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Abstract

The cellular concentration of a given RNA is the result of the balance
between its synthesis and degradation. Both DNA transcription and RNA decay
control the final levels of each protein in the cell. BolA is an Escherichia coli (E. coli)
protein, which induces changes in cell morphology when present in high levels.
BolA expression is regulated by two different promoters, a sigma 70 (o7)
promoter responsible for the basal levels of this gene in exponential phase and a
sigma S (0%) gearbox promoter important in stress situations and stationary phase

of bacterial growth.

The first objective of this PhD work was to further characterize the
expression of the bolA gene. Based on bioinformatic analysis, we have identified
the H-NS protein as a putative transcriptional regulator of BolA. H-NS is a
relatively small protein, abundant in bacterial cells and is often compared to
eukaryotic histones due to its high affinity for DNA. In order to clarify the
possible role of H-NS in BolA transcription, we have constructed an hns E. coli
mutant. This mutant was compared to the wild type regarding the levels of bolA
mRNA transcript and in vitro DNA-protein interaction studies were performed.
These experiments allowed us to demonstrate that H-NS is able to down-regulate
the levels of bolA mRNA in exponential phase and bind to the bolA promoter
region. In addition, the DNA-protein interaction studies revealed that H-NS has a
special affinity to the curved bolA promoter region encompassing both bolAlp

and bolA2p promoters.

In the second part of this doctoral project, the aim was to study the
specific role of BolA as a transcription factor and characterize its role in cell
division and cell shape maintenance. In poor growth conditions, BolA is essential

for normal cell morphology in stationary phase and under conditions of

xXvii



starvation. Previous studies have revealed the influence of BolA in the
transcription of different genes involved in cell wall synthesis, such as the mRNA
levels of the penicillin binding protein 5 (PBP5) and penicillin binding protein 6
(PBP6). We studied the effect of BolA overexpression in growing cells and
showed that this protein can inhibit the cell elongation mechanism. Furthermore,
by RT-PCR and dot-blot experiments, we demonstrated that this inhibition is
caused by a reduction of mreB mRNA levels. Protein levels were also studied, and
the effect observed at the mRNA level was reflected in the amount of MreB
protein. For the first time BolA has been shown to bind DNA and directly
regulate the levels of MreB. MreB filaments are crucial for the bacterial cell
cytoskeleton and are essential for the maintenance of a cellular rod shape. The
inhibitor effect of BolA on MreB levels might be enough to prevent filament
polymerization. Thus, BolA induced morphology is involved in a complex

pathway that comprises PBP5, PBP6 and MreB regulation.

The conclusions obtained until this point were quite important for the
regulation of a gene with such pleiotropic effects in cell shape maintenance and
its functional characterization. To pursue our task of understanding the role of
BolA as a new transcription factor, we performed microarrays to study the global
effect of BolA in E. coli transcription regulation. Our results displayed a great
variety of genes affected by the presence of BolA in the cell. These genes are
related not just with cell morphology but also with cell metabolism, cell motility
and stress response. Among the stress response genes, sigma E (0F) was the
unique polymerase subunit to be significantly affected at the mRNA level by
BolA. In E. coli one of the key pathways involved in maintaining cell envelope
integrity during stress and normal growth is controlled by oF. The regulation of
this sigma factor by BolA was assayed by northern blot and confirmed. It is

known that sigma oF is involved in the regulation of at least three important E.
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Abstract

coli small RNAs (sRNAs) that control different outer membrane porins (OMPs)
during the envelope stress response. In order to establish a relationship between
the BolA properties to alter the OmpC/OmpF ratio, we analyzed the possibility of
OMP-related sRNAs being affected. Our results showed several sSRNAs varying
with the BolA presence during the exponential growth of cells. From the three
sRNAs regulated by of, RybB and CyaR were both overexpressed when the cells
grow in the presence of elevated BolA. Moreover, the levels of six other sSRNAs
were also affected, either negatively or positively. The mechanism of regulation is
still not clear. However, preliminary experiments showed that apparently, BolA is
not influencing sRNAs stability, and probably the regulation is at the

transcription level.

Although transcription is quite important to determine steady-state levels
of a given mRNA, post-transcriptional control is critical in the regulation of gene
expression. To finalize this doctoral study I also dedicated some time performing
studies on the post-transcriptional regulation of gene expression. RNases are the
enzymes that intervene in the processing, degradation and quality control of all
types of RNAs. RNase R is a processive 3’-5" exoribonuclease that belongs to the
RNase II family of enzymes that is expressed in high amounts when cells are
faced with a stress challenge. This protein has been implicated in the virulence
mechanisms of different pathogenic organisms. In Streptococcus pneumoniae (S.
pneumoniae), there is a unique homologue of the RNase II family of enzymes that
was shown to be a RNase R-like protein. We challenged cells growing in different
temperatures, and we observed that RNase R responds to cold shock, increasing
its mRNA and protein levels. Analysis of the S. pneumoniae genome showed that
RNase R is upstream and overlapping with the smpB gene open reading frame.
The latest observation gave rise to studies based on the relationship between

these two partners in the cell surveillance system called trans-translation. This
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quality control mechanism targets the degradation of mRNAs without a stop
codon, their respective abnormal proteins and rescues the stalled ribosomes. In
collaboration with Doctor Paloma Lépez (Centro de Investigaciones Bioldgicas,
Madrid) and Doctor Ménica Amblar (Centro Nacional de Microbiologia, Instituto
de Salud Carlos III, Madrid) we have constructed S. penumoniae RNase R and
SmpB mutants and studied the possible inter-regulation of these two partners.
Our results showed that RNase R protein levels are dependent on the SmpB and
vice-versa. Furthermore, the smpB mRNA levels were significantly higher in the
rnr mutant strain, indicating a possible role of this ribonuclease in the

degradation of smpB transcript.

The work of this dissertation further characterized the role of E. coli BolA
protein in terms of its complex network of regulation and on its influence in cell
morphology and envelope maintenance. Moreover, the characterization of RNase
R and its possible impact in the trans-translation process can be applied to better

understand its role in gram-positive human pathogens such as S. pneumoniae.
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Resumo

A concentragdo celular de RNA € o resultado de um balango entre a sua
transcricao e a sua degradacao. Estes dois processos permitem controlar o nivel
de proteina final na célula. A proteina BolA de Escherichia coli (E. coli) induz
modificagdes na morfologia ceuluar quando presente em grandes quantidades. A
nivel transcripcional, a expressao do seu gene é regulada por dois promotores. A
expressao basal deste gene na fase exponencial de crescimento é controlada pela
proteina sigma 70 (07°). Em situagOes de stress ou em fase estaciondria do
crescimento a proteina sigma S (0%) é responsavel pelos seus niveis de expressao a

partir de um promotor “gearbox”.

O primeiro objectivo deste trabalho foi a continuagao da caracterizacao da
expressao do gene bolA. Com base em analises bioinformaticas, identificAmos um
possivel regulador da expressiao do gene bolA, a proteina H-NS. Esta é uma
proteina relativamente pequena, abundante nas células bacterianas e
frequentemente comparada com as histonas de células eucariotas devido a sua
grande afinidade para moléculas de DNA. De forma a estudar o possivel efeito da
proteina H-NS na transcri¢ao do gene bolA em E. coli, construimos um mutante
desta proteina e compardmos os niveis de RNA mensageiro do gene bolA entre
este mutante e a correspondente estirpe selvagem. Adicionalmente foram
também efectuados estudos in vitro de forma a determinar a interac¢ao DNA-
proteina. Os resultados obtidos permitiram demonstrar que em fase exponencial
a proteina H-NS se liga a regido promotora do gene bolA reduzindo a sua
expressao. Além do mais, as interacgdes DNA-proteina revelaram que a proteina
H-NS tem uma grande afinidade para a regiao reguladora a montante do gene
bolA que engloba os dois promotores responsaveis pela sua transcrigao, regiao

esta que por analise bioinformatica apresenta uma curvatura.
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Na segunda parte deste trabalho, o objectivo foi estudar a fun¢ao da
proteina BolA como factor de transcricdo. Em condi¢des de crescimento nao
favoraveis, como por exemplo fase estacionaria, a proteina BolA é essencial para
manter a morfologia das células. Estudos anteriores mostraram ainda a influéncia
desta proteina na expressao de varios genes cujos produtos estao envolvidos na
sintese da parede celular, tais como os genes dacA e dacC que codificam para as
proteinas PBP5 e PBP6. Neste contexto, estudamos o efeito da sobre-expressao da
proteina BolA durante o crescimento celular e mostramos que esta proteina inibe
o mecanismo de alongamento celular. Adicionalmente, utilizando RT-PCR e RNA
dot-blot, demonstramos que esta inibi¢do é causada pela reducdo dos niveis de
RNA do gene mreB. Os niveis celulares da proteina MreB foram também
analisados e o efeito observado ao nivel do RNA reflecte-se também nos niveis de
proteina detectada. Foi demonstrado pela primeira vez que a proteina BolA tem a
capacidade de se ligar ao DNA e acima de tudo, que é um regulador da
transcrigdo do gene mreB. A proteina MreB é caracterizada por se polimerizar em
forma de hélice distribuida ao longo da célula, sendo uma proteina essencial para
a manutencdo da forma de bacilo. O efeito inibidor da proteina BolA nos niveis
da proteina MreB podem ser assim suficientes para a prevencao da formagao dos
filamentos. Concluiu-se entdo que as alteragdes morfologicas causadas pela
proteina BolA deverao envolver uma complexa rede que compreende as

proteinas PBP5, PBP6 e MreB.

As conclusdes obtidas até este ponto foram de elevada relevancia para a
compreensao da funcdo de uma proteina com variados efeitos na morfologia
celular. De forma a prosseguir os estudos relativos a funcdo da proteina BolA
como factor de transcricado, realizdmos estudos de transcriptdmica para avaliar o
seu efeito global na célula. Os resultados obtidos foram surpreendentes e

mostraram que este regulador afecta a expressao de uma grande quantidade de
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Resumo

genes. Esses genes ndo estdo somente relacionados com morfologia celular, mas
também com o metabolismo, a motilidade e a resposta a stress. De todos os
factores sigma envolvidos na resposta a stress, a proteina sigma E (oF) foi a tinica
que se observou estar significativamente afectada a nivel transcricional pela
presenca da proteina BolA. E sabido que em E. coli uma das vias mais importantes
na manutan¢do da integridade da parede celular é controlada por of. Os efeitos
observados a nivel da regulacdo da expressao desta sub-unidade da polimerase
foram analisados e confirmados por northern blot. Adicionalmente, sabe-se que a
proteina oFf estd envolvida na regulagdo da expressiao de pelo menos trés
pequenos RNAs (sRNAs) que estao envolvidos no controlo da expressao de
diferentes proteinas da membrana externa (OMPs) em situagdes de stress
relacionado com a membrana celular. De forma a estabelecer uma relagao entre a
proteina BolA e as alteragdes no racio OmpC/OmpF anteriormente observadas,
analisou-se a possibilidade dos sSRNAs relacionados com a expressao das OMPs
estarem a ser afectados a nivel transcripcional. Os resultados obtidos mostraram
que na presenga da proteina BolA em fase exponencial, ha oito sRNAs distintos
regulados a nivel transcripcional. Dos trés que se sabem ser regulados pela
proteina of, RybB e CyaR foram aqueles que se observou apresentarem maior
variagdo na presenca de uma elevada concentracao de BolA. O mecanismo de
regulacdo pelo qual a proteina BolA afecta a expressio dos sRNAs é
desconhecido. Contudo, resultados preliminares mostram que a proteina BolA
nao parece afectar a estabilidade dos sSRNAs e que provavelmente estara a ter um

papel fundamental no controlo da transcri¢ao dos mesmos.

Embora o controlo da transcri¢ao seja muito importante para os niveis de
mRNA na célula, o controlo pds-transcripcional desempenha também um papel
critico nos niveis finais de mRNA. A parte final desta dissertagdo foi dedicada a

realizagdo de estudos pos-transcripcionais da expressao génica. As RNases sao
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enzimas que intervém no controlo da degradacdo, processamento e controlo de
qualidade de todos os tipos de RNAs na célula. A proteina RNase R, uma
ribonuclease da familia da proteina Rnase II, esta caracterizada como sendo capaz
de degradar RNAs estruturados no sentido 3’-5 sendo expressa em maior
quantidade situagdes de stress. Esta proteina esta ainda envolvida em
mecanismos de viruléncia de diferentes agentes patogénicos. Em Streptococcus
pneumoniae (S. pneumoniae), foi recentemente descrita uma proteina homologa
estruturalmente e bioquimicamente muito semelhante a RNase R de E. coli. De
forma a prosseguir com os estudos efectuados sobre esta enzima, diferentes
culturas de células de S. pneumoniae foram sujeitas a diferentes temperaturas
observando-se, tal como em E. coli, um aumento dos niveis de mRNA que
codifica esta enzima, assim como os niveis da expressio da proteina.
Adicionalmente, por andlise bioinformatica do genoma de S. pneumoniae,
observou-se que neste organismo, a proteina RNase R esta localizada a montante
do gene smpB e a sua extremidade 3’ sobrepdem-se com a extremidade 5 desse
mesmo gene. Sendo que estes dois genes codificam para duas proteinas
importantes envolvidas no mecanismo de controlo de qualidade “trans-
translation”, o possivel significado bioldgico da sobreposicao destes dois genes foi
alvo de estudo. O mecanismo “trans-translation” esta envolvido na degradacao
de mRNAs abrerrantes, como por exemplo, mRNAs que ndo possuem codao
stop, e libertagao dos respectivos ribossomas que ficam impedidos de continuar a
tradu¢do dos mRNAs. Em colaboracdo com a Dra. Paloma Lopez (Centro de
Investigaciones Bioldgicas, Madrid) e Dra. Ménica Amblar (Centro Nacional de
Microbiologia, Instituto de Salud Carlos III, Madrid), construimos mutantes das
proteinas RNase R e SmpB de S. pneumoniae e estudamos a possivel inter-
regulacao destes dois parceiros. Os resultados obtidos mostraram que os niveis
da proteina RNase R sao dependentes da proteina SmpB e vice-versa.

Adicionalmente, observou-se que os niveis de mRNA de smpB sao
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Resumo

significativamente mais elevados numa estirpe mutante do gene rnr, indicando

uma possivel fung¢ao desta ribonuclease na degradacao do transcrito smpB.

O trabalho descrito nesta dissertacdo contribuiu para a caracterizacao da
proteina BolA de E. coli relativamente a sua complexa rede de regulacao,
respectiva influéncia na morfologia celular e manutencao da homeostase da
membrana celular. Alvo deste estudo foi também a caracterizacdo e analise do
envolvimento da RNase R de S. pneumoniae na regulacdo da expressao do gene
smpB, que codifica para uma proteina importante no mecanismo “trans-
translation” permitindo desta forma progredir no conhecimento do papel desta

RNase neste agente patogénico humano.
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Dissertation Outline

This Dissertation is divided into six chapters.

Chapter one consists of a general introduction on transcription and post-
transcriptional regulation of gene expression. A particular emphasis is given to

BolA, small non-coding RNAs and RNase R, the main focus of this Dissertation.

Chapter two consists of an article published in the Biochemical and Biophysical
Research Communications in which the author of this dissertation played a major
contribution. A mutant of hns was constructed and the influence of H-NS protein
in bolA transcription was studied, leading to important conclusions regarding the

regulation of this E. coli morphogene.

In chapter three the role of BolA as a transcription factor and the characterization
of its role in the cell division and cell shape maintenance were analysed. We
studied the effect of BolA overexpression in growing cells and showed that this
protein acts as a transcription factor and inhibits cell elongation mechanism. This
chapter is presented as a manuscript that was published in the Journal of Molecular

Biology.

Chapter four is centred in the newly found characteristic of BolA as a
transcription factor. We performed microarrays to study the global effect of BolA
in E. coli transcription regulation. We showed that the stress sigma factor E and
outer membrane proteins related sRNAs are affected by BolA in exponential

phase of cell's growth and discuss the importance of this regulation.
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Dissertation Outline

Chapter five focuses on the post-transcriptional regulation of gene expression in
the human pathogen bacteria Streptococcus pneumoniae. The main focus of this
chapter was to study the expression of RNase R in cold-shock and its involvement
in the trans-translation system. This chapter was submitted to Journal of Molecular

Biology.

To finalize, Chapter six is the final discussion that brings together all the

conclusions from the other chapters and proposes future perspectives.
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Abbreviations

A adenine

Amp ampicillin

ATP adenosine triphosphate

bp base pair

BSA bovin serum albumine

B. subtillis Bacillus subtillis

°C degree Celsius

C citosine

CDS cold shock domain

Cm chloramphenicol

cpm counts per minute

A deletion

Da dalton

DTT dithiothreitol

dATP 2’-deoxyadenosine 5'-triphosphate
DNA deoxyribonucleic acid

DNase deoxyribonuclease

dsDNA double stranded DNA

dsRNA double stranded RNA

E. coli Escherichia coli

EDTA ethylenediaminetetraacetic acid
EF-Tu elongation factor TU

EMSA electrophoretic mobility shift assay
G guanine

g relative centrifugal force

GFP green fluorescence protein

Glu glutamate

h hour

His histidine

H-NS histone-like nucleoid structuring protein

HU heat unstable protein

IHF integration host factor
IPTG IsoPropyl-p-D-thiogalactopyranoside
Kan kanamycin

Kb kilobase

Kb dissociation constant
kDa kilodalton

L liter

LB luria- bertani broth
Log logarithm

M molar/ molarity (mol/L)
mg milligram

pg microgram

pl microliter

pM micromolar

Mg magensuim

ml milliliter

min minute

mM milliMolar

mmol millimole

Mol mole

Mr molecular mass
mRNA messenger RNA
ng nanogram

MW molecular weight
nM nanoMolar

nmol nanomole

nt nucleotide

OD optical density
Oligo oligonucleotide
o.n. over night

OREF open reading frame
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32P phosphorus 32 radionucleotide
PAA polyacrylamide

PAGE polyacrylamide gel electrophoresis
PAP I Poly(A) Polymerase I

PBP penicillin binding protein

PBS phosphate-buffered saline buffer
PCR polymerase chain reaction

pmol picomol

PNPase polynucleotide phosphorylase
Poly(A) polyadenylate

psi pressure unit

RBS ribosome binding site

rcf relative centrifugal force

RNA ribonucleic acid

RNase ribonuclease

rpm rotations per minute

rRNA ribosomal RNA

RT reverse transcriptase

RT-PCR reverse transcriptase polymerase chain
reaction

s second

SDS sodium dodecyl sulfate

SOC SOB ("Super Optimal Broth") with glucose
S. pneumoniae Streptococcus pneumoniae
sRNA small RNA
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Introduction

Environmental changes induce adaptive cellular responses that can lead to
alterations in the genetic expression and physiology of the cell. These
modifications allow the cell to survive and adapt to the new environment.
Regulation of transcription allows controlling the concentration of an RNA
molecule during its synthesis. Gene products are conserved among different
species of bacteria and the extraordinary variety of bacterial life results from
differences in the relative amounts of these products and in the timing of their
expression. Regulation can occur at every step on the pathway to gene expression
(Browning and Busby, 2004). mRNAs vary greatly in stability and alterations in
mRNA decay have a very high impact in cellular processes. The cellular
concentration of a given RNA is the result of the balance between its synthesis
and degradation. Both transcription and decay control the levels of each protein
in the cell. Regulating gene expression at the messenger level is of utmost
importance to give adaptability in the context of the small genome size found in

prokaryotes where transcription and translation are coupled.

