteropolymeric RNA (Mohanty
& Kushner, 2000). Thus, PNPase forms a
complement to poly(A) polymerase (PAP),
which is responsible for much of the 5'-to-
3’ elongation of RNA in E. coli (Mohanty
& Kushner, 1999).

In E. coli, PNPase is a very abundant en-
zyme. Depending on the dataset and study
examined, it is found among the most abun-
dant 5%t010% of all proteins (Protein
Abundance Database: PAXdb, 2021). In
some organisms such as E. coli PNPase
is not essential, while deletion of the pnp
gene is not possible in Pseudomonas aerug-
inosa or R. sphaeroides (Chen et al., 2016;
see Chapter 2). The functional homotrimer
is composed of three Pnp monomers that
form a ring-like structure with a cen-
trally located channel (Figure 1.3). RNA
molecules are bound mainly by the KH/S1
domain and subsequently degraded at the
active site. Deletion of the KH/S1 domain
leads to a widening of the channel in E. coli

in addition to a strongly reduced binding
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RNA. 2008 Nov;14(11):2361-71.

Due to copyright restrictions, this figure may not be printed in the presented work.
The original illustration was published as Figure 3A, B, C in:

Shi Z, Yang WZ, Lin-Chao S, Chak KF, Yuan HS. Crystal structure of Escherichia
coli PNPase: central channel residues are involved in processive RNA degradation.

It is available via the following link: https://doi.org/10.1261/rna.1244308

Figure 1.3: Crystal structure of PNPase from E. coli.

A Each PNPase monomer is composed of two RNase PH domains (blue and yellow) and an a-helical
domain (green). The KH/S1 domain is dynamic and therefore could not crystallize. B4C The
functional holoenzyme consists of three PNPase monomers that assemble into a ring-like structure.
Of critical importance is the central channel in the middle of the trimer, at the ends of which amino
acids relevant for processivity are localized. Illustration modified after Shi et al., 2008.

affinity to RNA, but without affecting the
catalytic properties (Shi et al., 2008).

The functions of PNPase are diverse.
They include degradation of mRNAs (Kin-
scherf & Apirion, 1975; Mohanty & Kush-
ner, 2003) and sRNAs (Andrade & Ar-
raiano, 2008; Andrade et al., 2012), pro-
cessing of tRNAs (Li & Deutscher, 1994)
and maturation of 16S rRNA in E. coli
(Sulthana & Deutscher, 2013). In recent
years, other functions of PNPase have been
discovered, for example, the enzyme is in-
volved in recognizing oxidized and thus
defective RNA in E. coli (Hayakawa et al.,
2001) and is part of homologous recombina-
tion and DNA repair systems (Carzaniga
et al., 2017). Studies of the E. coli and R.
sphaeroides transcriptome depict the versa-
tile role of PNPase in regard to RNA degra-
dation: levels of all classes of RNAs but
mainly mRNAs are somehow influenced
by deletion of pnp or of the RNA-binding
domain KH/S1 (Dressaire et al., 2018; see
Chapter 2). In B. subtilis, PNPase even
degrades ssDNA (Cardenas et al., 2009)
at high intracellular Mn?" and low phos-

phate concentration. Moreover, PNPase

18

was shown to be involved in phage defense
in the human pathogenic organism Listeria
monocytogenes by Sesto et al. (2014). In
strain EGD-e, in which cas genes (CRISPR
associated genes) are absent, PNPase un-
dertakes the processing of CRISPRs (clus-
tered regularly interspaced short palin-
dromic repeats) and is also necessary for
the correct activity of the CRISPR system.

An enzyme with such extensive func-
tions requires strict and well-balanced reg-
ulation (reviewed by Condon, 2015 and
Briani et al., 2016). In E. coli the pnp
gene is located in the rpsO-pnp operon
and is controlled by two different pro-
moters (Prpso and Pp,p, Figure 1.4A).
The 5 UTR of the pnp messenger is
structured and forms a stem-loop. The
double-stranded hairpin loop can be cut
by RNase III, but this does not yet af-
fect pnp translation. The newly generated
37 nt-long RNA fragment is eventually de-
graded by PNPase in the 3'-to-5" direction
(Figure 1.4B,C). Through this degradation,
the single-stranded monophosphorylated
5'-OH end of the pnp mRNA becomes ac-

cessible to RNase E, which then cleaves the



transcript within the open reading frame.
In parallel, the accessible binding sites BS1
and BS2 recruit the protein CsrA as a
dimer and binding to BS2 blocks the Shine-
Dalgarno sequence (Park et al., 2015). This
effectively prevents translational initiation
(Figure 1.4D). Under cold shock conditions,
the described autoregulation can be briefly
suspended during the adaptation phase
(Beran & Simons, 2001).

Due to copyright restrictions, this
figure may not be printed in the
presented  work. The original
illustration was published as Figure 1

in:

Condon C. Airpnp: Auto- and
Integrated Regulation of
Polynucleotide  Phosphorylase. J

Bacteriol. 2015 Dec;197(24):3748-50.

It is available via the following link:
https://doi.org/10.1128/jb.00794-15

Figure 1.4: Autoregulation of the E. coli
PNPase.

A Schematic representation of the rpsO-pnp
operon from E. coli. P: promoter; ter: termina-
tor; SL: stem-loop. B-D Stepwise processing of
the pnp transcript, see main text for detailed
description. BS1/BS2: CsrA binding sites. BS2
is part of the Shine-Dalgarno sequence. Illus-
tration modified after Condon, 2015.