Transcription Translation

DNA RNA —— Polypeptide

nucleotides

Fig. 1. Schematic representation of transcriptional and post-transcriptional control of gene
expression in bacteria. In a first step DNA is transcribed in RNA. The new synthetized RNA can
be translated in a protein or be degraded in nucleotides that can be used by the cell. The
cellular level of any given RNA/protein is a function of both its rate degradation as well as its
rate of synthesis. RNA will be the object of study in this work.
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Transcriptional Regulation

The central component in transcriptional regulation in bacteria is the multi-
subunit DNA-dependent RNA polymerase, which is responsible for all
transcription (FIG. 2) (Browning and Busby, 2004; Ebright, 2000; Murakami et al.,
2002). In bacteria, RNA polymerase exists in two different states. One form,
known as the core enzyme, can catalyse RNA synthesis but is unable to bind to
the promoters in the DNA sequence. The second form of RNA polymerase, the

holoenzyme, is capable of both RNA synthesis and promoter recognition.

Fig. 2. RNA polymerase and its
interactions at promoters. (a) A model
= based on crystallographic studies of
3 | the RNA polymerase holoenzyme
‘%‘(‘ f.,({-’ docking to a promoter. The DNA

> R . strands are shown in green, with the —
10 and —35 elements highlighted in
s yellow and the TGn extended -10 and
1! =—B the UP elements highlighted in red. b -
f A cartoon illustration of the model
shown in part (a), showing the
different interactions between
promoter elements and the RNA

TTGACA
-35 elemant

TGn exianded TATAAT
-10

ent

polymerase. The consensus sequences
for the -35 (TTGACA), extended -10
(TGn) and -10 (TATAAT) elements are
shown. Adapted from (Browning and
Busby, 2004)

The RNA polymerase holoenzyme contains an additional subunit, o, giving the
complex three main functions: to ensure the recognition of specific promoter
sequences; to position the RNA polymerase holoenzyme at a target promoter; and
to facilitate unwinding of the DNA duplex near the transcript start site (Wosten,

1998). Seven sigma factors have been identified in E. coli (Gross et al., 1998;
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Helmann and Chamberlin, 1988; Ishihama, 1997) and each o subunit is required
by RNA polymerase in order to transcribe specific set of genes.

Promoters control the transcription of all genes. Transcription initiation
requires the interaction of RNA polymerase with promoter DNA and the
formation of an open complex, in which the duplex DNA around the transcript
start-point is unwound (FIG. 2b) (deHaseth et al., 1998). Promoters recognized by
sigma contain two well-characterized elements, the -10 and -35 promoter
sequences, which are located 10 and 35 base pairs upstream of the transcription
start site. These elements specify the initial binding of RNA polymerase to a
promoter, but the relative contribution of each element differs from promoter to
promoter. As the role of these promoter elements seems to be primarily to dock
the RNA polymerase, deficiencies in one element can be compensated by another.
The amount of free RNA polymerase that is available in the cell is limited
(Ishihama, 2000). Additionally, the supply of o factors is limited, so there is
intense competition between different promoters for RNA polymerase
holoenzyme (Ishihama, 2000; Maeda et al., 2000). Five distinct molecular
mechanisms seem to ensure the prudent distribution of RNA polymerase
between competing promoters. These involve promoter DNA sequences, o
factors, small ligands, transcription factors and the folded bacterial chromosome
structure. Some promoters are active in the absence of additional factors and
when the genes under their control are not required, they are silenced by
transcription repressors (Martinez-Antonio and Collado-Vides, 2003). The E. coli
genome contains more than 300 genes that encode proteins that are predicted to
bind to promoters, and to either up- or downregulate transcription (Madan Babu

and Teichmann, 2003; Perez-Rueda and Collado-Vides, 2000).
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Transcription activators

Three general mechanisms are described for transcription activation (FIG.
3). In Class I (FIG. 3a), the activator binds to a target that is located upstream of
the promoter -35 element and recruits RNA polymerase to the promoter by
directly interacting with the RNA polymerase aCTD. In Class II activation (FIG.
3b), the activator binds to a target that overlaps the promoter -35 element and

contacts domain 4 of the RNA polymerase o subunit (Dove et al., 2003). This

a Class | activation

Reonentation of binding sites

Fig. 3. Many activators function as dimers, and are shown as dimers here. Interacting proteins are
shown adjacent to each other. (a) Class I activation. The activator is bound to an upstream site
and contacts the aCTD of RNA polymerase recruiting the polymerase to the promoter. (b) Class
II activation. The activator binds to a target that is adjacent to the promoter —35 element, and the
bound activator interacts with domain 4 of 07. (c) Activation by conformation changes. The
activator (shown in blue) binds at, or near to, the promoter elements so that the RNA polymerase

holoenzyme can bind to the promoter. Adapted from (Browning and Busby, 2004)
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contact also results in recruitment of RNA polymerase to the promoter, but other
steps in initiation can also be affected. The third mechanism for simple activation
is found in cases where the activator alters the conformation to enable the
interaction of RNA polymerase with the promoter -10 and/or —-35 elements. This

requires the activator to bind at, or very near to, the promoter elements (FIG 3c).
Transcription repressors

Repressor proteins reduce transcription initiation at target promoters (FIG.
4). Steric hindrance of RNA polymerase binding to promoter DNA is probably
the simplest mechanism of repression (FIG. 4a). The repressor binding site is

located in, or close to, the core promoter elements. However, in some cases, the

a Repression by steric hindrance

Fig. 4. Mechanisms of repression. (a)
Repression by steric hindrance. The

repressor binding site overlaps core

promoter elements and blocks

recognition of the promoter by the
RNA polymerase holoenzyme. (b)
Repression by looping. Repressors
bind to distal sites and interact by

looping, repressing the intervening

promoter. (c) Repression by the
modulation of an activator protein.

The repressor binds to an activator

and prevents the activator from
functioning by blocking promoter
recognition by the RNA polymerase

holoenzyme. Adapted from

(Browning and Busby, 2004)

en} .'-'.[_X—.

Aepressor Activator #




Chapter 1

repressor might not prevent binding of RNA polymerase to the promoter, but
instead might interfere with post-recruitment steps in transcription initiation
(Muller-Hill, 1998). At other promoters, multiple repressor molecules bind to
promoter-distal sites, and repression might be caused by DNA looping, which
shuts off transcription initiation in the looped domain (FIG. 4b). Finally, complex
cases have been found where the repressor functions as an anti-activator (FIG.

4¢).
Folded chromosomes and transcription

In addition to RNA polymerase and transcription factors, the chromosome of
bacteria cells is bound by a battery of proteins involved in DNA repair,
replication, protection, and folding. The folded E. coli chromosome is called the
nucleoid and proteins involved in folding the chromosome are known as
nucleoid-associated proteins. In E. coli, panoply of proteins are involved in this
compaction, including Fis, IHF, H-NS and HU, StpA (an H-NS homologue) and
Dps. These so-called nucleoid proteins are abundant in the cell, although the
concentrations of some fluctuate sharply depending on the growth conditions.
The binding of these nucleoid proteins to DNA, and the resulting folding of the
bacterial chromosome, must affect the distribution of RNA polymerase between
promoters. The effects of these proteins have been unravelled on a case-by-case
basis at individual promoters. H-NS (Histone-like protein) protein is one of the
most studied nucleoid associated proteins and was seen as a protein that can
completely silence gene expression by forming extended nucleoprotein structures
(Jordi and Higgins, 2000; Petersen et al., 2002; Schnetz, 1995). Interestingly, in E.
coli, it has been found that many locations where H-NS is bound to the DNA also
contain RNA polymerase (Grainger et al., 2006; Oshima et al., 2006) perhaps

suggesting trapping of RNA polymerase may be a common mechanism of

10
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transcription regulation by H-NS. Nucleoid associated factors can also work
together to influence transcription, causing activation or repression, depending

on the context of their binding sites (McLeod and Johnson, 2001).

Overall, transcription is a very important mechanism in the cell and being
a very complex process it needs to be tightly regulated. Part of this thesis is
focused on the transcriptional studies of bolA gene. The first part will give
emphasis to the transcriptional regulation of this E. coli morphogene. In a second
part, the hypothesis of BolA protein acting in the cell as a transcriptional factor is

analysed.
bolA morphogene and transcriptional regulation in E. coli

The gene bolA was first described as a stationary phase gene (Aldea et al.,
1989; Aldea et al., 1990). The expression of bolA is growth phase-regulated and
controlled by the sigma S (0%) (Lange and Hengge-Aronis, 1991). However, bolA
has also been established as a general stress response gene induced during
exponential phase in response to several stresses (Santos et al.,, 1999). The
overexpression of bolA leads to substantial changes in the cell and the bacterial
bacilli transform into spheres. This effect of bolA on cell morphology is mediated
by the induction of penicillin binding protein 5 (PBP5) and penicillin binding
protein 6 (PBP6) D,D-carboxypeptidases (Aldea et al., 1988; Guinote et al.,, 2011;
Santos et al., 2002). Escherichia coli BolA protein contains one defined BolA/YrbA
domain with potential for DNA-binding and regulatory activity. It was already
shown that BolA can bind to the dacA and dacC promoter regions and upregulate
these genes, hence expanding its potential as a transcriptional regulator, with
activator abilities. Moreover, bolA gene increased expression was shown to be an

important inducer of biofilm formation (Vieira et al., 2004) and to modulate cell

11
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permeability (Freire et al., 2006b). As a result BolA constitutes a privileged target
to study molecular mechanisms of adaptation of Escherichia coli when facing

adverse growth conditions.
bolA regulatory network

bolA encodes a protein with a predicted molecular weight of 13,5 KDa and
is transcribed in a clockwise direction in the E. coli chromosome. This gene has
two different upstream promoters, a P1 promoter, under the control of o and an
upstream P2 promoter, controlled by o7. (FIG. 5) Moreover, bolA mRNA
transcribed by P2 is always detected along bacterial growth, in low amounts,
being classified as a weak and constitutive promoter (Aldea et al., 1989; Lange
and Hengge-Aronis, 1991). Nevertheless, transcript originated by P1 promoter is
primarily detected when cells are already in late-exponential phase of growth,
entrance to the stationary phase or upon stress conditions with a concomitant
decrease of bolA P2 levels (Aldea et al., 1989). This observation gave rise to a

promoter occlusion hypothesis stating that the physical interaction of the trans-

0’0 |i;\? RNase Il
W N
l_': ! bolA !—AL // :ﬁé‘
we an: &E
cAMP PPGPP)

Fig. 5. bolA transcriptional and post-transcriptional regulation. At the transcriptional level, bolA

expression is negatively regulated by OmpR, H-NS, CRP-cAMP and positively regulated by
ppGpp and PAPI. At post-transcriptional level, RNase III and Hfq positively affect bolA mRNA

stability.
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-cription machinery by o at the P1 promoter might interfere with the ability of
RNA polymerase to either interact or proceed from P2. P1 promoter is growth
phase and growth rate regulated and contains a gearbox element characteristic of
several other structural genes. Additionally, it was also observed that P1I,
similarly to 0%, is down regulated by cAMP levels (Lange and Hengge-Aronis,
1991). At transcriptional level, Ribonuclease III (RNase III) has an important role
in the expression of the bolA gene (Freire et al., 2006a; Santos et al., 1997). Also
polyadenilation, which inversely correlates with bacterial growth rate (Jasiecki
and Wegrzyn, 2003), reduces RssB-mediated ClpXP 0% proteolysis, increasing
rpoS protein levels, thus contributing for the transcription of o dependent genes
like bolA (Santos et al., 2006). Additionally, Yamamoto and co-workers, saw in
vitro that bolAp1 is negatively regulated by phosphor-OmpR (Yamamoto, 2000).
At post-transcriptional level, under carbon starvation, it was shown that
RNase III is also involved in the bolAp1 stability (Freire et al., 2006a). The bolAp1
mRNA is induced nine-fold in a WT strain while in an rnc mutant strain is four-
fold induced, showing a decrease in bolApl RNA in the absence of RNase IIIL
Taking together this data, RNase III was classified as a contributor to the stability

of bolApl mRNA, thus correlating with its role in rpoS RNA.

As it can be observed in the example given above, bolA transcriptional
regulation is a complex network where different proteins or transcriptional
factors are involved. The expression of a gene depends not only on the rate of
synthesis of its RNA in the cell (transcription) but also on its rate of decay.
Although transcription is quite important to determine steady-state levels, post-

transcriptional control is critical in the regulation of gene expression.

13
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Post-Transcriptional Regulation

RNA degradation plays a fundamental role in all biological processes, since
the fast turnover of mRNA permits rapid changes in the pattern of gene
expression. mRNAs vary greatly in stability, and alterations in mRNA decay have
a very high impact in cellular processes. The balance between mRNA degradation
and mRNA synthesis determines the intracellular levels of individual mRNAs in
the cells. There are two very well studied and major post-transcriptional groups
of regulators in bacteria: small regulatory RNAs (sRNAs) and Ribonucleases
(RNases).

Regulatory RNAs can modulate transcription, translation, mRNA stability,
and DNA maintenance or silencing. This panoply of events occur through a
variety of mechanisms, such as changes in RNA conformation, protein binding,
base pairing with other RNAs, and interactions with DNA (Waters and Storz,
2009). sRNAs have been identified in a wide range of bacteria. The major families
of sRNAs include antisense RNAs, synthesized from the strand complementary
to the mRNA they regulate, trans encoded sRNAs that act by limited
complementarity with their targets, and sRNAs that regulate proteins by binding

to and affecting protein activity (Gottesman and Storz, 2010).

sRNAs have been extensively studied over the last years because of their
high importance in the post-transcriptional regulation of bacterial gene
expression.
In the third part of this dissertation, we will study the direct/indirect role of BolA

in the transcription of different sSRNAs of Escherichia coli.
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Small regulatory RNAs

sRNAs from enterobacterial species are usually of ~ 50 to 200 nucleotides,
often expressed under specific growth, stress or virulence conditions (Papenfort
and Vogel, 2009). Whilst some sRNAs modulate the activity of proteins
(Gottesman and Storz, 2010), most of the characterized sRNAs regulate gene
expression by base pairing with mRNAs and those can be split into two different
classes: the ones having perfect base pairing with their target RNA and those with
more limited complementarity. For the first class, one of their functions is to allow
the directed cleavage of the mRNA encoded on the opposite strand. However, the
most prevalent role for antisense sSRNAs in bacteria has been the repression of
genes that encode toxic proteins, functionally working as a toxin/anti-toxin
system (Fozo et al., 2008).

The second class of base pairing sSRNAs is the trans-encoded sRNAs, which
share only limited complementarity with their target mRNAs and are normally
induced under stress conditions. These regulators modulate the translation
and/or stability of target mRNAs mainly in a negative manner (Aiba, 2007). The
contact between the sRNA and its target mRNA usually leads to repression of
protein levels through translational inhibition and/or mRNA degradation.
However, sSRNAs can also activate expression of their target mRNAs through an
anti-antisense mechanism whereby base pairing of the sRNA disrupts an
inhibitory secondary structure (Prevost et al., 2007). The RNA chaperone Hfq is,
in many cases, required for trans-encoded sRNA-mediated regulation, most
probably by actively remodeling the interacting RNAs to melt secondary
structures or by indirectly increase the local RNA concentrations by bringing
together sSRNAs and target mRNAs (Valentin-Hansen et al., 2004).

Trans-encoded sRNA typically has multiple target mRNAs (Fig. 6)

(Papenfort and Vogel, 2009). Since this short RNAs are usually associated with a
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Fig. 6. Different targets of sSRNAs in E. coli, Salmonella and S. aureus. SRNAs are shown in
orange and their regulators are represented in green. In light, dark blue and red are represented
the targets of the sSRNAs in E. coli and Salmonella and in purple the targets in S. aureus. Adapted

from (Papenfort and Vogel, 2009).

given stress condition, this biological particularity means that a single SRNA can
globally modulate a particular physiological response, in much the same manner
as a transcription factor, but at the post-transcriptional level. For example, it is
intriguing that a disproportionate number of trans-encoded sRNAs regulate outer
membrane proteins (MicA, MicC, MicF, RybB, CyaR, OmrA and OmrB) or

transporters (SgrS, RydC, GevB).

RNases are the enzymes that intervene in the processing, degradation and
quality control of all types of RNAs, including the sSRNAs and targets duplex. A
limited number of RNases can exert a determinant level of control acting as a
global regulatory network, monitoring and adapting the RNA levels to the cell

needs. Different enzymes are involved in the RNA degradation mechanisms.
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There are other accessory enzymes that can also intervene in these processes like

helicases, polymerases (PAP) and RNA binding proteins.
mRNA degradation in the Gram-negative bacteria

In prokaryotes there are three possible pathways by which the mRNA
molecules are degraded (FIG. 7). The more common model for RNA decay in E.
coli (the model organism) usually begins with an endonucleolytic cleavage at one
or more internal sites on the RNA molecule by the action of an endoribonuclease
(either by RNase E, RNase G or by RNase III) (Arraiano et al., 2010; Carpousis et
al., 2009). After the endonucleolytic cleavages, the transcripts are available for a
direct exoribonucleolytic digestion to oligo- and mononucleotides by
exoribonucleases such as RNase II, RNase R and/or PNPase (Coburn and Mackie,
1998). An alternative path for the RNA degradation relies on the
endoribonuclease RNase E cleavage followed by polyadenylation by the action of
the Poly(A) polymerase (PAP I). The addition of polyA tails to the 3’end of the
mRNA molecules will “help” the activity of exoribonucleases, since these
residues are the preferred substrate of some exoribonucleases. Furthermore,
polyadenylation facilitates decay by providing a single-stranded platform for the
3’-exoribonucleases (Coburn and Mackie, 1998). The later mechanism described is
of particular importance in the absence of endonucleolytic cleavages. In order to
proceed with the degradation of mRNA molecules, polyadenylation is of extreme
relevance for the removal of secondary structures. In this case mRNA decay can
be achieved by successive cycles of polyadenylation followed by
exoribonucleolytic cleavage (Regnier and Arraiano, 2000). The final step in the
degradation pathway is the degradation of oligoribonucleotides by a
oligoribonuclease of the short mRNA resulting from previews steps (Ghosh and

Deutscher, 1999).

17



Chapter 1

T ®
Pyrophosphate 5PPP e I'ls pros i -
’9"“""' ob ’nuaen m’:sm
RNmeE

polyadenylation

Endonucleolytic
degradation

(L 5 PPF- """Eﬁﬂ_ﬂ‘ml
-—l 3' polvade-vlat-on
=)

M —

3"-5’ Exonucleolytic
degradation

5P SO N - {
> I D-:
5 (PP)P: A

of small oligoribonucleotides

93

SPPR— 5'P_3_--: mononucleotides

Oligoribonuclease

Fig. 7. Mechanisms of mRNA degradation pathway in Escherichia coli. The decay of the majority
of transcripts starts with an endoribonucleolytic cleavage. After endoribonucleolytic cleavages,
the linear transcripts are rapidly degraded by the 3'-5" degradative exoribonucleases. The small
oligoribonucleotides (two to five nucleotides) released by exoribonucleases are finally degraded

to mononucleotides by oligoribonuclease Adapted from (Arraiano et al., 2010)

mRNA degradation in the Gram-positive bacteria

In the gram-positive model bacteria B. subtilis, RNase E is not present to start
the mRNA decay pathway. RNase J1 seems to take over this function (FIG. 8)
(Arraiano et al., 2010). Not so long ago, the exoribonucleolytic activity was
believed to be just in the 3'to 5 direction. However, very recently this dogma was
broken, since it was observed that, there is a 5'to 3" exoribonucleolytic activity in
the maturation of 165 ribosomal RNA (Mathy et al., 2007). RNase J1 has been

shown to have both endo and 5'-3’ exo activities and to have a major role in
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mRNA turnover. It can be associated with RNase ]2 or in a single unit form. For

the initiation of endonuclease cleavage, RNase J1 either binds to the 5" end or
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Fig. 8. Mechanisms of mRNA degradation pathway in Bacillus subtilis. RNAs can be degraded
from the 5 end or first, they can be endonucleolytically cleaved. The products from this
endoribonucleolytic cleavage can then be degraded by the 3'-5" exoribonucleases. The small
oligoribonucleotides released by the 3-5 exoribonucleases are finally degraded to

mononucleotides. Adapted from (Arraiano et al., 2010).

directly to the internal site of the mRNA. The upstream product is rapidly
degraded by the 3’-5" exonuclease activity of PNPase. Furthermore, the
downstream RNA fragment with the 5-monophosphate end can be a target of
new RNase J1 endonuclease cleavage or processive 5-3" exonucleolytic decay
from the 5" end (Bechhofer, 2009). It was also shown that RNase J1 requires a
single-stranded 5 end with AU-rich regions to allow the exoribonucleolytic
activity (Mathy et al., 2007). Another endonuclease sensitive to the 5 end
phosphorylation state of the substrate was recently discovered. RNase Y is

involved in the initiation of turnover of B. subtilis S-adenosylmethionine-
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dependent riboswitches (Shahbabian et al., 2009), which controls the expression
of 11 transcriptional units (Henkin, 2008; Winkler and Breaker, 2005). The enzyme
has a major function in the initiation of mRNA degradation in this organism,

affecting mRNA stability >30% in an RNase J1/]2 double-mutant strain.

RNases are mostly responsible for the post-transcriptional control of
RNA in bacteria. They are in charge not just of the mRNA degradation but are
also involved in the quality control of the mRNA in the cells and processing of
specific RNA molecules during their maturation. In many cases, these enzymes
are also related with virulence. In the fourth part of this dissertation, we will
study the role of Streptococcus pneumoniae RNase R, the unique hydrolytic

ribonuclease described until now in this human pathogen.
RNase R and the post-transcriptional regulation

RNase R encoded by the rnr gene (previously vacB) is a 3'-5" hydrolytic
exoribonuclease from the RNase II family of exoribonucleases (Cheng and
Deutscher, 2002; Vincent and Deutscher, 2006). In E. coli, the rnr gene is in an
operon and its transcription is driven from a putative 07 promoter upstream of
nsrR (Cairrao et al, 2003; Cheng et al., 1998). RNase R is a processive and
sequence-independent enzyme, with a wide impact on RNA metabolism (Cairrao
et al., 2003; Cheng and Deutscher, 2005; Andrade et al., 2006; Andrade et al., 2009;
Purusharth et al., 2007). It is unique among the RNA-degradative exonucleases
present in E. coli as it can easily degrade highly structured RNAs (Awano et al.,
2010; Cheng and Deutscher, 2002; Cheng and Deutscher, 2003). This enzyme was
seen to be involved in the control of gene expression (Andrade et al., 2006).
Curiously, RNase R was shown to degrade the ompA transcript in a growth-

phase-specific manner. This finding revealed a role for RNase R in the control of
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gene expression that could not be replaced by any of the other exoribonucleases.
The activity of RNase R is modulated according to the growth conditions of the
cell and responds to environmental stimuli. RNase R levels are increased under
several stresses, namely in cold shock, and the stationary phase of growth
(Andrade et al., 2006; Cairrao et al., 2003). This protein is not essential for growth
at optimal temperature; however, it is important for growth and viability at low
temperatures (Charpentier et al., 2008). RNase R-like enzymes are widespread in
most sequenced genomes. Even though most knowledge on this protein came
from the work in E. coli, RNase R in other bacteria has been identified.
Remarkably, RNase R has also been implicated in the establishment of virulence
in a growing number of pathogens being involved in the modulation of the
expression of virulence in a number of different pathogenic organisms (Cheng et
al., 1998; Erova et al., 2008; Tobe et al., 1992; Tsao et al., 2009). In Streptococcus
pneumoniae, there is a unique homologue of the RNase II family of enzymes that
was shown to be an RNase R-like protein (Domingues et al.,, 2009). Proteins
isolated from virulent and non-virulent S. pneumonia strains are different with
respect to their activity and RNA affinity (Domingues et al., 2009). In the gram-
positive model oganisms B. subtilis, RNase R was suggested not to play a critical
role in RNA degradation; however, it may play a role in mRNA turnover when
polyadenylation at the 3’ end occurs (Oussenko et al., 2005). Moreover, B. subtilis
RNase R was shown to be important for the quality control of tRNAs (Campos-
Guillen et al., 2010). Overall, RNase R-deficient bacteria have been shown to be
less virulent than the wild-type parental strains. However, how this is achieved is
still not completely clear. This is probably related to critical RNA degradation
pathways. The fact that RNase R was found to be the key in the degradation of
sRNAs, namely the virulence regulator SsrA/tmRNA, is probably linked to its
role in pathogenesis. It has also been suggested that RNase R may control the

export of proteins involved in virulence mechanisms. Altogether, the available
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data suggest that bacterial RNase R may be attractive as a potential therapeutic

agent, but clearly more studies are required.
Aim of this Dissertation

In this Dissertation we wanted to focus on both transcriptional and post-
transcriptional regulation of gene expression.

In a first part we have looked for possible regulators of bolA. We searched
bioinformatically for putative candidates and H-NS was a possible regulator of
bolA. By mRNA levels studies and different protein-DNA interaction techniques,
we investigated if H-NS was regulating bolA and we have characterized its mode
of action.

In a second part we aimed at the study of bolA gene as a transcription factor.
It has been shown before that bolA was involved in the modulation of the mRNA
levels of certain genes related with cell wall synthesis, cell wall structure and cell
division. We have analyzed the impact of bolA overexpression and its absence in
the mreB gene that codes for MreB protein that forms the bacterial “cytoskeleton”.

We were also interested in studying the possible role of BolA protein in the
modulation of non-coding RNAs, namely those transcribed by sigma E. In this
part of the work we have studied how a transcription factor can have a role in
post-transcriptional regulation by sRNAs.

Continuing our study on post-transcriptional control we have investigated
the expression of a ribonuclease involved in RNA degradation in the pathogenic
bacterium Streptococcus pneumoniae. We constructed an RNase R mutant (the
unique hydrolytic exoribonuclease described in this organism) and characterized

it regarding its expression, regulation and possible targets in this bacterium.
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In summary, the theme of this thesis was focused on BolA and RNase R, two
proteins that respectively affect transcription and post-transcriptional
mechanisms in the cell. Every step on the path to understanding how gene
expression is regulated is of major importance in any organism. The pleiotropic
effects of bolA in cell morphology and cell division triggered our curiosity to
study the regulation of this gene and understand how it affects such important
mechanisms in the cell. Furthermore, deciphering the role of the until know
unique RNase II family of enzymes in Streptococcus pneumoniae, the RNase R, was
also of interest due to the involvement of this important post-transcriptional

regulator in mRNA decay and virulence factors expression in this bacterium.
References

Aiba, H. 2007. Mechanism of RNA silencing by Hfg-binding small RNAs. Curr
Opin Microbiol. 10:134-139.

Aldea, M., T. Garrido, C. Hernandez-Chico, M. Vicente, and S.R. Kushner. 1989.
Induction of a growth-phase-dependent promoter triggers transcription
of bolA, an Escherichia coli morphogene. EMBO J. 8:3923-3931.

Aldea, M., T. Garrido, J. Pla, and M. Vicente. 1990. Division genes in Escherichia
coli are expressed coordinately to cell septum requirements by gearbox
promoters. EMBO ]. 9:3787-3794.

Aldea, M., C. Hernandez-Chico, A.G. de la Campa, S.R. Kushner, and M. Vicente.
1988. Identification, cloning, and expression of bolA, an ftsZ-dependent
morphogene of Escherichia coli. ] Bacteriol. 170:5169-5176.

Andrade, J.M., F. Cairrao, and C.M. Arraiano. 2006. RNase R affects gene
expression in stationary phase: regulation of ompA. Mol Microbiol. 60:219-
228.

Andrade, ].M., V. Pobre, L]. Silva, S. Domingues, and C.M. Arraiano. 2009. The
role of 3'-5' exoribonucleases in RNA degradation. Prog Mol Biol Transl
Sci. 85:187-229.

Arraiano, C.M., .M. Andrade, S. Domingues, I.B. Guinote, M. Malecki, R.G.
Matos, R.N. Moreira, V. Pobre, F.P. Reis, M. Saramago, L]. Silva, and S.C.
Viegas. 2010. The critical role of RNA processing and degradation in the
control of gene expression. FEMS Microbiol Rev. 34:883-923.

23



Chapter 1

Awano, N., V. Rajagopal, M. Arbing, S. Patel, J]. Hunt, M. Inouye, and S. Phadtare.
2010. Escherichia coli RNase R has dual activities, helicase and RNase. |
Bacteriol. 192:1344-1352.

Bechhofer, D.H. 2009. Messenger RNA decay and maturation in Bacillus subtilis.
Prog Mol Biol Transl Sci. 85:231-273.

Browning, D.F., and S.J. Busby. 2004. The regulation of bacterial transcription
initiation. Nat Rev Microbiol. 2:57-65.

Cairrao, F., A. Cruz, H. Mori, and C.M. Arraiano. 2003. Cold shock induction of
RNase R and its role in the maturation of the quality control mediator
SsrA/tmRNA. Mol Microbiol. 50:1349-1360.

Campos-Guillen, J., J.L. Arvizu-Gomez, G.H. Jones, and G. Olmedo-Alvarez.
2010. Characterization of tRNA(Cys) processing in a conditional Bacillus
subtilis CCase mutant reveals the participation of RNase R in its quality
control. Microbiology. 156:2102-2111.

Carballido-Lopez, R. 2006. The bacterial actin-like cytoskeleton. Microbiol Mol Biol
Rev. 70:888-909.

Carpousis, A.J., B.F. Luisi, and K.J. McDowall. 2009. Endonucleolytic initiation of
mRNA decay in Escherichia coli. Prog Mol Biol Transl Sci. 85:91-135.

Charpentier, X., S.P. Faucher, S. Kalachikov, and H.A. Shuman. 2008. Loss of
RNase R induces competence development in Legionella pneumophila. |
Bacteriol. 190:8126-8136.

Cheng, Z.F., and M.P. Deutscher. 2002. Purification and characterization of the
Escherichia coli exoribonuclease RNase R. Comparison with RNase II. |
Biol Chem. 277:21624-21629.

Cheng, Z.F., and M.P. Deutscher. 2003. Quality control of ribosomal RNA
mediated by polynucleotide phosphorylase and RNase R. Proc Natl Acad
Sci U S A. 100:6388-6393.

Cheng, Z.F., and M.P. Deutscher. 2005. An important role for RNase R in mRNA
decay. Mol Cell. 17:313-318.

Cheng, Z.F., Y. Zuo, Z. Li, K.E. Rudd, and M.P. Deutscher. 1998. The vacB gene
required for virulence in Shigella flexneri and Escherichia coli encodes
the exoribonuclease RNase R. | Biol Chem. 273:14077-14080.

Coburn, G.A., and G.A. Mackie. 1998. Reconstitution of the degradation of the
mRNA for ribosomal protein S20 with purified enzymes. | Mol Biol.
279:1061-1074.

deHaseth, P.L., M.L. Zupancic, and M.T. Record, Jr. 1998. RNA polymerase-
promoter interactions: the comings and goings of RNA polymerase. |
Bacteriol. 180:3019-3025.

Domingues, S., R.G. Matos, F.P. Reis, A.M. Fialho, A. Barbas, and C.M. Arraiano.
2009. Biochemical characterization of the RNase II family of

24



Introduction

exoribonucleases from the human pathogens Salmonella typhimurium
and Streptococcus pneumoniae. Biochemistry. 48:11848-11857.

Dove, S.L., S.A. Darst, and A. Hochschild. 2003. Region 4 of sigma as a target for
transcription regulation. Mol Microbiol. 48:863-874.

Ebright, R.H. 2000. RNA polymerase: structural similarities between bacterial
RNA polymerase and eukaryotic RNA polymerase II. | Mol Biol. 304:687-
698.

Erova, T.E., V.G. Kosykh, A.A. Fad], J. Sha, A.]. Horneman, and A.K. Chopra.
2008. Cold shock exoribonuclease R (VacB) is involved in Aeromonas
hydrophila pathogenesis. | Bacteriol. 190:3467-3474.

Fozo, EM., M.R. Hemm, and G. Storz. 2008. Small toxic proteins and the
antisense RNAs that repress them. Microbiol Mol Biol Rev. 72:579-589,
Table of Contents.

Freire, P., ].D. Amaral, ].M. Santos, and C.M. Arraiano. 2006a. Adaptation to
carbon starvation: RNase III ensures normal expression levels of bolAp1
mRNA and sigma(S). Biochimie. 88:341-346.

Freire, P., RNN. Moreira, and C.M. Arraiano. 2009. BolA inhibits cell elongation
and regulates MreB expression levels. ] Mol Biol. 385:1345-1351.

Freire, P., H.L. Vieira, A.R. Furtado, M.A. de Pedro, and C.M. Arraiano. 2006b.
Effect of the morphogene bolA on the permeability of the Escherichia coli
outer membrane. FEMS Microbiol Lett. 260:106-111.

Ghosh, S., and M.P. Deutscher. 1999. Oligoribonuclease is an essential component
of the mRNA decay pathway. Proc Natl Acad Sci U S A. 96:4372-4377.

Gottesman, S., and G. Storz. 2010. Bacterial Small RNA Regulators: Versatile
Roles and Rapidly Evolving Variations. Cold Spring Harb Perspect Biol.

Grainger, D.C., D. Hurd, M.D. Goldberg, and S.J. Busby. 2006. Association of
nucleoid proteins with coding and non-coding segments of the
Escherichia coli genome. Nucleic Acids Res. 34:4642-4652.

Gross, C.A., C. Chan, A. Dombroski, T. Gruber, M. Sharp, J. Tupy, and B. Young.
1998. The functional and regulatory roles of sigma factors in
transcription. Cold Spring Harb Symp Quant Biol. 63:141-155.

Guinote, I.B.,, R.G. Matos, P. Freire, and C.M. Arraiano. 2011. BolA affects cell
growth, and binds to the promoters of penicillin-binding proteins 5 and 6
and regulates their expression. | Microbiol Biotechnol. 21:243-251.

Helmann, J.D., and M.]. Chamberlin. 1988. Structure and function of bacterial
sigma factors. Annu Rev Biochem. 57:839-872.

Henkin, T.M. 2008. Riboswitch RNAs: using RNA to sense cellular metabolism.
Genes Dev. 22:3383-3390.

Ishihama, A. 1997. Adaptation of gene expression in stationary phase bacteria.
Curr Opin Genet Dev. 7:582-588.

25



Chapter 1

Ishihama, A. 2000. Functional modulation of Escherichia coli RNA polymerase.
Annu Rev Microbiol. 54:499-518.

Jordi, B.J.,, and C.F. Higgins. 2000. The downstream regulatory element of the
proU operon of Salmonella typhimurium inhibits open complex
formation by RNA polymerase at a distance. | Biol Chem. 275:12123-12128.

Lange, R., and R. Hengge-Aronis. 1991. Growth phase-regulated expression of
bolA and morphology of stationary-phase Escherichia coli cells are
controlled by the novel sigma factor sigma S. | Bacteriol. 173:4474-4481.

Madan Babu, M., and S.A. Teichmann. 2003. Evolution of transcription factors
and the gene regulatory network in Escherichia coli. Nucleic Acids Res.
31:1234-1244.

Maeda, H., N. Fujita, and A. Ishihama. 2000. Competition among seven
Escherichia coli sigma subunits: relative binding affinities to the core
RNA polymerase. Nucleic Acids Res. 28:3497-3503.

Martinez-Antonio, A., and ]. Collado-Vides. 2003. Identifying global regulators in
transcriptional regulatory networks in bacteria. Curr Opin Microbiol.
6:482-489.

Mathy, N., L. Benard, O. Pellegrini, R. Daou, T. Wen, and C. Condon. 2007. 5'-to-3'
exoribonuclease activity in bacteria: role of RNase J1 in rRNA maturation
and 5' stability of mRNA. Cell. 129:681-692.

McLeod, SM., and R.C. Johnson. 2001. Control of transcription by nucleoid
proteins. Curr Opin Microbiol. 4:152-159.

Muller-Hill, B. 1998. Some repressors of bacterial transcription. Curr Opin
Microbiol. 1:145-151.

Murakami, K.S., S. Masuda, E.A. Campbell, O. Muzzin, and S.A. Darst. 2002.
Structural basis of transcription initiation: an RNA polymerase
holoenzyme-DNA complex. Science. 296:1285-1290.

Oshima, T. S. Ishikawa, K. Kurokawa, H. Aiba, and N. Ogasawara. 2006.
Escherichia coli histone-like protein H-NS preferentially binds to
horizontally acquired DNA in association with RNA polymerase. DNA
Res. 13:141-153.

Oussenko, L.A., T. Abe, H. Ujiie, A. Muto, and D.H. Bechhofer. 2005. Participation
of 3'-to-5' exoribonucleases in the turnover of Bacillus subtilis mRNA. |
Bacteriol. 187:2758-2767.

Papenfort, K., and J. Vogel. 2009. Multiple target regulation by small noncoding
RNAs rewires gene expression at the post-transcriptional level. Res
Microbiol. 160:278-287.

Perez-Rueda, E., and J. Collado-Vides. 2000. The repertoire of DNA-binding
transcriptional regulators in Escherichia coli K-12. Nucleic Acids Res.
28:1838-1847.

26



Introduction

Petersen, C., L.B. Moller, and P. Valentin-Hansen. 2002. The cryptic adenine
deaminase gene of Escherichia coli. Silencing by the nucleoid-associated
DNA-binding protein, H-NS, and activation by insertion elements. ] Biol
Chem. 277:31373-31380.

Prevost, K., H. Salvail, G. Desnoyers, ].F. Jacques, E. Phaneuf, and E. Masse. 2007.
The small RNA RyhB activates the translation of shiA mRNA encoding a
permease of shikimate, a compound involved in siderophore synthesis.
Mol Microbiol. 64:1260-1273.

Purusharth, R.I, B. Madhuri, and M.K. Ray. 2007. Exoribonuclease R in
Pseudomonas syringae is essential for growth at low temperature and
plays a novel role in the 3' end processing of 16 and 5 S ribosomal RNA. |
Biol Chem. 282:16267-16277.

Regnier, P, and C.M. Arraiano. 2000. Degradation of mRNA in bacteria:
emergence of ubiquitous features. Bioessays. 22:235-244.

Santos, ].M., D. Drider, P.E. Marujo, P. Lopez, and C.M. Arraiano. 1997.
Determinant role of E. coli RNase III in the decay of both specific and
heterologous mRNAs. FEMS Microbiol Lett. 157:31-38.

Santos, ].M., P. Freire, F.S. Mesquita, F. Mika, R. Hengge, and C.M. Arraiano.
2006. Poly(A)-polymerase I links transcription with mRNA degradation
via sigma$S proteolysis. Mol Microbiol. 60:177-188.

Santos, .M., P. Freire, M. Vicente, and C.M. Arraiano. 1999. The stationary-phase
morphogene bolA from Escherichia coli is induced by stress during early
stages of growth. Mol Microbiol. 32:789-798.

Santos, J.M., M. Lobo, A.P. Matos, M.A. De Pedro, and C.M. Arraiano. 2002. The
gene bolA regulates dacA (PBP5), dacC (PBP6) and ampC (AmpC),
promoting normal morphology in Escherichia coli. Mol Microbiol. 45:1729-
1740.

Schnetz, K. 1995. Silencing of Escherichia coli bgl promoter by flanking sequence
elements. EMBO ]. 14:2545-2550.

Shahbabian, K., A. Jamalli, L. Zig, and H. Putzer. 2009. RNase Y, a novel
endoribonuclease, initiates riboswitch turnover in Bacillus subtilis. EMBO
J. 28:3523-3533.

Tobe, T., C. Sasakawa, N. Okada, Y. Honma, and M. Yoshikawa. 1992. vacB, a
novel chromosomal gene required for expression of virulence genes on
the large plasmid of Shigella flexneri. | Bacteriol. 174:6359-6367.