Another level of post-transcriptional reg-
ulation of pnp expression arises from the
interaction of the PNPase mRNA with the
sRNA SraG (Fontaine et al., 2016). The
sraG gene is located between rpsO and
pnp on the (—) strand and encodes the
anti-sense sSRNA (asRNA) SraG (Figure
1.4A). The approximately 215 nt-long pri-

mary transcript is processed by RNase E,
RNase III, and PNPase to form the func-
tional asRNA SraG (190 nt). Fontaine et al.
(2016) demonstrated that SraG negatively
affects the expression of PNPase by binding
the pnp mRNA, preventing assembly of the
translation initiation complex. In vitro ex-
periments additionally revealed that upon
binding to the pnp transcript, an RNase
IIT cleavage site is formed in the double-
stranded region, destabilizing the mRNA.
Based on the mechanisms shown, the com-
plexity of the regulation becomes apparent.
Thus, PNPase levels are modulated at least
by the transcription rate of pnp, activity
of RNase E, RNase III, and PNPase itself,
as well as by the asRNA SraG.

As a major 3'-to-5" exonuclease, PNPase
is not only responsible for the degrada-
tion of mRNAs but can also digest SRNAs.
In E. coli, PNPase was found to be the
major enzyme which degrades multiple
sRNAs that are not bound to Hfq (An-
drade & Arraiano, 2008). The effect was re-
ported to be growth phase-dependent and
is most prominent during the stationary
phase (Andrade et al., 2012). Surprisingly,
De Lay & Gottesman (2011) were able to
show that the Hfgq-bound sRNAs RyhB,
SgrS, and CyaR are destabilized in a pnp
mutant compared to wild type. Since the
mechanism for this oberservation seemed
counterintuitive, the group of De Lay stud-
ied the phenomenon again. A novel ap-
proach called ‘short RNA-seq’ revealed
that PNPase degrades short mRNA frag-
ments, which also bind to Hfq. They origi-
nate from mRNAs which have previously
been targeted by sRNAs or can be gener-
ated by endonucleases. In the absence of a
PNPase-mediated degradation, those frag-

ments are stabilized and can interact with
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Hfq and their respective sRNAs through
base pairing. This in turn leads to an in-
creased decay of the bound sRNAs through
endonucleolytic cleavage (Cameron et al.,
2019). In contrast to these observations,
several analyzed sRNAs are highly stabi-
lized in R. sphaeroides harbouring an inac-
tive form of the PNPase (see Chapter 2 and
Chapter 3). Remarkably of the three an-
alyzed Hfg-dependent sRNAs only UpsM
fits the model of De Lay and was stabi-
lized in the presence of PNPase. CcsR1-4
and SorY showed the opposite effect de-
spite their reported binding to Hfq. How-
ever, UdsA, as an Hfg-independent sRNA,
was strongly stabilized in the pnp mutant
strain. Those different results suggest the
existence of other still unknown organism-
specific factors that may influence the
PNPase mediated decay of SRNAs.

Different RNases work together in
RNA processing

Very recent studies adressed the coopera-
tive degradation of RNA molecules. Data
from high-throughput RNA next gener-
ation sequencing (NGS) is the basis for
a novel type of analysis: the global de-
termination of RNA 5/3' ends. To the
best of our knowledge, the principle of
an algorithm to globally map RNase E
cleavage sites based on NGS RNA-Seq
data was first developed by Clarke et al.
(2014) and further enhanced by Konrad
Forstner in cooperation with the Jorg Vo-
gel lab (Chao et al., 2017). This algo-
rithm allows to determine cleavage sites
genome wide at single nucleotide resolu-
tion. In the following years, this concept
was further developed and applied to in-
vestigate ribonuclease dependent cleavage
sites in E. coli, S. enterica, R. sphaeroi-

des, and Streptococcus pyogenes (Chao
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et al., 2017; Forstner et al., 2018; Lécrivain
et al., 2018). Deeper insights were gained
when the group of Emmanuelle Charpen-
tier determined the cleavage sites of the
endoribonuclease RNase Y (the RNase E
orthologue in Gram-positive bacteria) and
the three exoribonucleases PNPase, YhaM,
and RNase R in Streptococcus pyogenes
(Lécrivain et al., 2018). Next, the cleav-
age sites and so-called targetomes of these
RNases were compared and analyzed in
terms of overlapping RNA 5'/3’ ends. This
global study highlights that endo- and ex-
onucleases work together during RNA pro-
cessing and degradation (Broglia et al.,
2020). In more than half of all cases, RNase
Y cleavage sites could be found in the prox-
imity of 3 RNA ends where exoribonu-
cleolytic digestion stopped. Yet cleavage
by RNase Y followed by an exoribonu-
clease dependent degradation starting at
this very cleavage site was detected in a
small fraction (6 % PNPase-dependent; 2 %
YhaM-dependent). In a similar approach,
differential RNA 3’ ends depending on ei-
ther PNPase, RNase E or RNase III were
globally mapped in the Gram-negative or-
ganism R. sphaeroides (see Chapter 2).
Although the strains and the exact algo-
rithm used were different, the results were
very similar in R. sphaeroides. PNPase ac-
counts for 6% of all RNase E-generated
and 9.7 % of all RNase ITI-dependent RNA
3’ ends. Both studies illustrate a cooper-
ative RNA degradation by endo- and ex-
onucleases. Moreover they both suggest
that exoribonucleases other than PNPase
or YhaM are likely to be involved in degra-
dation of RNase E processed RNA.