Tsao, M.Y., T.L. Lin, P.F. Hsieh, and ].T. Wang. 2009. The 3'-to-5' exoribonuclease
(encoded by HP1248) of Helicobacter pylori regulates motility and
apoptosis-inducing genes. | Bacteriol. 191:2691-2702.

Valentin-Hansen, P., M. Eriksen, and C. Udesen. 2004. The bacterial Sm-like
protein Hfq: a key player in RNA transactions. Mol Microbiol. 51:1525-
1533.

27



Chapter 1

Vieira, H.L.,, P. Freire, and C.M. Arraiano. 2004. Effect of Escherichia coli
morphogene bolA on biofilms. Appl Environ Microbiol. 70:5682-5684.

Vincent, H.A., and M.P. Deutscher. 2006. Substrate recognition and catalysis by
the exoribonuclease RNase R. | Biol Chem. 281:29769-29775.

Waters, L.S., and G. Storz. 2009. Regulatory RNAs in bacteria. Cell. 136:615-628.

Winkler, W.C., and R.R. Breaker. 2005. Regulation of bacterial gene expression by
riboswitches. Annu Rev Microbiol. 59:487-517.

Wosten, M.M. 1998. Eubacterial sigma-factors. FEMS Microbiol Rev. 22:127-150.

28



Chapter 2

A new target for an old regulator: H-NS
represses transcription of bolA morphogene

by direct binding to both promoters
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Abstract

The Escherichia coli bolA morphogene is very important in adaptation to
stationary phase and stress response mechanisms. Genes of this family are
widespread in gram negative bacteria and in eukaryotes. The expression of this
gene is tightly regulated at transcriptional and post-transcriptional levels and its
overexpression is known to induce round cellular morphology. The results
presented in this report demonstrate that the H-NS protein, a pleiotropic
regulator of gene expression, is a new transcriptional modulator of the bolA gene.
In this work we show that in vivo the levels of bolA are down-regulated by H-NS
and in vitro this global regulator interacts directly with the bolA promoter region.
Moreover, DNasel footprinting experiments mapped the interaction regions of H-
NS and bolA and revealed that this global regulator binds not only one but both
bolA promoters. We provide a new insight into the bolA regulation network

demonstrating that H-NS represses the transcription of this important gene.
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Introduction

The E. coli bolA gene is induced at the onset of stationary phase and in
response to many forms of stress (Santos et al., 1999), The overexpression of bolA
leads to substantial changes in the cell and the bacterial bacilli transform into
spheres (Aldea et al., 1989; Aldea et al., 1988; Santos et al., 1999). The fact that
BolA affects the expression of numerous genes highlights its importance, and
previous reports show that bolA can act as a transcription factor. For instance,
BolA has been demonstrated to specifically interact with the mreB promoter,
repressing its transcription (Freire et al., 2009). This leads to a reduction in MreB
protein levels and consequently to an abnormal MreB polymerization. BolA was
also shown to directly regulate the transcript levels of the important D,D-
carboxypeptidases PBP5 and PBP6, and to modulate the expression levels of the
B-lactamase AmpC (Aldea et al., 1988; Santos et al., 2002). Furthermore, bolA is
involved in biofilm development and promotes changes in the outer membrane
that affect permeability and resistance to antibiotics such as vancomycin (Freire et
al., 2006b; Vieira et al., 2004). It is not surprising that the expression of a gene
involved in the control of several cellular processes is tightly regulated at
transcriptional and post-transcriptional levels. In optimal growth conditions, bolA
is under the control of a weak o7-dependent constitutive promoter, bolAp2.
During stress and stationary phase it is mostly transcribed from the strong
gearbox promoter, bolApl, induced by the sigma factor o® (Aldea et al., 1989;
Nguyen and Burgess, 1997). As a oS-regulated gene, bolA expression is sensitive to
ppGpp (Gentry et al., 1993) and cAMP (Lange and Hengge-Aronis, 1991)
intracellular levels. bolA was also shown to be repressed by the direct binding of
OmpR in its phosphorylated form (Yamamoto et al., 2000). Ribonuclease III
(RNase III) and polyA polymerase (PAPI) are involved in post-transcriptional
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control of bolA expression (Arraiano et al., 2010; Freire et al., 2006a; Santos et al.,
2006).

The histone-like (or heat-stable) protein H-NS was shown to affect some
os-dependent genes (Barth et al., 1995). This 15kDa nucleoid-associated protein is
abundant in bacterial cells and is often compared to eukaryotic histones because
of its high affinity for DNA. It binds preferentially to curved AT-rich regions that
are found in certain promoter regions (Dorman, 2004).

In this work we show that H-NS down-regulates bolA levels. We
demonstrate that this regulation is mediated by a specific binding of H-NS to the
bolA promoter region, involving both promoters. The interaction region of H-NS
with bolA promoters was mapped and the implications of bolA regulation by H-

NS are discussed.
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Results & Discussion

Effect of H-NS in bolA expression

In optimal growth conditions during exponential phase bolA is regulated by o7
and only relatively low mRNA levels are detected in the cell. However in
stationary phase, bolA expression is under the control of o® and a 5-fold increase
of the transcript level is observed (Santos et al., 1999). Under stress conditions the
bolA levels can increase further (Santos et al., 1999). Since H-NS is a global
regulator shown to affect the expression of several genes that respond to stress
and are regulated by o3, we wanted to test whether H-NS could also be involved
in the control of bolA expression. Taking into account that bolA is growth-phase
regulated; the influence of H-NS on its expression was assayed during different
phases of bacterial growth. Three points were analyzed (ODsw of 0.4, 1.2 and 2.5)
corresponding to exponential, late exponential and stationary phase. For each
optical density, samples were taken and total RNA was extracted from a wt cell
culture and the isogenic Ahns strain. bolA mRNA levels were then estimated by
RT-PCR using a pair of specific primers (Figure 1). In agreement with the
previous results for the wild type strain, bolA levels are low during exponential
phase and reach a maximum during stationary phase. In the absence of H-NS, the
bolA levels in late exponential phase are significantly higher than in the wt and
increase ~2.4 fold. In the hns strain there is also an increase of bolA in stationary
phase but the difference is quite lower. H-NS is probably repressing the
expression of bolA during late exponential growth similarly to what happens
when it regulates the hchA gene (Mujacic and Baneyx, 2006). On the other hand,
in stationary phase competes with the higher o levels in the cell, and that is

probably why it cannot exert the same level of repression.
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Taken together, these results indicate that H-NS downregulates bolA expression,
supporting our hypothesis that H-NS could be a transcriptional repressor of bolA
expression. Moreover, these results provide another evidence for the key function
of H-NS as a selective silencer of genes that rapidly respond to environmental

changes (Barth et al., 1995; Lang et al., 2007; White-Ziegler and Davis, 2009).

WT Ahns

OD« 0.4 12 25 04 12 25

bol4

16s IRNA

Fig. 1. Down-regulation of the bolA transcript level by H-NS.

RT-PCR amplification of bolA transcript from total RNA extracted in different
growth phases: E. coli exponential (ODsw 0.4), late exponential (ODeoo 1.2) and
stationary phase (ODsw 2.5) (upper image). Control experiments performed
with 16s TRNA specific primers (image on the bottom) indicated that there
were no significant differences in the amounts of RNA in each sample.

H-NS binds specifically to bolA promoter(s)

The RT-PCR results indicate that H-NS is involved in the modulation of bolA
mRNA levels. However the nature of this regulation remains unknown. H-NS is
known to be able to modulate gene expression in at least two different ways: by
directly binding to specific targets or indirectly through the down-regulation of
the oS transcript (Barth et al.,, 1995). Thus we tested if H-NS could be acting
directly over bolA as a transcriptional regulator. For this purpose, the E. coli H-NS

protein was purified near homogeneity (Figure S1) and the pure protein was used
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in gel mobility shift assays with the bolA genomic region. Four different
substrates were used in order to discriminate the ability of H-NS to bind the bolA
upstream region (Figure 2A). As a protein that binds DNA with high affinity, H-
NS was able to retard the mobility of all the DNA fragments tested, generating
retardation bands that correspond to DNA-protein complexes (Figure 2B).
However, some relevant differences were observed among the substrates tested.
The substrate 1, comprising only bolAp2 and bolAp1 is clearly the preferred H-
NS substrate. For this substrate DNA-Protein complexes could be observed with
only 0.3uM of H-NS, while at least a 2-fold excess was needed for the formation
of DNA-protein complexes with any of the other substrates. In addition, when
using substrate 1 almost all DNA was bound with only 0.9uM of H-NS, whereas
the amount of protein needed to completely bind the substrate 2
(bolAp2+bolAp1+ORF) raised to 1.2puM. This amount of H-NS was not even
sufficient to completely bind substrate 3 (missing bolAp2), and at this protein
concentration free DNA was still detected. At higher H-NS concentrations, a
retarded band of higher molecular mass could be detected. The appearance of this
band was concomitant with the disappearance of the complex of lower mass. The
higher band probably corresponds to the binding of more than one molecule per
substrate. H-NS is indeed known to form higher order structure complexes with
its targets (Fang and Rimsky, 2008). With substrate 1, at 1.2uM almost all DNA
molecules seem to be bound by more than one protein molecule. When using
substrate 2 with the same H-NS concentration, this higher order complex is
almost absent, indicating that the majority of DNA is still bound by only one H-
NS molecule. The substrate missing bolAp2 presents an intermediate situation
since both protein complexes are equally detected. These experiments show that
in vitro the presence of the whole bolA coding region (substrate 2) or the deletion

of bolAp2 (substrate 3) seems to affect the efficiency of the H-NS binding to bolA.
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Fig. 2. DNA-Protein interactions of bolA promoters and H-NS.
(A) Schematic representation of bolA genomic region. The different substrates
used in the electro-mobility shift assays (EMSA) are represented. (B)
Representative EMSA of H-NS with InM of the indicated substrates above the
respective image. A control reaction without protein ([H-NS] = 0.0 uM) was
performed in all experiments. Binding reactions using an increasing
concentration of H-NS (indicated at the top of each lane) were resolved in a 5
% non-denaturing polyacrylamide gel.
complexes are indicated.

Free DNA and DNA-protein

Finally, H-NS was also able to bind to the substrate which comprises only the
bolA coding region (substrate 4), although with a significantly lower affinity.
Together, these results suggest that H-NS binds preferentially the bolA promoter
region (with both promoters). H-NS is not only sequence but also structure
sensitive (Lang et al., 2007). Despite bolApl and bolAp2 being present in

substrate 2, the additional presence of the bolA ORF may change the conformation
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of the promoter region (see below), thus affecting H-NS binding. This likely
explains the partial loss of H-NS binding affinity for the longer substrate.

These experiments clearly show that the efficiency of H-NS binding is affected by
both bolA promoters. Together with the in vivo data these results provide strong
evidence that H-NS represses bolA transcription through a direct interaction with
the entire bolA promoter region. Our results indicate that the reported co-
immunoprecitation of bolA with H-NS (Dorman, 2004) was probably due to a

direct interaction with this bolA region.

DNA curvature of bolA promoter region

DNA Curvature Analysis bioinformatics tool was used to calculate the bending
region(s) to evaluate if 3D structure of the bolA promoters could influence H-NS
binding. The double helix of a DNA fragment containing both bolA promoters
displayed an accentuated curvature, possibly favouring the interaction with H-
NS (Figure S2). However, when a DNA fragment lacking bolAp2 was analysed
(such as substrate 3), the curvature is close to null. Hence, the DNA curvature
seems to be directly dependent on the bolAp2 region. Since the DNA structure is
an important factor for the proper H-NS binding specificity, this could be one

reason for the variations observed above (in the gel retardation assays).

Mapping of H-NS interaction sites

To pursue our studies and clearly identify the region(s) of interaction
between H-NS and the bolA promoters we have performed DNasel foot-printing
assays to map the H-NS binding sites to the bolA promoters. We used a DNA
fragment containing both bolAp2 and bolApl (substrate 1-Fig 2) and protection
zones were identified (Figure 3). The interaction regions were evenly distributed

through the entire region analysed, which demonstrates that H-NS can bind to
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several sites covering both bolA promoters. Sequence analysis demonstrated that
the largest protection site was detected in the gearbox promoter bolApl (Figure
4). A narrower protection zone was found upstream of the -35 box of this
promoter. Two other main interaction regions were mapped around bolAp2. The
last protection zone corresponds only to a 3 bps sequence and it may not be

significant. Even though H-NS was considered a non-sequence specific binding

5" -GGGGTACCTG TTTGGTAAAR ATTCCCGCCA TCATAACATT GCCAACGGCG AGGGGAAGTG

3" -CCCCATGGAC AAACCATTTT TAAGGGCGGT AGTATTGTAA CGGTTGCCGC TCCCCTTCAC
247 237 227 217 207 197

TcGTtAA Attt

[ -
GGTAAGGCAT GTAAATTCAT CATGTTGACG AAATAATCGC CCCTGGTAAA AGAAACACTG
CCATTCCGTA CATTTAAGTA GTACAACTGC TTTATTAGCG GGGACCATTT TCTTTGTGAC
187 177 167 157 147 137

35 TCgTTARATE 10 )
ot +1
ATGCGAGGCC TGTGTTTCAA TCTTTAAATC AGTAAACTTC ATACGCTTGA CGGAAAAACC
TACGCTCCGG ACACAAAGTT AGAAATTTAG TCATTTGAAG TATGCGAACT GCCTITTTTGG
127/ 117 10/ 97 a7 7

TeGTTAREL 35 0 Teg
I . |

AGGACGAAAC CTAAATATTT GTTGTTAAGC TGCAATGGAA ACGGTAAAAG CGGCTAGTAT
TCCTGCTTTG GATTTATAAA CAACAATTCG ACGTTACCTT TGCCATTTTC GCCGATCATA
o/ 5y a7 37 27 17

TTAAALT

[N

TTAAAGGGAT GGATGACATC TCAGCGTTGT CGGAGGAGAT ATTTCATGAT GATACGTGAG-3'
AATTTCCCTA CCTACTGTAG AGTCGCAACA GCCTCCTCTA TAAAGTACTA CTATGCACTC-5'
7 1 +4 +14 +24 +34 +44

a

Fig. 4. Schematic representation of bolA promoter region.

The numbers indicate nucleotide positions with respect to the bolAp1 transcription
start site. The sites revealed by H-NS-mediated DNasel protection are highlighted in
gray and the -35 and -10 regions of the promoters are underlined. The transcription
start sites (a and b), and the initiation codon are in bold. The H-NS-binding
consensus sequence is indicated above the DNA duplex, and the vertical bars
indicate the base match between consensus and promoter sequence. The region of
DNA predicted to have significant curvature is indicated by a curved line
immediately above the sequence.
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protein, recent studies defined that this global regulatory protein interacts with
AT-rich regions commonly found in bacterial gene promoters (Lang et al., 2007).
A consensus region, and a consensus structure (DNA curvature) for protein-DNA
interaction has also been identified (Lang et al., 2007; Sette et al., 2009; Yamada et
al., 1990). In these experiments, the regions of interaction were confirmed to be
AT-rich, matching the characteristics of the high affinity H-NS interaction zones
and, all the main interaction zones identified share a partial similarity with the 10
bp described consensus (TCGTTAAATT) (Lang et al, 2007) (see Figure 4).
Altogether, our results support H-NS ability to bind simultaneously to several
sites within the entire regulatory region of bolA, and form higher order structures
originating a repressive nucleoprotein complex that modulates the activity of
bolApl and bolAp2.

In this report we showed that the pleiotropic histone-like protein H-NS is
a new transcription regulator of bolA and we have characterized its mode of
action. We demonstrated that H-NS is directly repressing bolA expression by
binding to different locations along its entire promoter regions. Four major
interaction zones were identified encompassing both bolAp2 and bolApl
promoters. Moreover, the binding sites are confined to a curved DNA region,
acknowledged to be the H-NS preferred consensus structure.

BolA has been shown to be a pleiotropic protein that affects several
cellular functions. It has been described as a transcription factor, as well as a
morphogene (Aldea et al.,, 1988; Freire et al., 2009; Guinote, 2011). It was also
shown to be important for cell survival (Freire et al., 2006b). In this context, a fine
tuned regulation of this gene may be essential for the cell. This work adds a new
regulator, H-NS, to the already complex network of BolA modulators. H-NS is
known to be involved in flagella biosynthesis (Bertin et al., 1994). Additionally, in

E. coli, bacterial motility influence biofilms architecture (Wood et al., 2006). We
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have previously shown that bolA can induce biofilm formation (Vieira et al,,

2004), therefore H-NS and BolA may be involved in the molecular mechanisms

that control the link between motility and biofilm development.

Materials and Methods

Materials

Restriction enzymes, T4 DNA ligase, Pfu DNA polymerase and T4

Polynucleotide Kinase were purchased from Fermentas. DNasel was purchased

from Sigma. All the enzymes were used according to the supplier’s instructions.

Oligonucleotide primers used in this work are listed in Table I and were

synthesized by STAB Vida, Portugal.

Table 1. Oligonucleotides used in this work

Oligonucleotides Sequence

hnsNdel 5 -GGAATTCCATATGAGCGAAGCACTTAAAATTCTG-3’
hnsBamHI 5’-CGGGATCCCGTTATTGCTTGATCAGGAAATCGTCGAGGG-3°
X2 5 -GTCACAATGTCCCAGCCG-3°

X7 5’-CGATGCTTCCTGCTCCAC-3°

16sF 5-AGAGTTTGATCCTGGCTCAG-3’

16sR 5’-ACGGCTACCTTGTTACGACTT-3’

bolAFw 5-GGGGTACCTGTTTGGTAAAAATTCCCG-3°

RNMO012 5’-TCTATCCGCTCACGTATCAT-3"

RblrealT 5-AGTTCCTCCGCTAAAGTACTG-3’

P2 5’-CTTGACGGAAAAACCAGGACG-3

FblrealT 5 -AACCCGTATTCCTCGAAGTAG-3’
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Bacterial Strains and Plasmids

The E. coli strains used were: DH5a (F' fhuA2 A(argF-lacZ)U169 phoA
gInV44 D80 A(lacZ)M15 gyrA96 recAl relAl endAl thi-1 hsdR17a) for cloning
experiments; BL21(DE3) (F- rB- mB- gal ompT (int::PlacUV5 T7 genl imm21 ninb)
for overexpression and purification of the H-NS protein; JW1225 (Ahns::kan)
(Baba et al., 2006); MG1655; MG1693 (a spontaneous Thy- derivative of strain
MG1655); and CMA92 (MG1655 Ahns::kan'), this work. These strains were grown
in Luria Broth medium (LB) at 37°C, supplemented with 100pug/ml ampicillin or
50pg/ml kanamycin, when required.

The hns coding sequence was amplified by PCR using E. coli MG1693
chromosomal DNA and the primers hnsNdel and hnsBamHI. The amplified
fragment was cut with Ndel and BamHI restriction enzymes and cloned into the
pET-15b vector (Novagen) previously cleaved with the same enzymes. The
resulting plasmid (pCDA1) encoding H-NS fused to an N-terminal His6-tag was
used to transform E. coli BL21(DE3) resulting in CMA93 strain
(BL21(DE3)+pCDAL).

The hns deletion mutant was obtained from the Keio collection (Baba et
al., 2006). P1-mediated transduction to transfer the mutation to the MG1655
background (CMA92) was performed as previously described (Sambrook and
Russell, 2001). All constructions were confirmed by DNA sequencing at STAB
Vida, Portugal.

Expression and purification of H-NS

BL21(DE3) containing pCDA1 was grown overnight at 37°C, 120rpm in
LB media supplemented with 100pg.ml! ampicillin. Fresh 250ml of LB was
inoculated with the overnight culture to a final ODs of 0.1 and the culture was

incubated at 37°C, 180rpm. At ODsw ~ 0.5, the expression of hns was induced with
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1mM IPTG for 2h in the same growing conditions. Cells were harvested by
centrifugation and the pellets stored at -80°C. The cellular pellets were
resuspended in 6ml of buffer A (20mM sodium phosphate, 0.5M NaCl, 20mM
imidazole, pH7.4) supplemented with 0.ImM phenylmethylsulfonyl fluoride
(PMSE). Cells were then disrupted using a French press at 9000psi and the crude
extracted was treated with Benzonase (Sigma) to degrade the nucleic acids. After
30min incubation on ice, the suspension was centrifuged for 30min, at 48000xg,
4°C. The supernatant was collected and loaded into a HisTrap Chelating
Sepharose 1ml column (GE Healthcare) equilibrated in buffer A using an AKTA
HLPC system (GE Healthcare). Elution was performed using a gradient of buffer
B (20mM sodium phosphate, 0.5M NaCl, 500mM Imidazole, pH7.4) from 0% to
100% in 20min. Collected fractions containing the pure protein were pooled
together and buffer exchanged to Buffer C (20mM sodium phosphate, 0.5M NaCl,
pH?7,4) using a desalting 5ml column (GE Healthcare). Eluted proteins were then
concentrated by centrifugation at 4°C with an Amicon Ultra Centrifugal Filters
Devices (Millipore) with a mass cutoff of 10kDa. Protein concentration was
determined by the Bradford quantification method and 50% (v/v) glycerol was
added to the final fractions prior to storage at -20°C. More than 90% homogeneity
as revealed by analyzing the purified protein in a sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) stained with Coomassie blue.

RNA Extraction and RT-PCR

Total RNA was extracted by the Trizol (Ambion) according to the
supplier instructions with some modifications. Briefly, an overnight CMA92
culture was diluted to a final ODeoo of 0.1 and incubated at 37°C, 180rpm. Samples
were collected at different points corresponding to the different phases of the

bacterial growth curve (exponential — 0.4; late exponential — 1.2; and stationary
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phase — 2.5). Each aliquot containing 20ml of bacterial cell culture was mixed with
an equal volume of TM buffer (10mM Tris, 25mM NaN3, 500ug/ml
chloramphenicol, 5mM MgCl2, pH7.2) and harvested by centrifugation. The cell
pellet was resuspendend in 600ul of lysis buffer (10mM Tris, 5mM MgCI2,
300pg/ml lysozyme, pH7.2) followed by five cycles of freeze and thaw. The
suspension was supplemented with 1% SDS and 0.33mM AcOH. 1ml of Trizol
reagent (Ambion) was added and the suspension was vortexed 5min at room
temperature, followed by a 10min centrifugation at 16000xg, 4°C. The aqueous
phase was collected and mixed with 200ul of chloroform. The mixture was
vortexed again for 15min at room temperature and centrifuged for 15min at 4°C.
The aqueous phase was collected and total RNA was precipitated with
isopropanol. After drying, the pellet was resuspended in H20 and the RNA
concentration was measured with a spectrophotometer (NanoDrop 1000).

Reverse transcription-PCR (RT-PCR) was carried out with 50ng of total
RNA, with the OneStep RT-PCR kit (Qiagen), according to the supplier’s
instructions, using oligonucleotides X2 and X7. As an independent control, the
16S rRNA-specific primers 16sF and 16sR were used. Prior to RT-PCR, all RNA
samples were treated with Turbo DNA free Kit (Ambion). Control experiments,

run in the absence of reverse transcriptase, yielded no product.

Electrophoretic mobility shift assays

All the fragments used in the electrophoretic mobility shift assays
(EMSA) experiments were generated by PCR and were radioactively labeled at
their 5’-end. For this purpose the reverse primer in each PCR reaction was
previously end-labeled with [P]-y-ATP using T4 polynucleotide kinase. PCR
reactions were carried out using genomic DNA from E. coli MG1693 as template.

Four different substrates were obtained with different primer pairs: bolAFw and
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RNMO012; bolAFw and RblrealT; P2 and RblrealT; FblrealT and RbrealT. The
resulting PCR fragments were run in a 5% non-denaturing polyacrylamide (PAA)
gel and purified by the crush and soak method previously described (Sambrook
and Russell, 2001). The concentration of the purified fragments was measured in a
Biophotometer Plus (Eppendorf).

Binding reactions were performed in a total volume of 10ul containing
EMSA buffer (10mM Tris—-HCI pHS8, 10mM MgCl2, 100mM NaCl, 10mM KCl,
0.5mM DTT, 5% glycerol), InM of labeled substrate and increasing concentrations
of purified H-NS. H-NS was diluted to the desired concentrations prior to the
assay in 2mM Tris-HCl pHS, 0.2mM DTT, 10mM KCI and 10mM NaCl. In all the
assays a control reaction without protein was performed. The binding reactions
were incubated at room temperature for 20min and the samples were then
analysed in a 5% non-denaturing PAA gel. DNA-protein complexes were

detected using the PhosphorImager system from Molecular Dynamics.

DNasel Footprinting

DNasel footprinting assays were performed as described by Leblanc and
Moss (Moss, 2001) with some modifications. Briefly, the DNA-protein complexes
obtained as described above (but in a total volume of 50bolAplul), were
supplemented with a cofactor solution (5mM CaCl2, 10mM MgCl2) and 5x10-
3Kunitz units/uL of DNasel, and incubated 2min at room temperature. The
digestion reaction was stopped with addition of stop buffer (1% SDS, 200mM
NaCl, 20mM EDTA, pHS8.0) followed by phenol-chloroform-isoamylalcohol
(Sigma) extraction of the digested DNA. The extracted DNA was resuspended in
formamide dye mix [95% deionized formamide, 0.025% (w/v) bromophenol blue,
0.025% (w/v) xylene cyanol FF, 5mM EDTA pH8.0, 0.025% (w/v) SDS], resolved in
a 8% denaturing 8.3M urea PAA sequencing gel at 1500V in 1X TBE. Digested
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fragments were detected using a Phosphorlmager system from Molecular
Dynamics. M13 sequencing reaction was performed with Sequenase Version 2.0

sequencing kit according to the instructions manual and resolved in the same gel.

DNA curvature analysis

The online available DNA  Curvature Analysis software
(http://www lfd.uci.edu/~gohlke/dnacurve/) was used with AA Wedge algorithm.
This bioinformatics tool enables the compilation of the curvature values and the
calculation of the global 3D structure of a DNA molecule from its nucleotide
sequence. This program was used to obtain the 3D model of the bolA promoter

region.

Acknowledgments

The authors would like to thank Ana Barbas for the technical support in
the performed EMSA assays and Patrick Freire for the critical reading of the
manuscript. This work was supported by Fundagao para a Ciéncia e Tecnologia
(FCT) (Portugal). Ricardo Moreira was supported by a Doctoral fellowship from
FCT and Clémentine Dressaire and Susana Domingues were recipients of

Postdoctoral fellowships, also from FCT.

50



A new target for an old regulator: H-NS represses transcription of bolA morphogene by

direct binding to both promoters

References

Aldea, M., T. Garrido, C. Hernandez-Chico, M. Vicente, and S.R. Kushner. 1989.
Induction of a growth-phase-dependent promoter triggers transcription
of bolA, an Escherichia coli morphogene. Embo J. 8:3923-3931.

Aldea, M., C. Hernandez-Chico, A.G.d.l. Campa, S.R. Kushner, and M. Vicente.
1988. Identification, Cloning, and Expression of bolA, an ftsZ-Dependent
Morphogene of Escherichia coli. Journal of Bacteriology. 170:5169-5176.

Arraiano, C.M., ].M. Andrade, S. Domingues, I.B. Guinote, M. Malecki, R.G.
Matos, R.N. Moreira, V. Pobre, F.P. Reis, M. Saramago, 1.]. Silva, and S.C.
Viegas. 2010. The critical role of RNA processing and degradation in the
control of gene expression. FEMS Microbiol Rev. 34:883-923.

Baba, T., T. Ara, M. Hasegawa, Y. Takai, Y. Okumura, M. Baba, K.A. Datsenko, M.
Tomita, B.L. Wanner, and H. Mori. 2006. Construction of Escherichia coli
K-12 in-frame, single-gene knockout mutants: the Keio collection.
Molecular Systems Biology. 2.

Barth, M., C. Marschall, A. Muffler, D. Fischer, and R. Hengge-Aronis. 1995. Role
for the histone-like protein H-NS in growth phase-dependent and
osmotic regulation of sigma S and many sigma S-dependent genes in
Escherichia coli. | Bacteriol. 177:3455-3464.

Bertin, P., E. Terao, E.H. Lee, P. Lejeune, C. Colson, A. Danchin, and E. Collatz.
1994. The H-NS protein is involved in the biogenesis of flagella in
Escherichia coli. | Bacteriol. 176:5537-5540.

Dorman, C.J. 2004. H-NS: a universal regulator for a dynamic genome. Nat Rev
Microbiol. 2:391-400.

Fang, F.C.,, and S. Rimsky. 2008. New insights into transcriptional regulation by
H-NS. Curr Opin Microbiol. 11:113-120.

Freire, P., ].D. Amaral, .M. Santos, and C.M. Arraiano. 2006a. Adaptation to
carbon starvation: RNase III ensures normal expression levels of bolAp1
mRNA and sigma(S). Biochimie. 88:341-346.

Freire, P., R. Neves Moreira, and C.M. Arraiano. 2009. BolA inhibits cell
elongation and regulates MreB expression levels. ] Mol Biol. 385:1345-
1351.

Freire, P.,, H.L. Vieira, A.R. Furtado, M.A. de Pedro, and C.M. Arraiano. 2006b.
Effect of the morphogene bolA on the permeability of the Escherichia coli
outer membrane. FEMS Microbiol Lett. 260:106-111.

Gentry, D.R., V.J. Hernandez, L.H. Nguyen, D.B. Jensen, and M. Cashel. 1993.
Synthesis of the Stationary-Phase Sigma-Factor Sigma(S) Is Positively
Regulated by Ppgpp. Journal of Bacteriology. 175:7982-7989.

51



Chapter 3

Guinote, 1.B., Rute Gongalves Matos, Patrick Freire, and Cecilia Maria Arraiano.
2011. BolA Affects Cell Growth, and Binds to the Promoters of Penicillin-
Binding Proteins 5 and 6 and Regulates Their Expression. Journal of
Microbiology and Biotechnology. in press.

Lang, B., N. Blot, E. Bouffartigues, M. Buckle, M. Geertz, C.O. Gualerzi, R.
Mavathur, G. Muskhelishvili, C.L. Pon, S. Rimsky, S. Stella, M.M. Babu,
and A. Travers. 2007. High-affinity DNA binding sites for H-NS provide
a molecular basis for selective silencing within proteobacterial genomes.
Nucleic Acids Res. 35:6330-6337.

Lange, R., and R. Hengge-Aronis. 1991. Growth phase-regulated expression of
bolA and morphology of stationary-phase Escherichia coli cells are
controlled by the novel sigma factor sigma S. | Bacteriol. 173:4474-448]1.

Moss, T. 2001. DNA-Protein Interactions, Principles and Protocols (Methods in
Molecular Biology). Humana Press.

Mujacic, M., and F. Baneyx. 2006. Regulation of Escherichia coli hchA, a stress-
inducible gene encoding molecular chaperone Hsp31. Mol Microbiol.
60:1576-1589.

Nguyen, L.H., and R.R. Burgess. 1997. Comparative analysis of the interactions of
Escherichia coli sigma S and sigma 70 RNA polymerase holoenzyme with
the stationary-phase-specific bolApl promoter. Biochemistry. 36:1748-
1754.

Sambrook, J., and D. Russell. 2001. Molecular Cloning, A Laboratory Manual, 3
Edition. Cold Spring Harbor Laboratory, NY.

Santos, J.M., P. Freire, F.S. Mesquita, F. Mika, R. Hengge, and C.M. Arraiano.
2006. Poly(A)-polymerase I links transcription with mRNA degradation
via sigma$S proteolysis. Mol Microbiol. 60:177-188.

Santos, ].M., P. Freire, M. Vicente, and C.M. Arraiano. 1999. The stationary-phase
morphogene bolA from Escherichia coli is induced by stress during early
stages of growth. Mol Microbiol. 32:789-798.

Santos, J.M., M. Lobo, A.P. Matos, M.A. De Pedro, and C.M. Arraiano. 2002. The
gene bolA regulates dacA (PBP5), dacC (PBP6) and ampC (AmpC),
promoting normal morphology in Escherichia coli. Mol Microbiol. 45:1729-
1740.

Sette, M., R. Spurio, E. Trotta, C. Brandizi, A. Brandi, C.L. Pon, G. Barbato, R.
Boelens, and C.O. Gualerzi. 2009. Sequence-specific Recognition of DNA
by the C-terminal Domain of Nucleoid-associated Protein H-NS. Journal of
Biological Chemistry. 284:30453-30462.

Vieira, H.L., P. Freire, and C.M. Arraiano. 2004. Effect of Escherichia coli
morphogene bolA on biofilms. Appl Environ Microbiol. 70:5682-5684.

52



A new target for an old regulator: H-NS represses transcription of bolA morphogene by

direct binding to both promoters

White-Ziegler, C.A., and T.R. Davis. 2009. Genome-wide identification of H-NS-
controlled, temperature-regulated genes in Escherichia coli K-12. ]
Bacteriol. 191:1106-1110.

Wood, T.K.,, AF. Gonzalez Barrios, M. Herzberg, and ]J. Lee. 2006. Motility
influences biofilm architecture in Escherichia coli. Appl Microbiol
Biotechnol. 72:361-367.

Yamada, H., S. Muramatsu, and T. Mizuno. 1990. An Escherichia coli protein that
preferentially binds to sharply curved DNA. ] Biochem. 108:420-425.

Yamamoto, K., R. Nagura, H. Tanabe, N. Fujita, A. Ishihama, and R. Utsumi.
2000. Negative regulation of the bolApl of Escherichia coli K-12 by the
transcription factor OmpR for osmolarity response genes. Fems
Microbiology Letters. 186:257-262.

53



Chapter 3

Supplementary Data

250
150
100

kD

75
50

37

25
20

15 | <—H-NS

Fig. S1. SDS-PAGE analysis of purified H-NS.

Protein sample was visualized by Coomassie blue staining. Molecular weight
marker (Precision Plus Protein Prestained Standards-Bio-Rad) is shown on
the left side of the image. Purified protein was separated on a 13.5 %
polyacrylamide gel (17.7 kDa).
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Substrate 1 Substrate 3

X-Z X-Z

Fig. 52. DNA Curvature Analysis.

DNA conformation for substrate 1 and substrate 3 (on top of the images)
was analyzed using DNA Curvature Analysis bioinformatics tool
according to the AA Wedge model.
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BolA Inhibits Cell Elongation and Regulates

MreB Expression Levels

This chapter contains data published in:
Freire, P., R.N. Moreira, and C.M. Arraiano. 2009. BolA inhibits cell elongation and regulates
MreB expression levels. ] Mol Biol. 385:1345-1351
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Abstract

The morphogene bolA is a general stress response gene in Escherichia coli
that induces a round morphology when overexpressed. Results presented in this
report show that increased BolA levels can inhibit cell elongation mechanisms.
MreB polymerization is crucial for the bacterial cell cytoskeleton, and this protein
is essential for the maintenance of a cellular rod shape. In this report, we
demonstrate that bolA overexpression affects the architecture of MreB filaments.
An increase in BolA leads to a significant reduction in MreB protein levels and
mreB transcripts. BolA affects the mreBCD operon in vivo at the level of
transcription. Furthermore, our results show that BolA is a new transcriptional
repressor of MreB. The alterations in cell morphology induced by bolA seem to be
mediated by a complex pathway that integrates PBP5, PBP6, MreB, and probably

other regulators of cell morphology/elongation.
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Introduction

Penicillin-binding proteins (PBPs) are key players in cell elongation and
division mechanisms (Spratt and Pardee, 1975). In Escherichia coli, PBP2 is
responsible for lateral murein extension, leading to cell elongation, while PBP3 is
specific for septal murein production during cell division. Specific inhibition of
PBP2 by mecillinam causes E. coli to grow as spherical cells, while inhibition of
PBP3 using aztreonam blocks septal peptidoglycan synthesis, leading to a
characteristic filamented cell phenotype (Spratt and Pardee, 1975). PBP2 is
essential for cell elongation. MreB is a structural homolog of actin that is also
essential for cell elongation and maintenance of a bacterial rod shape (Jones et al.,
2001; van den Ent et al., 2001). The morphogene bolA induces a spherical shape
when overexpressed, and it has been established as a general stress response gene
(Santos et al., 1999). The expression of bolA is tightly controlled (Freire et al.,
2006a; Lange and Hengge-Aronis, 1991; Santos et al., 2006). bolA increases biofilm
formation (Vieira et al., 2004) and modulates cell permeability (Freire et al.,
2006b); in addition, it was demonstrated that bolA increases the expression of
PBP5, PBP6 and ampC mRNA (Aldea et al., 1988; Santos et al., 2002). In this work,
we analysed the effect of BolA on cell growth and elongation using a set of
specific antibiotics that induce known morphology alterations through the
inhibition of PBPs. Results show that BolA inhibits the mechanism of cell

elongation and can act as a new transcriptional repressor of MreB expression.
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Results & Discussion

BolA expression affects growth rate and cell elongation

Plasmid pPFAQ2 was constructed by cloning the bolA coding region in-
frame with a (His)6 tag at the 5’ end in a pET28a plasmid under the control of a
LacZ promoter (Novagen). CMA50 is a BL21(DE3) strain (Novagen) transformed
with pPFA02 plasmid. High expression of (His)6-BolA was achieved 30 min after
1 mM IPTG (Merck) was added to the growth medium. Microscopic phase-
contrast observations showed that all cells became round or olive-shaped after 1 h
of induction (Supplementary Fig. S1), demonstrating that overexpression of
(His)6-BolA induces the same cellular morphology alterations that are observed
when the native BolA protein is overexpressed (Santos et al., 1999). Two hours
after induction of BolA, the optical density at 620nm (ODex) of the culture
increased 2.5X; without induction of bolA, the ODs2 increased 7X (data not
shown). The overexpression of BolA appears to be sufficient to retard cell growth
rate. Aztreonam is a specific inhibitor of PBP3 activity that prevents septation and
induces the formation of cellular filaments (Spratt and Pardee, 1975).
Exponentially growing cells were regular rod-shaped bacteria, but some
filamenting cells were also visible (about 2% of the total cell population) (Fig. 1a).
Addition of aztreonam induced cell filamentation, as expected (Fig. 1al and a2).
When bolA expression was induced after aztreonam addition, cells remained
shaped as filaments (Fig. 1bl and b2). However, these filaments no longer
increased in length. Elongation seemed to be arrested. Surprisingly, after 90 min
of bolA overexpression, a branched phenotype arose (Fig. 1b2). However, when
bolA was induced in exponential phase and aztreonam was added 30 min later,
cells no longer became filaments as could be expected due to aztreonam effects

and furthermore acquired a shorter morphology (Fig. 1cl and c2). Even though
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Time 0’

Fig. 1. Phase-contrast microscopy photographs. Batch cultures grown aerobically in LB medium
at 37 °C and 120 rpm were launched from overnight cultures, diluted to an ODse2 of 0.08 (Santos
et al., 1999). Cells were harvested and fixed onto slides coated with a 1% agarose film (Donachie
et al., 1976). Images were obtained using a DMRB microscope (Leica) under phase-contrast
optics coupled to a CCD camera, with Leica software. CMAS50 strain morphology alterations
were observed in LB medium after addition of aztreonam (20 pg/mL) or IPTG (1 mM) starting at
an ODe of 0.4. (a) Exponentially growing CMAS50 in LB medium. Time 0’ for aztreonam (Az)
addition or IPTG addition. (al) Sixty minutes after aztreonam addition to the medium. (a2)
Ninety minutes after aztreonam addition. (b) Addition of IPTG to induce bolA expression 30 min
after aztreonam treatment. (b1) Sixty minutes after aztreonam treatment and 30 min after bolA
induction. (b2) Ninety minutes after aztreonam addition and 60 min after bolA induction. Black
arrows show the beginning of cell branching. (c) Thirty minutes after induction of bolA by IPTG;
time 0’ for addition of aztreonam. (c1) Sixty minutes after bolA induction and 30 min after
aztreonam treatment. (c2) Ninety minutes after bolA induction and 60 min of aztreonam
addition. Glucose (0.4% w/v) was added to the medium in control experiments to ensure
complete shutdown of the expression of pPFA(02 (data not shown). The levels of (His)6-BolA
were determined by quantitative Western blot and are supplied as supplementary data (Fig. S2).