Regulation of RNases

It is clear from the examples that RNases

are major regulators for gene expression



since they either directly degrade mRNAs
or act indirectly by modulating sRNA
levels. Therefore, the question of the an-
cient Roman satirist Juvenal “Who guards
the guardians themselves?” can also be
rephrased in this context to “Who regu-
lates the regulators?”. So how is it ensured
that both the number, activity, and stoi-
chiometric ratio of RNases to each other
are optimal at each time point in the cell

so that no collateral damage occurs?

Several principles account for the ri-
bonuclease regulation (e.g. reviewed by
Deutscher, 2021). One common mechanism
is the feed-back or autocatalytical regula-
tion. In E. coli, at least RNase E (Mudd &
Higgins, 1993), RNase III (Bardwell et al.,
1989) and PNPase (reviewed by Condon,
2015 and Briani et al., 2016) control the
amount and/or translation rate of their
own messengers by binding and processing
of the mRNAs. Another aspect is the na-
ture of the potential substrate itself; RNase
E, for example, preferes AU-rich sequences
in many organisms (McDowall et al., 1994),
whereas RNase III cleaves double-stranded
RNA structures. Even known RNase E sub-
strates are not all processed in the same
manner. Under iron limiting conditions,
processing of some RNase E-dependent
UTR-derived sRNAs is decreased in R.
sphaeroides whereas others are not affected
or even cleaved at a higher rate (see Chap-
ter 3).

In many organisms, enzymatic activity
is altered by post-translational modifica-
tions such as phosphorylation or acety-
lation of specific amino acids (e.g. Mag-
asanik, 1989; Soppa, 2010). The E. coli
RNase R is a well studied example and

an acetylation of the Lys544 strongly im-

pacts the protein levels: During exponen-
tial growth phase, this acetylated lysine
allows binding of the two trans-translation
factors transfer-messenger RNA (tmRNA)
and the small protein B (SmpB) result-
ing in a fast decay of RNase R (Liang
& Deutscher, 2010). Since the acetyltrans-
ferase Pka responsible for this modification
is absent during stationary phase, RNase
R molecules cannot be acetylated (Liang &
Deutscher, 2011; Liang et al., 2011). This
in turn prevents binding of tmRNA /SmpB
and thus strongly increases the RNase R
half-life. Moreover activity can directly be
influenced by external factors which bind
to RNases. In E. coli, the proteins RraA
and RraB (regulator of ribonuclease activ-
ity) can bind RNase E which then changes
a) the degradosome composition and b)
the set of RNAs which are degraded (Lee
et al., 2003; Gao et al., 2006).

As already depicted in the previous sec-
tion, expression of pnp is regulated in mul-
tiple ways and among them via the small
RNA SraG (Fontaine et al., 2016). Al-
though this anti-sense RNA is transcribed
from its own promoter and does not re-
quire PNPase functionality for matura-
tion, the mechanism highlights the inter-
woven relationship between sRNAs and
RNases. On the one hand, ribonucleases
maturate UTR-derived sRNAs resulting in
functional regulators. On the other hand,
RNase messengers can also be targeted by
sRNAs.

Finally the target accessibility and local-
ization of RNases play an important role,
though it does not regulate RNase activ-
ity per se. One example is RNase E which
is membrane associated in many bacteria.

Moreover, ribonucleases cannot efficiently
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cleave RNAs which are bound by proteins
(e.g. ribosomal proteins) or are occupied
by actively translating ribosomes. Both are
protective factors which increase RNA sta-
bility.

Small regulatory RNAs

The first small RNAs (small in terms of
molecule length) were discovered in the
1970s through improved biochemical meth-
ods. These include, for example, 4.55 RNA,
6S RNA, tmRNA, and RNase P RNA (Grif-
fin, 1971; Jain et al., 1982). What they
have in common is that they perform spe-
cific functions in the cell and do not nec-
essarily fall into the definition of sSRNAs
with a regulatory function that is com-
monly used today. Only a few more sRNAs
were detected in the following years, so
that only a total of ten E. coli sSRNAs
were known by 1999 (reviewed by Was-
sarman et al., 1999). Major technical im-
provements have been made during the
past decade: The developement of high-
throughput sequencing platforms allowed
the detection of novel SRNAs without prior
time consuming cloning or using microar-
rays (Kroger et al., 2012). In addition
to the technical achievements, the under-
standing of how small RNAs work has also
improved and they have been detected in
many bacterial species. Among them are
E. coli (Wassarman et al., 1999), S. enter-
ica (Vogel, 2009), Streptococcus pyogenes
(Perez et al., 2009), Staphylococcus au-
reus (Bohn et al., 2010), R. sphaeroides
(Berghoff et al., 2009), B. subtilis (Preis
et al., 2009), and also Cyanobacteria (Ax-
mann et al., 2005).