Black bar represents 5 um.
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some longer cells were still detected 30 min after aztreonam addition (Fig. 1c1),
the population eventually reached 100% of short cells (Fig. 1c2). The levels of
(His)6-BolA in all the conditions observed by microscopy were determined by
quantitative Western blot (Supplementary Fig. S2). Detection was performed with
an anti-(His) antibody from GE Healthcare at a concentration of 1:5000. The
intensity of the bands measured normalized by measurements of elongation
factor (EF)-Tu protein as internal control. The levels of BolA were maintained
with slight variations throughout all conditions. This ensured that BolA is
produced in considerable levels whenever it is induced. Conversely, when no
induction with IPTG was performed, no level of the protein was detected. Thus,
BolA overexpression can prevent elongation of the cell. The absence of bolA-
mediated morphology when septation is inhibited before bolA induction (Fig. 1b1l
and b2) indicates two possibilities: (a) the cells might be committed to an
irreversible morphological pathway by the influence of aztreonam and BolA is no
longer able to induce a rounder shape or (b) BolA-dependent inhibition of
elongation might require a functional septation machinery, here inhibited by
blocking PBP3, at least in an initial phase. Furthermore, the longer cells observed
in Fig. 1cl cannot become shorter in Fig. 1c2 by dividing since septation is
inhibited. Therefore, the longer cells either might have been dying by lysis or

were somehow being shortened by the overexpression of bolA.

BolA prevents cellular elongation/rod shape maintenance
mechanisms

Cefmetazole is a cephalosporin that inhibits all E. coli PBPs except PBP2
(Ohya et al., 1978). This antibiotic was used simultaneously with aztreonam in a
similar experiment as in Fig. 1 to inhibit all PBP functions, except for PBP2, and
focus the analysis of the effect of bolA on elongation mechanisms, independently

of PBP5 or PBP6, previously shown to be regulated by BolA (Santos et al., 2002).
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Fig. 2. Phase-contrast microscopy photographs. CMA50 strain morphology alterations were
observed in LB medium after addition of aztreonam (20 pg/mL) plus cefmetazole (1 ug/mL) (cef)
or IPTG starting at an OD620 of 0.4. Time 0’ of the experiment corresponds to the photo in Fig.1a.
(d) Thirty minutes after aztreonam+cefmetazole addition to the medium; time 0’ for addition of
IPTG to induce bolA expression. (d1) Sixty minutes after aztreonam+cefmetazole treatment and

30 min after bolA induction. (d2) Ninety minutes after aztreonam+cefmetazole addition and 60
min after bolA induction. (e) Thirty minutes after induction of bolA by IPTG; time 0’ for addition
of aztreonamtcefmetazole. (el) Sixty minutes after bolA induction and 30 min after
aztreonam+cefmetazole treatment. (e2) Ninety minutes after bolA induction and 60 min after
aztreonam+cefmetazole addition. The levels of (His)6-BolA were determined by quantitative

Western blot and are supplied as supplementary data (Fig. S2). Black bar represents 5 um.

The results were generally the same as those illustrated in Fig. 1, showing that
bolA overexpression is unable to revert the filament morphology when septation
is blocked before its own induction (Fig. 2d1 and d2) and that cells are unable to
elongate when bolA is overexpressed prior to septation inhibition (Fig. 2el and
e2). However, the elongation now observed in Fig. 2d1 and d2 is strictly related to
PBP2 activity, among all PBPs. It is interesting to verify that bolA can affect
morphology independently of PBP5 and/or PBP6. Therefore, BolA overexpression
either blocks PBP2-dependent cell elongation or affects another mechanism

involved in the normal maintenance of the rod shape and essential for elongation.
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Overexpression of PBP2 was shown to be unable to revert the round phenotype
caused by bolA overexpression back to a bacilli shape (Aldea et al., 1988). BolA
might then be affecting other elements involved in cell elongation mechanisms
that indirectly impair PBP2-dependent cell elongation. A good candidate is MreB,
a structural homolog of actin essential for cell elongation and maintenance of the
rod shape (Jones et al., 2001; van den Ent et al., 2001). A possible correlation can
also be established between bolA-induced round morphology and the spherical
cells caused by mutations of the mreB gene or specific inhibition of MreB (van den

Ent et al., 2001).

BolA affects the architecture of MreB filaments

Immunofluorescence experiments to detect MreB filaments were performed
in order to check for any influence of bolA on their spatial arrangement (Fig. 3.1).
MreB polymerizes to form a spiralled structure along the interior of the cell wall
(Jones et al., 2001). MreB polymers forming the cytoskeleton were clearly visible
when BolA was not overexpressed (Fig. 3.1a-d). When the expression levels of
BolA increased, no more MreB filaments can be detected and the signal was
spread all over the spherical cell (Fig. 3.1h—j). MreB filaments nevertheless
remained detectable by immunofluorescence in round cells caused by addition of
mecillinam, an inhibitor of PBP2 (Fig. 3.le-g), showing that loss of MreB
localization under bolA overexpression is not due to the shape alteration from rod
to sphere. A similar observation was made when MreB polymerization was
inhibited by A22, a specific inhibitor of MreB (Karczmarek et al., 2007). Therefore,
the results obtained show that BolA overexpression affects MreB filaments spatial
organization. MreB was induced with IPTG from plasmid pTK51214 in several
conditions and strains (data not shown) in an attempt to rescue the bolA spherical
morphology. No reversion of cell morphology could be detected. BL21+pPFA02

strain was co-transformed with pTK512 to further study these effects. MreB and
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Wi+pTK512 AboiA+pTK512

MreB previously induced in
Exponential phase

e () (g)
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Fig. 3. (1) Analysis of E. coli cytoskeleton by immunofluorescence microscopy. Anti-MreB
antibodies (Kruse et al., 2003) were used at a 1:100 dilution; secondary TRITC anti-rabbit
(Sigma), at 1:300. Cells were fixed in phosphate buffered saline 1X, 4% formaldehyde, and
0.02% glutaraldehyde (Harry et al, 1995). Cells were permeabilized with lysozyme (10
mg.mL™") and applied to polylysine pretreated coverslips, fixed with methanol and acetone, and
blocked with 2% bovine serum albumin and 0.05% Tween-20 in phosphate-buffered saline 1X.
Images collected by immunofluorescence in a DMRB microscope (Leica) were treated with a
deconvolution filter from MetaMORPH software. (a-d) Exponentially growing CMAS50 cells
showing the helical structures corresponding to the polymers of MreB forming the cytoskeleton.
Subpanel (a) corresponds to an example of the filaments observed in these conditions. (e-g)
Control experiment showing the visualization of MreB-defined filaments in round cells treated
with mecillinam. (h—j) Overexpression of BolA 2 h after IPTG addition. Control experiments
rule out any influence of glucose or IPTG on the morphology alterations (data not shown). The
levels of (His)6-BolA were determined by quantitative Western blot and are supplied as
supplementary data (Fig. S2). (2) Phase-contrast microscopy photographs. Batch cultures grown
aerobically in LB medium at 37 °C and 120 rpm were launched from overnight cultures, diluted
to an ODe2o of 0.08 (Santos et al., 1999). Cells were harvested and fixed onto slides coated with a
1% agarose film (Donachie et al., 1976). Images were obtained using a DMRB microscope (Leica)
under phase-contrast optics coupled to a CCD camera, with Leica software. MG1693 and an
isogenic AbolA were transformed with pTK51214 plasmid that overexpresses the mreBCD
operon with IPTG. The upper panel shows their morphology in the stationary phase of growth
without induction. The lower panel shows the morphology alterations observed in the

stationary phase when mreBCD is induced previously in the exponential phase of growth.
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(His)6-BolA were induced simultaneously with 1 mM IPTG. Overexpression of
BolA and MreB together gave a mixed cell phenotype (round, lemon-shaped cells
and rods), but, in general, longer cells were obtained due to the opposite effect of
MreB in cell morphology (Supplementary Fig. S1). After 2 h of induction, when
only BolA was overexpressed in the BL21+pPFAQ2 strain, cells became spherical
or lemon-shaped. Non-induced cells presented the typical phenotype of BL21:
rods with some filaments. MreB overexpression seems to reduce the impact of
BolA in cell morphology. MG1693 and an isogenic bolA deletant were also
transformed with pTK512 and studied in stationary phase to assess this effect on
other strains. As above, after a rounder morphology was established, the
induction of MreB was unable to restore longer cells. However, when MreB was
induced in the exponential phase, it prevented the formation of shorter cells
observed in the stationary phase. This effect is even more visible in bolA deletant
strain, showing that MreB has an effect opposite to the influence of BolA in cell
morphology (Fig. 3.2). Even though MreB overexpression cannot reverse the
morphology induced by BolA, higher levels of MreB in the cell clearly impair the

induction of a rounder/shorter shape by BolA.

BolA affects MreB expression levels

The process of MreB filament formation is probably dependent on the
intracellular levels of MreB, in a way similar to what happens in the actin
polymerization process (Korn et al., 1987). Therefore, if bolA significantly lowers
the expression levels of MreB, this could be interfering with the architecture of
MreB polymers. Western blots were performed to assess variations of MreB
protein levels related to bolA overexpression. The results show that MreB protein
levels were reduced by threefold when BolA was overexpressed (Fig. 4a). The
detection of EF-Tu by specific antibodies on the same membranes shows that the

variations observed are not due to pleiotropic effects of IPTG or BolA overexpres-
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sion. BolA is thus shown to act as a new

negative regulator of MreB. By
interfering with the levels of MreB, BolA
impairs the stability of the cytoskeleton
in E. coli. The disruption of the internal
cell scaffold could furthermore explain
how cells could eventually shorten from
a longer rod shape (Fig. 1cl) to olive-
shaped cells (Fig. 1c2) when septation is
inhibited. RNA dot-blot experiments
were performed to check whether the
change in MreB protein levels derives
from a reduction in mreB mRNA levels

(Fig. 4b).The results show that induction

Fig. 4. (a) Western blot showing the levels of
MreB in the cell. Bacterial proteins were
extracted using Bugbuster (Novagen).
Quantification was according to the Lowry
method, and equal amounts of total protein
were loaded in 12% SDS-PAGE gels
(Sambrook and Russell, 2001). After transfer,
membranes were incubated with anti-MreB
antibodies at a dilution of 1:10,000 (Kruse et
al,, 2003). MC1000AmreB strain was used as
negative control (Kruse et al., 2003). The top
lane is AmreB, the middle lane shows the
levels of this protein with basal expression of
BolA, and the bottom lane shows the levels of
MreB upon overexpression of BolA. EF-Tu
detection was used as a control of total
protein quantification. (b) Representative dot
blot showing the analysis of steady state mreB
mRNA levels in CMAS50 strain after
overexpression of bolA. Total RNA was
extracted as previously described (Santos et
al.,, 2006). Equal amounts of total RNA were
blotted onto Hybond+ membranes (GE) and
fixed by UV light. An mreB DNA probe
spanning the entire mreB ORF was obtained
by PCR using Taq polymerase (Roche) and
the primers MreB1 (5'-attgacctgggtactgeg-3')
and MreB2 (5'-ctcttcgetgaacaggte-5')
produced by STABVida. Membranes were
hybridized and washed as described
previously (Miller, 1992). Membranes were
autoradiographed using Biomax MR from
Kodak, and bands were quantified with an
IMAGEQUANT™ densitometer (Molecular
Dynamics). 0" represents mreB mRNA levels
at an ODex of 0.4. The levels of (His)6-BolA
were determined by quantitative Western
blot and are supplied as supplementary data
(Fig. S3). (c) MreB protein levels in PBP5,
PBP6, and double PBP5/PBP6 mutants
(Santos et al., 2002) in LB medium stationary
phase. Quantifications were done by Western
blot and normalized by EF-Tu determination
on the same membranes. Lanes 1-3 show the
results the bolA
overexpression, while lanes 4-6 show MreB
levels in the same conditions but with
overexpression of bolA using plasmid
PMAKS580 (containing bolA with native
promoters) as described previously (Santos et
al., 2002).

for strains  without
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of BolA levels was indeed able to significantly reduce the levels of mreB
transcripts in less than 60 min. Therefore, bolA represses the levels of mreB
mRNA. The levels of induced BolA were determined by quantitative Western blot
and are provided as supplementary data (Fig. S3). The results obtained were
further confirmed by quantitative reverse-transcription PCR. A Transcriptor First
Strand cDNA Synthesis Kit (Roche) was used to reverse transcribe total RNA to
cDNA using the random hexamer primer following the manual protocol.
Quantitative PCRs were performed to amplify mreB and 16S RNA cDNAs using
the primers RT-MREB (5-acttgtccattgacctgggtactg-3') and RT-MREB2 (5'-
gccgeegtgeatgtegatcattte-3') and the primers 16S rRNA F (5'-aga gtt tga tcc tgg ctc
ag- 3') and 165 rRNA R (5'-acg gct acc ttg tta cga ctt-3"), respectively. Equal
amounts of the sample were loaded in 0.7% agarose gel (Supplementary Fig. 54).
Quantification was done with Image] software and normalized by 165 RNA
cDNA levels. The results obtained from three replicated experiments indicate
intensities of 0.82+0.12 for the mreB cDNA band 60 min after induction of BolA
and 1.45+0.22 without any induction. BolA therefore reduces the levels of mreB

RNA to about 55% of their normal levels.

BolA represses operon mreBCD transcription by direct binding to
its promoters

A plasmid pRMA1 was constructed containing the gfp gene encoding
green fluorescent protein under the control of the promoters of the mreBCD
operon using vector p363 (Miksch and Dobrowolski, 1995). Total protein was
extracted as above, with and without overexpression of BolA, and green
fluorescent protein fluorescence was quantified in a Varian-Eclipse fluorescence
spectrophotometer. The data obtained were normalized per cell by quantifying
EF-Tu protein present in the different protein extracts. The fluorescence per cell

(+BolA)/fluorescence per cell (wt) ratio, representing the variations in mreBCD
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transcription by overexpression of bolA, were determined in BL21+pPFAO02 strain
after 1h of induction. The average ratio obtained was 0.64+0.04. BolA
overexpression is therefore able to shut down transcription of mreBCD operon in
vivo to about 64% of its normal expression, in correlation with the levels of mreB
RNA detected above. (His)6-BolA was purified by histidine affinity
chromatography using HiTrap chelating HP columns and an AKTA HPLC
system (GE Healthcare). Purity of the protein was verified by SDS-PAGE. The
purified protein was immobilized by amine coupling in a CM5 sensor chip on a
Biacore 2000 system (GE Healthcare) following the manufacturer's instructions
and analysed by surface plasmon resonance. Biosensor assays were run at 25 °C
in buffer containing 20 mM Tris-HCI, pH 8, 100 mM KCl, 1 mM dithiothreitol,
and 25 mM ethylenediaminetetraacetic acid. Operon mreBCD promoters and bolA
open-reading frame (ORF) DNA encoding fragments were amplified by PCR
using the primers mreBl (5'-gccacttgatactaacgtg-3’) and mreB2 (5'-
ggggcggaaaagaaaatc-3') and the primers bolAX2 (5'-gtcacaatgtcccagecg-3") and
bolAX9 (5'-ccagacaaaacaaaacggcccg-3'), respectively. The amplified DNA
fragments were injected as ligands. All experiments included replicate injections
of six concentrations of each DNA sequence (ranging from 0 to 3 pM).
Dissociation constants (Kp's) were calculated using the BIA Evaluation 3.0
software package, according to the fitting model 1:1 Langmuir binding. We
determined a Kb of 6.9+2.4 nM for BolA interaction with mreB promoters and a Ko
of 23.6+5.4 nM for the interaction with the bolA ORF. The Kb of (His)6-BolA
interaction with the bolA ORF sequence is therefore 3.5-fold higher than that with
the mreBCD promoter sequence, showing that BolA has a significantly higher
affinity for the promoter sequence of mreBCD. BolA is thus able to bind directly
with high affinity to the promoter sequence of mreB and therefore acts as a new
transcriptional repressor of MreB expression levels. MreB concentration in fast-

growing cells reaches 40,000 molecules/cell; in slow-growing cells, it was
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estimated at 17,000 molecules/cell (Kruse et al., 2003). Inversely, bolA mRNA
levels are low in fast-growing cells but increase by about 20-fold in slow-growing
cells (Santos et al., 1999); the regulation of BolA expression might therefore be

connected to the differential expression of MreB during different growth phases.

BolA plays a central role in a morphogenetic pathway including
PBP5, PBP6, and MreB

BolA induces the expression levels of PBP5 and PBP6 at the onset of the
exponential phase (Santos et al., 2002). BolA overexpression was also shown to be
unable to promote a round morphology in a PBP5/PBP6 double mutant (Santos et
al.,, 2002). The inhibition of all PBPs except PBP2 in Fig. 2el and e2 shows that
bolA is nevertheless able to induce a shorter olive-shaped morphology
independently of PBP5 or PBP6. A similar reduction in cell length was also
reported in the PBP5/PBP6 double mutant (Santos et al., 2002). BolA's effect on
cell morphology alterations thus seems to be based on the integration of a
complex set of regulations. The levels of MreB protein were analyzed in the PBP5
and PBP6 single and double mutants that were previously studied (Santos et al.,
2002). Protein levels were normalized by quantification of EF-Tu levels (Fig. 4c).
A general negative effect of bolA overexpression on the levels of MreB is clearly
confirmed (columns 4 to 6); even though this effect is lower in the double
PBP5/PBP6 mutant. MreB levels are lower in the single mutants as compared with
the double mutant upon overexpression of bolA. This low concentration might not
be enough to permit polymerization of MreB filaments, as seen in the data
presented in Fig. 3. The conjugated effects of BolA in MreB, PBP5, and PBP6 thus
contribute to induce the round morphology in PBP single mutants. Likewise, the
absence of a round morphology induced by bolA in the PBP5/PBP6 double mutant
could be correlated not only to the lack of PBP5 and PBP6 but also to the higher

levels of MreB observed in that strain. Furthermore, since this strain shows lower
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levels of MreB than the single mutants, independently of bolA overexpression
(column 3), expression of MreB might also be influenced by PBP5 and/or PBP6.
BolA therefore seems to play a central role in a complex web of regulators of cell
morphology/elongation that includes PBP5, PBP6, MreB, and probably other
factors. The induction of PBP5 and PBP6 and the reduction in MreB levels by
BolA overexpression converge to inhibit cell elongation and induce a rounder
morphology.