Small RNAs contribute to post-
transcriptional gene regulation in various

different pathways, e.g. starvation stress
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response (Amin et al., 2016), outer mem-
brane composition (Vogel & Papenfort,
2006) or toxin-antitoxin systems (Sarpong
& Murphy, 2021), and the effects on gene
expression can be either negative or pos-
itive (e.g. reviewed by Jorgensen et al.,
2020; Wagner & Romby, 2015; see Figure
1.5). First, regulation requires base pairing
between sRNA and the target RNA. The
number of base paired nucleotides varies.
An initial seed region of 8 nt to 9 nt is com-
monly observed in trans-acting sRNAs.
Pairing can then be extended depending on
the two sequences. The highest number of
paired nucleotides can be found in asRNAs.
They are transcribed from the opposite
strand of the mRNA target and have thus
a perfect complementary sequence which
allows a base pairing over the full length of
the asRNA. Trans-encoded sRNAs (mean-
ing being transcribed from a locus distant
to the target RNA) often have a negative
effect on the target gene expression. The
E. coli sRNA OxyS for example is induced
by oxidative stress and blocks translation
of its target mRNA fhlA by covering the
Shine-Dalgarno sequence (Altuvia et al.,
1998; Figure 1.5A). Often degradation of
sRNA and mRNA is initiated after du-
plex formation (e.g. MicC-ompD duplex;
Pfeiffer et al., 2009; Figure 1.5B). This
destabilization can be RNase E- (common;
e.g. MicC) or RNase IlI-mediated (not so
common; e.g. asPcrll from R. sphaeroi-
des; Reuscher & Klug, 2021). Activation
of gene expression can be achieved by in-
creasing translation of the mRNA target
(Figure 1.5C). The rpoS mRNA from E.
coli has a long and highly structured 5’
UTR harbouring an inaccessible ribosome
binding site (RBS). At least three SRNAs
(DsrA, RprA and ArcZ) can bind in this



Due to copyright restrictions, this figure may not be printed in the presented work. The
original illustration was published as Figure 1 in:

Nitzan M, Rehani R, Margalit H. Integration of Bacterial Small RNAs in Regulatory
Networks. Annu Rev Biophys. 2017 May 22;46:131-148.
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Figure 1.5: Small RNAs can regulate their target mRINAs in multiple ways.
Regulation of an mRNA target requires first base pairing with the respective sRNA in all described
mechanisms. The gene can thus be negatively (A+B) or positively (C+D) regulated. Mechanisms
for downregulation are translation inhibition by blocking the ribosome binding site (A) or recruting
endonucleases such as RNase E which mediates the target RNA degradation (B). Target genes can
also be upregulated: SRNA binding can make a previously blocked RBS accessible to the ribosome
and thus elevate translation (C). Moreover target mRNAs can be stabilized due to structural
changes which then prevent RNase cleavage (D). See main text for examples. Illustration modified
after Nitzan et al., 2017.
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UTR thus freeing the RBS by preventing
secondary structure formation (Majdalani
et al., 1998; reviewed by Papenfort & Van-
derpool, 2015 and Mika & Hengge, 2014).
Finally this allows translation of the alter-
native sigma factor RpoS. Another way
to activate a target gene is achieved by
stabilizing the mRNA transcript. This was
for example observed for the cfa mRNA
in E. coli which accumulates after being
bound by the SRNA RydC (Frohlich et al.,
2013). Besides that, sSRNAs can also act
as sponges. In B. subtilis the SRNA RosA
can bind the two target sSRNAs RoxS and
FsrA which in turn controls the target
RNA levels and also the regulatory ac-
tivity of the two sRNAs (Durand et al.,
2021). A similar observation was made in
R. sphaeroides, where an interaction of
two sSRNAs was described (Griitzner et al.,
2021). Both studies are special because of
a) the sponge function and b) the uncom-
mon sRNA-sRNA interaction (suggested
further reading: Figueroa-Bossi & Bossi,
2018).

The above illustrated five mechanisms
of sSRNA action are of course simplified
and do not cover all options of how sRNAs
may work. Often sSRNAs can bind multi-
ple RNA targets and participate in com-
plex regulatory networks where even single
sRNAs may activate some targets and re-
press other ones (Balbontin et al., 2010;
Jeon et al., 2021).

Rhodobacter sphaeroides — a metabolic
Jack of all trades

Small RNAs have been investigated in sev-
eral species and R. sphaeroides has be-
come a relevant model organism in this
field (Berghoff et al., 2009). The pur-

ple bacterium R. sphaeroides belongs to
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the class «-3 proteobacteria and is re-
lated to Sinorhizobium meliloti, Agrobac-
terium tumefaciens, and Brucella meliten-
sis, among other species of purple bacteria
(Woese et al., 1984; van Niel, 1944). Com-
pared to R. capsulatus, the cells are rel-
atively large, measuring 2.0 pm to 2.5 pm
in length (Imhoff, 2006). R. sphaeroides
thrives mainly in stagnant waters and has
two flagella (reviewed by Camarena &
Dreyfus, 2020 and de la Mora et al., 2015).
The genome of R. sphaeroides is composed
of two chromosomes CI (3.2 Mbp) and CII
(0.9Mbp) and five endogenous plasmids
with lengths between 0.37 Mbp to 1.1 Mbp.
Among them, chromosome CI has a DnaA-
dependent origin of replication (oriC, ori-
gin of replication C), but CII has a repABC
origin of replication that is completely inde-
pendent of DnaA (Choudhary et al., 2007).
Based on a recent taxonomic analysis of
gene composition and diverse phenotypic
characteristics, five Rhodobacter species
were assigned to the genus Cereibacter, in-
cluding R. sphaeroides (Hordt et al., 2020).
To ensure better comparability with previ-
ously published data, the established name
Rhodobacter sphaeroides was retained in

this work.