This work shows that bolA-induced cell morphology alterations are
mediated by a complex pathway that integrates PBP5, PBP6, and MreB. The
finding that BolA can directly repress the transcription of mreBCD and lower the
levels of MreB in the cell presents a broad impact on cellular features, such as
morphology maintenance and elongation mechanisms, especially in stress
conditions when bolA is induced. It is also a major step toward understanding the
regulation of MreB expression, a protein responsible for the cytoskeleton, an
essential architectural element of the bacterial cell. Further studies will be
necessary to provide more insights on these novel regulation pathways and how

the different elements involved influence one another.
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Supplementary Data

Control + MreB
Control h +BolA
Time 0 without induction

Time 0°

Fig. S1. Phase contrast microscoscopy photographs. Batch cultures grown aerobically in LB
medium at 37°C and 120 rpm were launched from overnight cultures, diluted to an optical
density of 0,08 at 620 nm (ODe) (Santos et al., 1999). Cells were harvested and fixed on to slides
coated with 1% agarose film (Korn et al., 1987). Images were obtained using DMRB microscope
(Leica) under phase-contrast optics coupled to a CCD camera, with Leica software. The upper
panel presents strain BL21+pPFA02+pTK512 with a simultaneous induction of MreB and BolA
with ImM IPTG for 2h and the control experiment without induction. Lower panel shows the
morphology induced by BolA overexpression after 1 and hours with IPTG 1ImM in strain

BL21+pPFA02.
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Fig. 52. Quantitative Western Blots with the levels of induced BolA in the conditions observed
in Figure 1 (upper panel) and Figure 2 (lower panel). Experiments were performed as in Figure
4.A with normalization by EF-Tu levels. The numbers represent the amount of BolA detected
divided by the amount of EF-Tu. The points showed in the experiment diagram without figures
had no detectable levels of (His)6-BolA and correspond to non-induced conditions. Detection of

(His)6-BolA was performed with an antibody anti-His from GE Healthcare at 1:5000.
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Fig. 53. Quantitative Western Blots with the levels of induced BolA in the conditions observed
in Figure 3.1 and Figure 4.B (upper panel A). The intensities measured are indicated using the
levels of BolA after 30" of induction as reference. BolA is not detected without induction by
IPTG. B. Analysis of induction levels of BolA under different IPTG concentrations. The numbers
represent the amount of BolA detected divided by the amount of EF-Tu. Detection of (His)6-

BolA was performed with an antibody anti-His from GE Healthcare at 1:5000.

80




BolA Inhibits Cell Elongation and Regulates MreB Expression Levels

. &

.& & o
. & .
L ..;F-'

&
UMD !

- | H 4 —}155§N§NA
A000hn = ' > mreB c
—

A00bp  —

Fig. S4.Total RNA was extracted as previously (Santos et al., 1999). For cDNA synthesis
Transcriptor First Strand cDNA Synthesis Kit (Roche) was used. Equal amounts of RNA were
mixed with ramdom hexamer primer. Primer and RNA mixture were heated for 10min at 65°C
for denaturation of RNA secondary structures. After addition of all components, samples were
incubated for 10min at 25°C followed by 30min at 55°C. Inactivation of Transcriptor Reverse
Transcriptase was done at 85°C for 5min. For PCR reaction 5ul of cDNA were used as template
with Taq Polymerase (Roche) and primers RTMREB (5'-ACTTGTCCATTGACCTGGGTACTG-3')
and RTMREB2 (5-GCCGCCGTGCATGTCGATCATTTC-3’). Equal amounts of sample were
loaded in a 0.7% agarose gel. Quantification was done with Image] software and normalized by
16s rRNA levels obtained in same PCR reaction with primers 16S rRNA Forward (5-AGAGTT
TGATCCTGGCTCAG-3') 16S rRNA Reverse (5-ACGGCTACCTTGTTACGACTT-3’). The values

provided in the text represent the amount of BolA detected divided by the amount of EF-Tu.

81






Chapter 4

Multiple target regulation by BolA: The
impact on stress related small non-coding

RNAs in Escherichia coli

This chapter contains data from:
Moreira RN, Dressaire C and Arraiano CM, (2011). Multiple target regulation by BolA: The

impact on stress related small non-coding RNAs in Escherichia coli. In preparation
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Abstract

The morphogene bolA induces a spherical shape when overexpressed and
it has been established as a general stress response gene. The cell shape alteration
caused by BolA involves several modifications on the outer membrane (OM) of
the bacteria and cell division machinery. To study the global effect of BolA in E.
coli mRNA transcription, we cloned its gene into a plasmid under the control of
an arabinose inducible promoter and performed transcriptomic studies. Cell
envelope integrity during stress and normal growth is controlled by the
alternative sigma factor sigma E (oF), a widespread sigma factor in pathogenic
and non-pathogenic bacteria. Of all sigma factors identified in the transcriptomic
study, of was the unique significantly affected. Moreover, this regulation was
also reflected on the of dependent sSRNAs RybB and CyaR. Interestingly, the non-
of dependent CsrB, DsrA, RyhB, OmrA, OmrB and RydB sRNAs were also
noticed to vary according to the BolA overexpression, being BolA able to up or
down-regulate their expression. All BolA target SRNAs are somehow involved
with cell division, OM proteins regulation or motility. In fact, currently, about a
third of the E. coli sSRNAs with known cellular functions are involved in the
regulation of outer membranes proteins (OMP). The finding that BolA can repress
or enhance the transcription of sRNAs in the cell indicates a broad impact on
cellular features, such as morphology maintenance, cell envelope stress response

and cell motility especially in stress conditions when bolA is induced.
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Introduction

In stress conditions bacteria respond to environmental changes not only
by morphology changes but also by global modifications in transcription. The
morphogene bolA induces a spherical shape when overexpressed, and it has been
established as a general stress response gene (Santos et al., 1999). The bolA gene
expression is regulated in a complex manner both transcriptionally and post-
transcriptionally (Freire et al., 2006a; Lange and Hengge-Aronis, 1991; Moreira et
al., 2011; Santos et al., 2006). bolA increases biofilm formation (Vieira et al., 2004)
and modulates cell permeability (Freire et al., 2006b). All this mechanisms can be
related with the fact that BolA acts as a transcription factor of certain target genes
related with cell division and cell morphology. For instance, it is known that BolA
induces cell membrane D,D-carboxypeptidases (Aldea et al., 1988; Guinote et al.,
2011; Santos et al., 2002) and represses the expression of the bacterial actin-like
protein MreB (Freire et al., 2009a). Thus, BolA acts as a dual activity regulator
which allows the activation of some genes while repressing others. This gives a
regulatory versatility within a transcriptional network.

The cell shape alteration caused by BolA involves several modifications
on the outer membrane (OM) of the bacteria. The OM of Gram-negative bacteria
is crucial for viability of the cells; therefore stress responses have evolved in these
organisms to maintain its integrity. These changes are often accomplished by the
induction of alternative sigma factors, modulating RNA polymerase activity to
specific promoters (Johansen et al., 2006). In Escherichia coli one of the key
pathways involved in maintaining cell envelope integrity during stress and
normal growth is controlled by the alternative sigma factor sigma E (oF). The of

response to envelope stress is well characterized (Ades, 2008). o* is sequestered in
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an inactive form at the inner membrane under nonstress conditions. Perturbation
of envelope homeostasis, caused by damage of the OM or the accumulation of
unfolded outer membrane proteins (OMPs), triggers release of of to the
cytoplasm, where it directs RNA polymerase to transcribe the of regulon (Gogol
et al,, 2011). of promoter consensus-motifs have been identified in E. coli and
Salmonella (Rhodius et al., 2006; Skovierova et al., 2006). These motifs are
observed in the promoter regions of MicA and RybB small RNAs (sRNAs) (Vogel
and Papenfort, 2006). The of-dependent transcription of these two sRNA genes
has been shown in Salmonella (Vogel and Papenfort, 2006) and E. coli (Johansen et
al., 2006). Currently, about a third of the E. coli sSRNAs with known cellular
functions are involved in the regulation of OMPs. Bacterial sRNAs are
widespread and functionally diverse regulators with a predominant relatively
small size (Beisel and Storz, 2010). They have been extensively studied over the
last years because of their high importance in the post-transcriptional regulation
of bacterial gene expression. The most predominant class of SRNAs is dependent
on the RNA chaperone Hfq to form base pairing interactions with target mRNAs.
The interaction between the sRNAs and their target is responsible for changes in
mRNA translation and stability influencing gene expression of the target mRNAs.

In this work we have used microarrays to identify potential targets for
BolA in E. coli and show that when BolA is overexpressed in exponential phase,
the rpoE mRNA is upregulated. All the other sigma factor did not show this
increase in the level of their transcripts. Some sRNAs were included in the
microarray and the presence of BolA affected eight of those sRNAs. The oFf
dependent genes rybB and cyaR were in this group. RybB is involved in the OM
integrity and stress response (Johansen et al., 2006). CyaR, cyclic AMP-activated
RNA) promotes decay of the ompX mRNA (Johansen et al., 2008). The variations
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of the identified sSRNAs were confirmed by Northern blot analysis and the

possible direct regulation by BolA was studied.

Results

The global effect of BolA in exponential phase: BolA affects of

BolA is known by the pleiotropic effects at cell wall and cell division level (Freire
et al., 2009b; Guinote, 2011; Santos et al., 2002) and also to respond to a variety of
stresses (Santos et al., 1999). In exponential phase, this gene is barely study since
07 is the major sigma factor under these conditions (Aldea et al., 1989). To
evaluate the physiologic impact of BolA in E. coli exponential phase of growth,
the global overview of transcription of the cell was analyzed by microarray
experiments. We have compared the bolA deletion strain in exponential phase
with the same strain with bolA highly induced from an arabinose promoter.
Different genes belonging to different categories were observed to vary in the
conditions tested. Among those are stress related genes. Curiously enough, from
the six sigma factors represented on the microarray, only one was noticeably
upregulated. The rpoE RNA, coding the stress sigma factor E, was the identified
target (Fig. 1A). Its levels were upregulated around threefold in the presence of

BolA (Fig. 1B).
BolA influences multiple sSRNAs involved in stress response

The OM proteins and cell envelope integrity are of major importance for
cell survival in stress conditions. It was previously shown that two sRNAs belong
to the of regulon, the small non coding RNA RybB and MicA, having a major

impact on the transcription of OM proteins (Johansen et al., 2006; Papenfort et al.,
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2006; Thompson et al., 2007). Since BolA is a stress related protein with different
effects on PBPs and also permeability on the cell (Freire et al., 2006b; Guinote,

2011; Santos et al., 2002), we were interested in the possible regulation of different
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Fig. 1. (A) Volcano plot representation of the transcriptome results. Genes associated to
a FDR lower than 10 % (represented by the horizontal scattered line) were considered
significant. Each point corresponds to a gene, the black marks are all the o-factors
identified and the red cross is representing oFf. The (+) and (-) represent the
upregulated and downregulated areas in the plot respectively (B) Northern blot
confirming the upregulation of o® mRNA.

sRNAs related with membrane stress response. Among 48 identified sSRNAs in
the microarrays study, 8 were considered as significantly up or downregulated
(Fig. 2). Four transcripts were reduced > 1.75 fold, while four sSRNAs showed > 2
fold elevated levels (Fig. 3A). On average the upregulated RNAs exhibited a far
higher degree of regulation. To confirm the transcriptomic data, we determined

by Northern blot the RNA levels changes of the BolA-mediated downregulated
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and upregulated for the selected targets (Fig. 3B). Of the eight selected genes,
seven were confirmed to vary accordingly to the observed microarray data.
Nevertheless, one of them was not downregulated but upregulated. For the two

known sRNAs regulated by of, we found that RybB is modulated in the cells ex-
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Fig. 2. Volcano plot showing the significantly downregulated or upregulated sRNAs.
Genes associated to a FDR lower than 10 % (represented by the horizontal scattered
line) were considered significant. The green and red marks are representing the
sRNAs underexpressed and overexpressed respectively. The (+) and (-) represent the
upregulated and downregulated areas in the plot respectively.

pressing BolA, being around twofold less abundant in the strain without BolA.
However, for the thresholds used in the bioinformatic analyses, MicA was not

detected to vary with BolA. CyaR represses OMP transcription when cells suffer
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any kind of envelope stress (Johansen et al., 2008). Moreover, its levels are also
influenced by oF even though it’s not yet know if it’s a direct regulation or not.
According to these data, contrarily to what was observed in the microarray
experiment, the variation observed in the Northern blots for CyaR is completely
in agreement with expected, and CyaR goes up with more BolA, since oF is also
upregulated in this condition. Of interest is also the pattern observed regarding
the northern blot for RyhB. It seems that BolA is somehow necessary for the
maintenance of this SRNA levels. In the AbolA strain, the amount RyhB mRNA is
considerably lower than in the wt. This variation between wt and AbolA cells was

not observed in the remaining sRNAs.
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Fig. 3. (A) Graphical representation of the fold change of each studied sSRNA. In red
are the upregulated targets while in green are represented the downregulated. (B)
Northern blot confirming the transcriptome mRNA variations.
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BolA does not influence sSRNAs decay rate and is probably acting at

the level of transcription

The concentration of a given RNA in the cell it is not just a result of the
rate of transcription but also the stability and alterations in mRNA decay. Both
mRNA transcription and decay can control the levels of each protein in the cell. It
was previously showm that BolA could directly or indirectly affect different
mRNAs (Freire et al., 2009b; Guinote, 2011; Santos et al., 2002). In order to clarify
in which way BolA is regulating sRNAs, mRNA stability was assessed by
Northern blot and DNA-protein interactions were studied by Surface Plasmon
Resonance (SPR). The decay rate of each sSRNA was analyzed during 30min after
1h of BolA induction. Our preliminary results show no significant changes in the

rate of the decay of the transcripts in the presence or absence of BolA (Fig. 5).

wt AbolA PBAD-bolA
mn 0 2 4 8 16 30 0 2 4 8 16 30 0 2 4 8 16 30 owt
. . m AbolA
4 -
CTRALALAL AABanas - - 4 pBAD-bolA
<
z
3
R
e
" RydB
10
Half-life 158 147 169 0 10 20 30

(min) Time (min)

Fig. 4. Representative northern blot comparing the decay rate of the RydB RNA in the
wild type, AbolA and pBAD-bolA strains in exponential phase. (*) Nonspecific band
used as loading control. The same procedure was repeated for the other sRNAs
involved in this study.

Since the stability was not altered, using SPR we tested the ability of this protein
to bind to the promoter region of of and each of the studied sRNA, to evaluate

the possibility of BolA functioning as a transcription factor of these genes.
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Preliminary data shows that the molecular interaction between BolA and oF
promoter region was not significant. Accordingly, BolA is probably regulating the
of regulon sRNAs not indirectly via this stress sigma factor but by directly
binding on their promoters. In fact, BolA has a slightly higher affinity to the
promoters regions of five from the eight sSRNAs that were found to be regulated
in the tested conditions. However, further optimization of the technique and
conditions used are necessary for the clarification of the results. Transcriptional
fusions of the sSRNAs regulatory regions with a lacZ gene are also undergoing to

measure the impact of BolA in the rate of transcription.

Discussion

Small RNAs are very important in the post-transcriptional control of gene
expression. It has been proposed that the expression of SRNAs in stationary phase
may actually reflect transcriptional control by distinct stress regulons which are
gradually activated upon the interruption of growth. Our new findings show that
BolA, an E. coli transcription factor, is involved in the transcriptional regulation of
sRNAs in exponential phase. BolA is regulated by 07 and o° during exponential
and stationary phase respectively (Aldea et al., 1989; Lange and Hengge-Aronis,
1991). However, when in stress conditions, the regulation of BolA is driven by the
o’- regulated promoter even if cells are in exponential phase of growth (Santos et
al.,, 1999). In order to better understand the global effect of BolA in this situation,
we mimicked a stress condition during exponential phase by cloning BolA into a
plasmid and under the control of an arabinose inducible promoter and performed
transcriptomic studies. To put in evidence the effect of this transcriptional
regulator, the AbolA strain overexpressing bolA was compared with a AbolA strain.

Our results showed that a great variety of genes that are transcriptionally
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modulated in a BolA-dependent manner, including a broad spectrum of genes
involved in stress response.

Of all sigma factors identified in the transcriptomic study, the sigma
factor of was the unique sigma significantly affected. This sigma factor is
widespread among a diverse set of pathogenic and non-pathogenic bacteria, and
becomes activated when bacterial envelope homeostasis is disturbed (Rowley et
al., 2006). The envelope stress response is a mechanism very important mainly in
two different situations: when higher OMP production causes accumulation of
misfolded OMPs in the periplasm and/or the envelope requires remodeling
following damage by external stresses (Mecsas et al., 1993). When BolA was
overexpressed in exponential phase, rpoE gene was observed to be upregulated
around threefold. BolA overexpression causes morphologic changes in the cells
(Freire et al., 2009b; Guinote, 2011; Santos et al., 2006) affecting different
components of cell wall and cell division, changing morphology of the cells from
rod to round shape. These changes are possibly influencing the homeostasis of
the membrane and thus cause rpoE upregulation in response to the modifications.
Moreover, this regulation reflected on the of dependent sSRNAs RybB and CyaR.
Upon stress, RybB is upregulated in a of-dependent manner limiting the OMP
synthesis at the global scale (Johansen et al., 2006; Papenfort et al., 2006;
Thompson et al., 2007). Even though for the threshold of 10% False Discovery
Rate (FDR) used in the data processing the levels of RybB were not significantly
overexpressed, we decided to study it due to its OMP regulation function.
Furhtermore, CyaR is a member of Crp regulon that when overexpressed,
represses OmpX levels (Papenfort et al., 2008). This small RNA is also involved in
the regulation of luxS, a gene encoding a key enzyme in quorum sensing (De Lay

and Gottesman, 2009), strengthening the possible link between BolA and motility
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in bacteria/adhesion. Indeed, we have shown before that BolA is regulated by H-
NS, a regulator of the flagella synthesis pathway (Moreira et al., 2011).

Not just of-dependent sSRNAs were identified as being regulated by BolA.
CsrB, DsrA, RyhB, OmrA, OmrB and RydB were also noticed to vary according to
the BolA overexpression. All these sSRNAs are related with cell division, OM
proteins regulation or motility, making the perfect connection with the described
BolA functions. A regulatory network seems to be a reasonable idea for these
targets and BolA. RydB, a novel non characterized sRNA, was observed to be
reduced twofold by BolA. We searched for putative target for this sSRNA and
found that SdiA was a good match. Interestingly, SdiA is a protein described to
affect several genes involved in cell division (Garcia-Lara et al., 1996; Sitnikov et
al., 1996, Wang et al., 1991; Wei et al.,, 2001b; Yamamoto et al., 2001), a common
feature with BolA cellular changes. However, this link between sRNA-target still
needs to be better studied. CsrB is an antagonist of CsrA (Babitzke and Romeo,
2007), a protein that impede the translation of target mRNAs (Liu et al., 1995; Wei
et al., 2001a). CsrA is known to positively affect the levels of the master flagella
regulator fIhDC (Wei et al, 2001a). In this study, CsrB was observed to be
downregulated by BolA, which subsequently would cause an increase of FIhDC
(flagella). Flagella are important for motility, a feature required for the initial
adhesion step of biofilm formation (Wood et al., 2006), which is promoted by
BolA overexpression (Vieira et al., 2004).

bolA transcription is regulated by 0% during stress conditions and at the
same time negatively regulated by H-NS. DsrA is a negative regulator of H-NS
and positively influences oS cellular levels (Sledjeski and Gottesman, 1995;
Sledjeski et al., 1996). We observed a decrease of DsrA sRNA in our microarray
study. A network of regulation between these four partners is an interesting

hypothesis that would need to be addressed in a future study.
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OmrA and OmrB, two sRNAs regulated by the OmpR transcriptional
factor, were the most significant upregulated targets in the presence of BolA. Both
are involved in OM proteins repression (Guillier and Gottesman, 2006),
correlating with results obtained for of-dependent sRNAs and their respective
function in the membrane homeostasis.

This work shows that bolA-mediated cell morphology alterations and
stress response are related not just by the genes modulated by this protein but
also by a complex pathway that integrates of and different stress related sRNAs.
The finding that BolA can directly repress or enhance the transcription of sSRNAs
in the cell presents a broad impact on cellular features, such as morphology
maintenance, cell envelope and cell motility especially in stress conditions when
bolA is induced. Further studies will be necessary to provide more insights on
these novel regulation pathways and how the different elements involved

influence one another.

Material and Methods

Materials

Restriction enzymes, T4 DNA ligase, Pfu DNA polymerase and T4
Polynucleotide Kinase were purchased from Fermentas. DNasel was purchased
from Sigma. All the enzymes were used according to the supplier’s instructions.
Oligonucleotide primers used in this work were synthesized by STAB Vida,

Portugal.