R. sphaeroides can generate ATP un-
der a wide range of environmental condi-
tions and is characterized by its marked
metabolic versatility. The purple bac-
terium produces ATP through aerobic res-
piration, anoxygenic photosynthesis, or
anaerobic respiration depending on the
oxygen partial pressure in the surround-
ing medium as well as on the light inten-
sity. In order to ensure an optimal energy
yield and at the same time to avoid the
formation of toxic by-products, for exam-

ple by reactive oxygen species, these pro-



cesses are regulated in a multilayered man-
ner (Pandey et al., 2011; Jager et al., 2007
Braatsch et al., 2002; Shimada et al., 1992).
In this context, the post-transcriptional
gene regulation mediated by sRNAs plays
a major role. Several small RNAs have
been described which are involved in these
complex networks: PcrZ is for example
expressed when the oxygen concentration
drops. It has a negative effect on selected
mRNAs from the photosynthetic gene clus-
ter (e.g. pucA and puc2A, both encode sub-
units form the light-harvesting complex)
and thus it balances and counteracts the
redox-dependent induction of photosynthe-
sis genes (Mank et al., 2012). Other sSRNAs
such as SorX and SorY are important dur-
ing the defense of singlet oxygen or during
photooxidative stress (Peng et al., 2016;
Adnan et al., 2015). A prominent role could
be attributed to StsR which is part of a
complex regulatory network. The sRNA is
transcribed in a RpoHI/RpoHII-dependent
manner during the late stationary growth
phase and modulates the rpoE messenger.
Since RpoE promotes RpoHII expression,
StsR. is part of a negative feed-back loop.
Moreover, several photosynthesis genes are
regulated by StsR either directly or indi-
rectly (see Chapter 5).

Auxiliary proteins increase efficacy of
sRINA mediated regulation

Annealing of trans-derived sRNAs with
their target RNAs is often facilitated by
RNA chaperones to accelerate the process
of regulation. The first helper enzyme to
be discovered in E. coli was the host fac-
tor for bacteriophage Qf RNA replication
(Hfq) which is the major RNA chaperone
in many organisms (e.g. reviewed in Up-
degrove et al., 2016 and Wagner, 2013).

Hfq forms a hexameric ring-like structure

and resembles the Sm-protein found in Eu-
karya and Archaea (Sauter et al., 2003).
Small RNAs are classified according to
their binding properties to Hfq: Class I
sRNAs bind to the proximal face of the
Hfq ring and also to the rim (Schu et al.,
2015; Figure 1.6). The target mRNA as-
sociates with the distal face, and pairing
of the two RNAs is mediated in sequence
regions which are not bound to Hfq. In
contrast, Class IT sSRNAs wrap around Hfq
binding the proximal and distal face. This
forces the mRNA to bind the rim, since
Hfq harbours only these three binding po-
sitions. Small RNAs belonging to Class
IT are considered to be much more stable
than those from Class I (Schu et al., 2015).
What both classes have in common, is that
the SRNA binding sequence is located in
proximity of Rho-independent terminators,
whereupon U-rich stretches are prefered to
bind the proximal face of Hfq (Otaka et al.,
2011). Aside from that, Hfq performs var-
ious other tasks. It interacts with rRNA
and thus influences ribosome biogenesis
and translation efficiency (Andrade et al.,
2018), and most likely affects tRNA matu-
ration (Lee & Feig, 2008). Also interactions
with RNA degrading enzymes (Andrade
et al., 2012) and the termination factor
Rho were observed (Rabhi et al., 2011),
highlighting a role for Hfq which is beyond
a simple base-pairing promoting function
(reviewed by dos Santos et al., 2019).
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Due to copyright restrictions, this figure
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published as Figure 3 in:
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Figure 1.6: Small RN As bind E. coli Hfq
in different regions of the protein.

Small RNAs are classified according to their
binding sites to Hfq. Class I bind the proximal
face (colored red) of Hfq and the rim (col-
ored purple), Class IT sRNAs associate with
the proximal and distal face (colored blue) by
folding around Hfq forcing the target mRNA
to bind the Hfg rim. Binding to the proximal
face is facilitated by long U-stretches. Repeats
of (A-R-N), (adenine, purine nucleotide, any
nucleotide) bind the distal face. UA-rich se-
quences are often found to attach to the rim.
For more details see main text. Illustration
modified after Schu et al., 2015.

Two other major RNA-binding proteins
(RBPs) were identified and characterized:
CsrA was first described as an regulator,
which among other things controls differ-
ent pathways of glycogen metabolism (Sab-
nis et al., 1995; Yang et al., 1996) and
was later found to be involved in sRNA-
mRNA binding in E. coli (Potts et al.,
2017) and B. subtilis (Miiller et al., 2019).

26

However, its significance in SRNA binding
seems to be low compared to Hfq. ProQ
as a third sSRNA binding protein gained
attention in recent years (Smirnov et al.,
2016; Olejniczak & Storz, 2017). In S. en-
terica it promotes stability of the sRNA
ligands (Smirnov et al., 2016). Subsequent
CLIP-seq experiments revealed that E. coli
and S. enterica ProQ binds preferentially
sRNAs and also mRNA 3’ UTRs, which is
based on structural and not sequence mo-
tifs (Holmqvist et al., 2018). Most sRNAs
could be crosslinked exclusively to Hfq,
CsrA or ProQ and only a small fraction
was linked to two or even all three pro-
teins (Holmqvist et al., 2018). Neverthe-
less, not all species harbour genes cod-
ing these RNA chaperones. Hfq can be
found in «-, -, y-, and &-proteobacteria
(Sun et al., 2002), and a structural ho-
molog in cyanobacteria (Bgggild et al.,
2009), whereas species from the group of
e-proteobacteria (e.g. Campylobacter je-
juni and Helicobacter pylori) lack both hfq
and proQ (Quendera et al., 2020). Other
species of the a-proteobacteria (e.g. R.
sphaeroides) seem to harbour exclusively
Hfq.

UTR-derived sRNAs

During the first years after discovery, or-
phan sRNAs were regarded as the classical
and only type of SRNA. They are located
intergenically, transcription starts at an
own promoter sequence and stops at a ter-
minator structure. First published in 2015,
mRNA 5 (e.g. Weber et al., 2016) and
3’ UTRs (e.g. Miyakoshi et al., 2015 and
Chao & Vogel, 2016) were recognized as
reservoirs for sRNAs in different organ-
isms (Figure 1.7). In contrast to orphan
sRNAs, which only require transcription to
be functional, UTR-derived sRNAs have
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Figure 1.7: Genomic origins of sRNAs.

A small RNA can be located intergenic as an orphan gene, in mRNA 5/3' UTRs or also be on
the opposite strand of the coding gene (anti-sense). A recent study points also to the existence of
intragenic sSRNAs in E. coli. Illustration modified after Hor et al., 2020.

to be matured by processing from a co-
transcript consisting of the protein cod-
ing sequence and the small RNA. Besides
UTRs as sRNA sources, a first study based
on RNA sequencing also suggests the pres-
ence of intragenic SRNAs in E. coli (Dar &
Sorek, 2018). One of the first UTR-derived
sRNAs to be characterized was the CpxQ
sRNA in S. enterica (Chao & Vogel, 2016).
As a consequence of inner membrane dam-
age, the gene of the membrane stress rele-
vant chaperone CpxP is transcribed. In the
next step, the SRNA is derived from the 3’
UTR of the cpxP mRNA by RNase E cleav-
age. After this maturation step, the trans-
lated protein and the functional sRNA
can both counteract membrane stress ei-
ther by refolding necessary proteins or by
post-transcriptionally regulating the ex-
pression of required genes. In R. sphae-
roides, several UTR-derived sRNAs were
characterized in the last years (e.g. Weber
et al., 2016; Peng et al., 2016; Griitzner
et al., 2021). The four homologous sRNAs
CcsR1-4 are part of the oxidative stress
defense and are co-transcribed with ccaF1,
the gene which is located upstream. After
transcription, RNase E is responsible for
maturation (Billenkamp et al., 2015) and
PNPase promotes degradation (see Chap-
ter 2). Remarkably the DUF1127 protein

CcaF1 binds its own co-transcript and is
necessary for a correct maturation of the 3’
UTR-derived sRNAs CcsR1-4 (see Chapter
4).

Although examples from different organ-
isms are characterized, the exact number
of UTR-derived sRNAs is still unknown
in many species. Based on a global ana-
lyis and in vivo validation, the relevance
of UTR-derived sRNAs was depicted in
R. sphaeroides. Approximately 38 % (30
of 79 in total) of all SRNAs are predicted
to originate from 5'/3’ UTRs and are re-
leased from mRNA transcripts by ribonu-
cleolytic cleavage. RNase E, RNase IIT and
PNPase were confirmed to maturate or
process these small RNAs in vivo, whereas
endonucleolytic cleavages by RNase E are
predicted to be most important for 3" UTR-
derived sRNAs (see Chapter 2 and Chapter
3). This study illustrates that SRNAs from
UTRs are not a fancy and rare variant but
seem to be rather common, at least in R.
sphaeroides. Large scale experiments and
RNA sequencing in other model organisms
will reveal whether these observations hint

to a general trend in proteobacteria.
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Linking sRNAs and RNases creates
new regulatory networks

Of course the very existence of UTR-
derived sRNAs raises immediately the
question as to why such a genomic orga-
nization could be beneficial. One simple
answer could be that both components
of mRNA-sRNA co-transcripts work to-
gether in similar pathways and that they
form an operon like unit. This was re-
ported in several cases so far, for example
NarK/NarS (nitrite respiration in S. enter-
ica; Wang et al., 2019), CpxP/CpxQ (inner
membrane stress response in S. enterica;
Chao & Vogel, 2016), OmpR1/SorX (ox-
idative stress response in R. sphaeroides;
Peng et al., 2016; Zhao et al., 2018), and
RhIS/RhIL (quorum sensing in P. aerugi-
nosa; Thomason et al., 2019). Similar to a
regular operon, this arrangement ensures
a defined stoichiometry of all components.
This principle is well illustrated by the ex-
ample of photosynthesis gene regulation
in R. sphaeroides and R. capsulatus. The
genes pufQBALMX of the puf operon are
co-transcribed (Belasco et al., 1985) and
then directly processed by RNase E. Pro-
cessing fragments possess stabilizing stem-
loop structures that protect against fur-
ther degradation by RNase E (stem-loop
structure in 5 UTR of pufB; Heck et al.,
1996) or 3'-to-5" exoribonucleases (stem-
loop structure at RNA 3’ end; Klug et al.,
1987). As a result, the fragments have dif-
ferent half-lives and are therefore present in
fixed stoichiometric ratios. These specific
differences in mRNA stability are necessary
to ensure a correct ratio of the respective
gene products (Klug et al., 1987).

But this is only one part of the story.
Assuming a 1:1 ratio, such a model could

also be achieved if the protein coding gene
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and the SRNA gene would each have its
own promoter with the very same sequence.
Instead, at least one more processing step
is required for the UTR-derived small RNA
to become functional. As illustrated in the
example of the puf operon, the resulting
ratios of the gene products are fixed. In
this specific case this is useful, since the
photosynthetic complexes encoded by the
puf genes need to be composed in a fixed
protein ratio in order to ensure a proper
functionality. In other pathways, circuits
or protein complexes, things might look
very different and a dynamic change of
ratios can be required. This is where UTR-
derived sRNAs and RNases come into play:
Adding the sRNA processing as an addi-
tional step of post-transcriptional gene reg-
ulation, the SRNA levels can be modulated
if needed. This can range from a simple
ON/OFF switch (sRNA is processed or
not processed) to gradual changes in sSRNA
abundance which can be fine-tuned. So the
extra layer of regulation allows dynamic
modulation of the transcriptome composi-
tion, depending, for example, on RNase ac-
tivity or RNase levels under certain (chang-

ing) growth conditions (Figure 1.8).

This mechanism is particularly useful
if another layer of regulation needs to be
integrated in a regulatory network, for ex-
ample in the type I toxin-antitoxin system
tisB-istR1. The protein TisB is expressed
upon DNA damage and leads to severe
effects for the cell. This is why a multi-
layered and tight gene regulation is neces-
sary (Vogel et al., 2004; Unoson & Wag-
ner, 2008). The tisB primary transcript
(inactive +1 tisB mRNA variant) cannot
be translated since the ribosome binding
site is covered in a highly structured 5’
UTR (Darfeuille et al., 2007). Only after



the mRNA is processed by an endonucle-
olytic cut (active 442 tisB mRNA variant)
can translation start (reviewed by Wag-
ner & Unoson, 2012; Berghoff et al., 2017).
In this case ribonucleolytic cleavage en-
sures a transcriptional/translational un-
coupling which acts as an additional bar-
rier to protect the cell. At the same time,
tisB translation is counteracted by bind-
ing of the 07°-dependent antitoxin SRNA
IstR1 which blocks the ribosome standby
site and promotes the RNase III mediated
co-degradation of sSRNA and mRNA (Dar-
feuille et al., 2007).

Conclusion and perspective

This work provides novel and important
aspects of UTR-derived sSRNA maturation
and thus contributes to a better under-
standing of post-transcriptional gene regu-
lation in bacteria. Using in vivo data and
predictive approaches the study system-
atically depicts the maturation of UTR-
derived sRNAs and reveals RNase E,
RNase III and PNPase as enzymes of ma-
jor importance for this process. It high-
lightes furthermore, that on a genome
wide scale SRNAs originating from mRNA
5 or 3’ UTRs are not a fancy variant
but are a common type of small regula-
tory RNA in the o-proteobacterium R.
sphaeroides. Even considered individually,
RNases and small RNAs are key play-
ers of post-transcriptional gene regulation
because they control the general RNA
turnover as well as target specific regu-
lation. But when both elements are linked,
the regulatory power even increases since
the sSRNA levels can be modulated in a fine
balanced and condition-dependent manner
in addition to the transcriptional regula-
tion (Figure 1.8).
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Figure 1.8: RNases and sRNAs work to-
gether in post-transcriptional gene reg-
ulation.

Endo- (scissors) and exonucleases (Pacman)
are crucial for post-transcriptional gene regu-
lation in bacteria. They are responsible for the
regular RNA turnover and also for the sSRNA
mediated decay: SRNA-mRNA duplex forma-
tion often promotes mRNA cleavage by en-
donucleases such as RNase E or RNase III. Fur-
thermore sSRNAs can also stabilize the target
(e.g. sSRNA GadY, a roadblock for decay is as-
sumed as mechanism (indicated by a stop sign),
Frohlich & Vogel, 2009). The involved small
RNASs can be orphan or derived from an mRNA
5" or 3 UTR. In this case at least one addi-
tional processing step (commonly catalyzed
by RNase E) is necessary after transcription
of the mRNA-sRNA co-transcript. Lollipop
structure indicates a Rho-independent termina-
tor. mRNA transcripts are colored blue/green,
sRNAs are colored orange. CDS: coding se-
quence.

Having the required tools and expertise
at hand, prospecitve investigations could

go one step further: Different types of RNA-
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seq approaches, especially TIER-seq (tran-
siently inactivating an endoribonuclease
followed by RNA-seq), of as much mutant
strains as possible lacking RNA process-
ing enzymes could provide the information
for a new type of data base. Enhanced
bioinformatic tools could then reveal the
processing and degradation patterns for ev-
ery single transcript of an organism. Com-
bining these data with other genome wide
predictions such as transcription start sites,
terminators or protein binding sites would
allow monitoring of the fate of every RNA
‘from the cradle to the grave’. However,
since the overall goal is not just to accu-
mulate complex data but to understand
cellular processes, it remains important to
unravel gene functions and make sense of
the data from a biological point of view.
This is why only a strong collaboration of
predictive and microbiological approaches
will justify such a meta-omics database
which could help to shed light on the often

still dark regulatory networks.
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Abbreviations

The following abbreviations are used in

this chapter:
asRNA

CDS coding sequence

anti-sense small RNA

CLIP-seq cross-linking immunoprecipita-

tion followed by RNA-seq
CTH C-terminal half of RNase E
GRAS
NGS next generation sequencing
NTH N-terminal half of RNase E
PHA poly-3-hydroxyalkanoate
PHB poly-3-hydroxybutyrate
RBP RNA-binding protein

generally regarded as safe

RBS ribosome binding site

RNA ribonucleic acid

ROS reactive oxygen species

SD Shine-Dalgarno sequence

TEX terminator 5'-phosphate depen-

dent 5'-to-3' exoribonuclease
TIER-seq transiently inactivating an
endoribonuclease followed by

RNA-seq

tmRNA  transfer-messenger RNA
TSS transcription start site
Uds UTR-derived sRNA

uv ultraviolett
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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 Ill 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 Il 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 573" 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 rue
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
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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 ug/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 ™ tem™! for bacteriochlorophyll 4, 128 mM™ Lem !
for carotenoids) published in [35].

Spot assay

A volume of 5 pl 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 pM 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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Fig. 2 The pnp mutant and the wild type strain differ in growth behaviour, pigmentation as well as in growth under different temperatures and
under organic peroxide stress. a Schematic overview of the pnp operon. In the pnp mutant, the KH-ST domains were deleted and substituted
with a gentamicin resistance gene. A stop codon was inserted at the end of the remaining pnp coding region. Upper panels show the RNA read
coverage in the wild type and pnp mutant strain. b The pnp mutant grows slower than the wild type under microaerobic cultivation and does
not reach the wild type optical density during stationary phase when cultivated under phototrophic conditions. Red: wild type; blue: pnp mutant;

growth condition

n =3. ¢, d Exponentially growing pnp mutant cultures exhibit reduced carotenoid and bacteriochlorophyll a (Bchl a) concentrations under
microaerobic conditions in comparison to the wild type strain. Phototrophically cultivated, the pigment concentrations are increased in the
mutant. The p-values were calculated using two-sided Student's t-test (*: p < 0.05; n.s.: not significant). @ On solid malate minimal agar, the
growth of the pnp mutant strain is strongly impaired when the plates are incubated at 4 °C or 42 °C. The organic peroxide tBOOH (300 uM final
concentration) diminishes growth of the wild type but prevents growth of the pnp mutant strain. Biological triplicates are shown for each

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
[y**P]-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 3min 15 s 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.ncbinlm.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 or>+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 pmp 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 pmp 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 ODggp. 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 pnp mutant exhibited repeatedly higher pigment
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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 or2+1 and an adjusted p-value <0.05 (Benjamini
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Fig. 3 The Rhodobacter sphaeroides transcriptome composition is strongly influenced in the PNPase mutant. a Volcano plot of the observed log,-
fold changes based on RNA-Seq data analyzed with DESeq2. Genes with significant change in abundance are colored red (adjusted p-value
<0.05, log,fold change £ —1 or = + 1, basemean 250) and pink (adjusted p-value <0.05, log,-fold change < — 1 or > + 1, basemean < 50). Grey
dots: adjusted p-value > 0.05 or — 1 <log,-fold change 2 + 1. Altogether the transcripts of 334 genes were observed to differ in a statistically
significant manner and exhibited a basemean above the threshold. b Feature-wise distribution of these significant genes, classified in decreased
and increased abundance (pnp mutant/wild type). Most tRNAs and all rRNAs showed a reduced abundance in the mutant strain. x-axis: feature
class; y-axis: percentage of differentially expressed genes per feature class [%] €) Comparison of data computed with DESeq2 and baySeq, which
show a very good match. Almost all transcripts that are lower abundant in the pnp mutant according to DESeq? (log,-fold change (pnp/wt) < 0)
are also classified to be lower abundant by baySeq (pnp < wt) and vice versa. Since baySeq does not provide p-values, the color coding
represents the square root of the product of the false discovery rate (FDR, obtained from baySeq) and the adjusted p-value (obtained from
DESeq2). Every dot represents one gene
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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 pnmp 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 SRNAs 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, Plocinski 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 (pmp mutant/wild type) according to the
DESeq2 analysis was also observed to be lower abundant
in the pnmp 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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Fig. 4 a+ b Northern blot analysis of the SRNAs CcsR1, SorY, UpsM, IGR_1711_rpsL and 5" UTR RSP_6083. Total RNA was isolated during
exponential growth phase (ODggo = 0.45) from microaerobic cultures of wild type or pnp mutant. Loading control: 55 rRNA. The barchart
illustrates the log,_fold changes within the indicated sRNAs. n = 3. ¢ Wild type and pnp mutant cells were cultivated under microaerobic
conditions until exponential phase. Samples were harvested before (to) and after (ts-tso) addition of 0.2 mg/ml rifampicin. Total RNA was isolated
and used for Northern blot analysis. Loading control: 55 rRNA. d The signal intensities for the indicated probes were normalized to the 55 rRNA
signal, timepoint ty was set to 1. x-axis: minutes after addition of 0.2 mg/ml rifampicin; y-axis: relative signal intensity. Solid lines represent mean
value for biological triplicates, light colors indicate the standard deviation (n = 3). Blue: pnp mutant; red: wild type. The full-length Northern blots
are presented in Supplementary Fig. S4, S5, S6 and S7, Additional file 1

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 Hfq-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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