Bacterial Strains and Plasmids

The E. coli strains used were: DH5a (F' fhuA2 A(argF-lacZ)U169 phoA
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ginV44 D80 A(lacZ)M15 gyrA96 recAl relAl endAl thi-1 hsdR17a) for cloning
experiments; JW5060 (AbolA::kan’) (Baba et al., 2006); MG1655 (CSGS 6300) and
CMA94 (MG1655 AbolA::kan’), (Dressaire, C, et al, to be published). These strains
were grown in Luria Broth medium (LB) at 37°C, supplemented with 50pug/ml
kanamycin, when required.

The bolA coding sequence was amplified by PCR using E. coli MG1655
chromosomal DNA and the primers bolANcol and bolAKpnl. The amplified
fragment was cut with Ncol and Kpnl restriction enzymes and cloned into the
pBAD/TorA vector previously cleaved with the same enzymes. The resulting
plasmid (pCDA2) encoding BolA under an arabinose inducible promoter was
used to transform E. coli CMA94 resulting in CMA95 (MG1655
AbolA::kan+pCDA?2).

All constructions were confirmed by DNA sequencing at STAB Vida,

Portugal.
RNA Extraction and northern blot analysis

Overnight cultures were diluted 1/100 in fresh LB medium and grown
until mid-exponential phase. BolA was induced for 1h by addition of 0.14%
arabinose. Culture samples were collected, mixed with 1 volume of stop solution
[10mM Tris (pH 7.2), 25mM NaNOs, 5mM MgClz, 500mg/ml chloramphenicol]
and harvested by centrifugation (10min, 6000g, 4°C). For stability experiments,
rifampicin (500mg/ml) and nalidixic acid (20mg/ml) were added to culture after
the induction time. Culture aliquots were withdrawn at the time-points indicated
in the respective figures. RNA was isolated using the phenol/chlorophorm
extraction method, precipitated in ethanol, resuspended in water and quantified

on a Nanodrop 1000 machine (NanoDrop Technologies).
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For northern blot analysis, 15pg of total RNA was separated under
denaturating conditions in a 8.3M urea/8% polyacrylamide gel in TBE buffer.
Transfer of RNA onto Hybond-N+ membranes (GE Healthcare) was performed
by electroblotting (1h 50min, 24V, 4°C) in TAE buffer. RNA was UV cross-linked
to the membrane immediately after transfer. Membranes were then hybridized in
RapidHyb Buffer (GE Healthcare) at 68°C for riboprobes and 42°C in the case of
oligoprobes. After hybridization, membranes were washed as described (Viegas
et al., 2007). Signals were visualized by Phosphorlmaging (Storm Gel and Blot
Imaging System, Amersham Bioscience) and analysed using the ImageQuant

software (Molecular Dynamics).
Hybridization Probes

Riboprobe synthesis and oligoprobe labeling was performed as
previously described (Viegas et al., 2007). PCR products used as template in the
riboprobe synthesis were obtained using the following primer pairs:
rnm030/rnm031 for CsrB, rnm032/rnm033 for CyaR, rnm034/rnm035 for RyhB,
rnm038/rnm039 for RybB and rnm058/rnm059 for rpoE. The DNA probes for were
generated using the primers rnm036 for OmrA, rnm037 for OmrB, rnm040 for
DsrA, rnm041 for RydB and 16sR labeled at 5 end with [y-32P]ATP using T4

polynucleotide kinase (Fermentas).
Microarrays

RNA quality control was evaluated with a BioAnalyzer (Agilent
Technology). Processing of extracted RNA, cDNA labelling, hybridization and
slide-scanning procedures were performed according to manufacturer's

instructions found in the ‘Affymetrix Gene Expression Technical Manual’
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(http://www.affymetrix.com). Hybridization, scanning and detection procedures
were done at the Genomics Unit of the Instituto Gulbenkian de Ciéncia
(Portugal).

Affymetrix GeneChip provides 22 independent measurements for each
genome target. Those measurements come from 11 probe pairs composed of
single 25-mer perfect match (PM) oligo and its corresponding 25-mer mismatch
(MM) oligo. The mismatch oligo is identical to the perfect match with the
exception of a single nucleotide mismatch located at the central (13th) position of
the oligo sequence. The single probe set intensity value for a given target is

obtained through the summary of these 22 independent measurements.
Microarrays data analysis

Analysis of the generated Affymetrix CEL files was performed using R
free statistical software (http://cran.r-project.org/) and its associated tool for high-
throughput genomic data, Bioconductor (http://www.bioconductor.org/). The
reliability of the data set, before and after normalization, was estimated through
its statistical exploration (ie. box-plots to assay median stability and variability
among repetitions; histograms of the log-transformed value to visualize the
Gaussian distribution; multiple scatter-plots and clustering to check the
reproducibility of the repetitions and clustering; graphs not shown). For each
strain, the summarized probe set intensities were calculated using the Robust
MultiArray Averaging (RMA) method, which provides high sensitivity and
specificity in detection of differential expression (Bolstad et al., 2003; Irizarry et
al., 2003). RMA includes global background adjustment, across-array quantile
normalization and performs median polish separately for each probe set to give

log-transformed PM values. The multiple testing issue was furthermore taken

102


http://cran.r-project.org/
http://www.bioconductor.org/

Multiple target regulation by BolA: The impact on stress related small non-coding RNAs

in Escherichia coli

into account through the calculation of the False Discovery Rate (FDR) according
to Benjamini-Hochberg method (Benjamini et al., 2001). Genes displaying CMA95
(overexpressing BolA) vs. CMA94 (AbolA) ratio associated to a FDR lower than 10
% were considered as differentially regulated. It was checked that the t-statistic p-
value associated was lower than 5 % with a mean of value of 0.11 and 1.01 % for

the comparison 1h after BolA induction.
sRNA target prediction

In silico prediction of putative targets in the Escherichia coli genome for
RydB sRNA was performed using the TargetRNA software (Tjaden, 2008; Tjaden

et al., 2006) bioinformatic tool.
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Supplementary Data

Table 1. Oligonucleotides used in this work

Oligonucleotides Sequence

bolANcol 5’-CATGCCATGGATGACATCTCAGCGTTGTCG-3’

bolAKpnl 5'-GCAAGGTACCAGACAAAACAAAACGGCCCG-3’

rmm030 5'-GTAATACGACTCACTATAGGTTCGTTTCGCAGCATTCCAG-3*
rnm031 5-GCGTTAAAGGACACCTCCAGG-3’

rnm032 5'-GTAATACGACTCACTATAGGCTAAGGAGGTGGTTCCTGG-3’
rnm033 5'-GCTGAAAAACATAACCC-3’

rmm034 5'-GTAATACGACTCACTATAGAAAAGCCAGCACCCGGCTG-3’
rnm035 5'-GCGATCAGGAAGACCCTCG-3'

rmm036 5'-GAGACAGGGTACGAAGAGCGTACCGAATAATCTCACC-3’
rnm037 5’ -GTGTAATTCATGTGCTCAACCCGAAGTTGACTTCACC-3’

rnm038 5'-TAATACGACTCACTATAGGAACAAAAAACCCATCAACCTTGAACCG-3’
rnm039 5'-ACTGCTTTTCTTTGATGTCCC-3'

rnm040 5'-AAATCCCGACCCTGAGGGGGTCGGGATGAAACTTGCTTAAGC-3'
rnm041 5'-CTACCCCATCCGGCGCTTATCTCCGGCACTCTCAGTGGCTTAG-3’
rnm058 5'-TGAGCGAGCAGTTAACGGAC-3’

rnm059 5'-TAATACGACTCACTATAGGAGGCCATCCAGCTCCCGCAAG-3’
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Abstract

Ribonuclease R (RNase R) is an exoribonuclease that recognizes and
degrades a wide range of RNA molecules. It is a stress-induced protein shown to
be important for the establishment of virulence in some pathogenic bacteria. This
enzyme, together with the SmpB-tmRNA system is also involved in the trans-
translation process, a translational quality control system that resolves challenges
associated with stalled ribosomes on defective mRNAs. Trans-translation has also
been associated with deficiencies in stress-response mechanisms and
pathogenicity. In this work we study the expression of RNase R in the human
pathogen Streptococcus pneumoniae and analyze the enzyme’s involvement with
the main components of the trans-translation machinery (SmpB and
tmRNA/SsrA). We show that RNase R is induced after a 37 °C to 15 °C
temperature downshift and that its levels are dependent on the trans-translation
mediator SmpB. Transcriptional analysis of the S. pneumoniae rnr gene reveal that
it is co-transcribed with the flanking genes, secG and smpB. Transcription of the
operon is driven from a single promoter mapped upstream of secG. The
association of secG, rnr and smpB seems a common feature of Gram positive
bacteria, and the biological significance of this gene cluster is further discussed.
This study unravels an additional contribution of RNase R to the trans-translation
system, since the levels of SmpB are also shown to be under the control of this
exoribonuclease. These proteins are therefore mutually dependent and cross-

regulated.
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Introduction

The ability of bacteria to sense and adapt to environmental changes is
critical to survival. Under stress conditions, prokaryotic cells must rapidly alter
their gene expression to deal with a changing environment. RNA molecules
provide the dynamic link between DNA-encoded information and protein
synthesis. A rapid genetic response to a changing environment involves not only
transcriptional but also post-transcriptional regulation (Arraiano et al.,, 2010;
Arraiano and Maquat, 2003). The labile nature of RNA is critical as it allows a
rapid adjustment of proteins levels. Therefore, mRNA decay is of prime
importance for controlling gene expression.

RNase R is a processive 3’-5" exoribonuclease that belongs to the RNase II
family of enzymes (Andrade et al., 2009; Cheng and Deutscher, 2002; Grossman
and van Hoof, 2006; Zuo and Deutscher, 2001). Orthologues have been found in
most sequenced genomes (Condon and Putzer, 2002) and have been implicated in
the processing and degradation of different types of RNA, such as tRNA, rRNA,
mRNA and small RNAs (sRNAs) (Andrade et al., 2006; Andrade et al., 2009;
Cairrao et al., 2003; Cheng and Deutscher, 2003; Fonseca et al., 2008; Lalonde et
al., 2007; Oussenko et al., 2005). RNase R is the only exoribonuclease able to
degrade highly structured RNA molecules and therefore, it is particularly
important in the removal of RNA fragments with extensive secondary structures
(Cheng and Deutscher, 2005). Such ability of RNase R is probably on the basis of
its marked increase during cold-shock, a condition which thermodynamically
favors the formation of highly structured RNA molecules. In fact, E. coli RNase R
seems to be a general stress-induced protein whose levels are not only
upregulated under cold-shock , but also upon entry into stationary phase and in
response to heat shock (Andrade et al., 2006; Cairrao et al., 2003; Chen and

Deutscher, 2005). Stress resistance and virulence are intimately related since
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many pathogenic bacteria are challenged with very harsh conditions during the
process of infection. Not surprisingly, RNase R has been implicated in the
establishment of virulence in a growing number of pathogens. These include
Aeromonas hydrophyla, Shigella flexneri, enteroinvasive Escherichia coli, and
Helicobacter pylori (Cheng et al., 1998; Erova et al., 2008; Tobe et al., 1992; Tsao et
al., 2009). The enzyme has also been involved the quality control of defective
tRNAs and rRNA molecules (Campos-Guillen et al., 2010; Cheng and Deutscher,
2003). Furthermore, E. coli RNase R was shown to participate in the maturation of
the transfer-messenger RNA (tmRNA, also called SsrA) (Cairrao et al., 2003), an
important small RNA involved in the protein quality control. In Pseudomonas
syringae and Caulobacter crescentus, degradation of tmRNA was also shown to be
dependent on RNase R (Hong et al., 2005; Purusharth et al.,, 2007). tmRNA
together with SmpB are the main components of the trans-translation system, an
elegant surveillance pathway that targets deficient proteins and mRNAs for
degradation while rescuing stalled ribosomes (for a revision see references
(Keiler, 2008; Richards et al., 2008)). Efficiently released ribosomes can participate
in new productive translation events, and elimination of aberrant mRNAs and
proteins provides recycled nutrients to the cell. E. coli RNase R was further shown
to be physically associated with the tmRNA/SmpB system (Karzai and Sauer,
2001) and SmpB was demonstrated to regulate RNase R stability in a tmRNA-
dependent manner (Liang and Deutscher, 2010). Moreover, the enzyme is the key
exoribonuclease involved in the degradation of the faulty mRNAs released after
ribosome rescue (Ge et al., 2010; Richards et al., 2006). The rapid removal of these
defective messages is of utmost importance in the prevention of future stalling
events. Trans-translation also allows bacteria to efficiently respond to a variety of
stresses, is required for the viability of many pathogenic bacteria and is necessary

for virulence in some pathogens (reviewed by (Keiler, 2008; Richards et al., 2008)).
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In previous studies we have biochemically characterized RNase R from
Streptococcus pneumoniae (Domingues et al., 2009), an important human pathogen
that causes bacterial pneumonia, septicaemia, meningitis and otitis media.
Interestingly, analysis of S. pneumoniae genome revealed that the coding sequence
of SmpB is located immediately downstream of the gene encoding RNase R (rnr)
(Fig. 1). Together, these observations prompted us to study RNase R expression in
this bacterium and to analyze the involvement of this exoribonuclease with the
trans-translation machinery of S. pneumoniae. In this report we show that cold-
shock stress induces both rnr mRNA and RNase R protein levels. Besides
temperature, we demonstrate that RNase R levels are also modulated by SmpB.
Furthermore, we uncover an additional implication of RNase R with the trans-
translation machinery, showing for the first time that RNase R is involved in the
control of SmpB levels. The pneumococcal rnr gene is co-transcribed in operon

with smpB and secG. The possible meaning of this clustered genomic location is

discussed.
smd038 smd040
— —
mm014 mm016 smd0s0 seqT4-3 seqTd-2 smd064 mmQ10  rmd02 smd041
-— -« -— —> - — — -—
[_secG_>|

5+ eeaaccATGecaancecesaceeanaceTesTcGeAcaarn TARARRGE 37

Fig. 1 - Genomic organization of the rnr region in S. pneumonige. A
schematic representation of rnr and its flanking genes — secG and smpB - is
shown. To facilitate analysis of the results all primers used in RT-PCR and
primer extension experiments are represented by arrows indicating their
approximate location and orientation (sense/antisense). The overlapping
region between rnr and smpB is depicted. In the sequence, the smpB and rnr

respective start and stop codons are shown in bold.
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Results

RNase R Levels are Regulated by Temperature and Modulated by
SmpB

RNase R is the only hydrolytic exoribonuclease described in S.
pneumoniae (Domingues et al., 2009). This enzyme has previously been
biochemically characterized (Domingues et al., 2009) but its role in the cell is still
unknown. In E. coli, C. crescentus and P. syringae RNase R was shown to have a
role in the quality control of protein synthesis through its involvement with the
trans-translation system, together with SmpB protein and tmRNA (Cairrao et al.,
2003; Hong et al., 2005; Purusharth et al., 2007; Richards et al., 2006). Interestingly,
analysis of the rnr genomic region of S. pneumoniae revealed that the coding
sequence of SmpB is located immediately downstream of the RNase R coding
gene. Throughout the infection process, this human pathogen is exposed to
numerous stress conditions, namely temperature changes. RNase R was
previously described to be modulated in response to different stress situations,
and after cold-shock treatment RNase R levels are markedly increased (Andrade
et al., 2006; Cairrao et al., 2003; Chen and Deutscher, 2005). Altogether these
observations encouraged us to characterize S. pneumoniae RNase R expression and
to analyze the enzyme’s involvement with the trans-translation machinery in this
bacterium.

To study the expression of RNase R, total protein extracts obtained under
physiological temperature and cold-shock were analysed by Western
immunoblotting. We have purified RNase R from S. pneumoniae and the purified
protein was used to raise specific polyclonal antibodies. Western blot experiments

performed with these antibodies showed that after a downshift from 37 °C to 15
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°C the protein levels considerably increased (Fig. 2). RNase R was not detected in

an RNase R deficient mutant. This result shows that the expression of the pneu-
WT RNase R~ SmpB
_ 15 37 15 15 37 Temp °C
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o :
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Fig. 2 - Pneumococcal RNase R (~92 kDa) and its respective mRNA are
more abundant under cold-shock. Western blot and RT-PCR analysis of
protein and RNA samples extracted from wild-type and mutant strains as
indicated on top of each lane. Details of experimental procedures are
described in ‘Materials and Methods’ section. (Upper panel) Analysis of
RNase R expression by Western immunoblotting. RNase R levels were
compared in the wild-type (WT) and in the SmpB- mutant at different
temperatures (15 °C and 37 °C). 20 ug of each protein sample were
separated in a 7 % tricine-SDS-polyacrylamide gel and blotted to a
nitrocellulose membrane. RNase R was detected using specific antibodies.
An RNase R- mutant strain was used as a negative control. A non-specific
band (Control) detected with the same antibodies was used as loading
control. (Lower panel) Analysis of rnr mRNA levels by RT-PCR. RT-PCR
experiments were carried out with primers specific for rnr using 100 ng of
total RNA extracted from the wild type (WT) and SmpB- mutant at different
temperatures (15 °C, 37 °C). The RNase R- mutant derivative was used as a
negative control. RT-PCR with primers specific for 165 rRNA shows that

there were not significant variations in the amount of RNA used in each

sample.
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-mococcal RNase R is modulated by temperature and is highly increased under
cold-shock. In order to determine whether the induction of RNase R could be
related with a higher level of the rnr transcript in these conditions, the variation
of the rnr mRNA levels was studied by RT-PCR. Similarly to the Western blot
results, a strong increase in the amount of the rnr transcript was observed under
cold-shock (Fig. 2). Therefore, the higher levels of RNase R at 15 °C could
probably be a consequence of the strong increase of the respective mRNA.

It has been recently shown that the stability of E. coli RNase R is reduced
by SmpB and tmRNA (Liang and Deutscher, 2010). To see if this also happened
with the pneumococcal RNase R, comparative Western blot analysis was
performed in the presence or absence of SmpB. For this purpose we have
constructed an isogenic mutant lacking smpB (SmpB-) and followed the
expression of RNase R in the wild type and the mutant strain at 15 °C and 37 °C.
In the presence of SmpB the levels of RNase R are strongly increased at 15 °C. By
contrast, when SmpB is absent RNase R levels remained high at 37 °C (Fig. 2).
Furthermore, the levels of the rnr transcript in the SmpB- mutant resemble those
of the wild-type strain, whether at 15 °C or at 37 °C (Fig. 2). This suggests that the
difference in the amount of protein observed in the absence of SmpB at 37 °C was
not linked with the rnr mRNA levels.

This result indicates that similarly to what was observed in E. coli (Liang
and Deutscher, 2010) in S. pneumoniae SmpB may be one important factor in
controlling the stability of RNase R. Nonetheless, the dramatic increase in the rnr
mRNA levels under cold-shock may certainly account for the final levels of

RNase R in the cell, as it was observed in E. coli.
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RNase R Transcriptional Unit: secG, rnr and smpB are Co-
transcribed in Operon

The cooperation of RNase R and SmpB in important cellular functions,
together with the proximal location of their respective coding sequences in the
genome of S. pneumoniae, led us to further characterize the expression of these
two genes. The fact that the rnr gene is located upstream and partially overlaps
with smpB (see Fig. 1) indicates that these genes may be co-transcribed as part of
an operon. Furthermore, by bioinformatics analysis no promoter could be
identified in the region upstream of smpB, suggesting that the expression of this
gene is coupled with that of rnr. To study the rnr transcript and its transcriptional
unit, RT-PCR experiments were carried out using primers smd064 (annealing
specifically with rnr) and smd041 (annealing specifically smpB) (see localization of
primers in Fig 1). As shown in Figure 3 (Lane 1), a fragment that results from the
amplification of a transcript containing both rnr and smpB could be observed,

indicating that rnr is co-transcribed with smpB. To confirm this hypothesis, primer

Fig. 3 - rnr is co-expressed with secG and smpB.
secG-rnr and rnr-smpB transcripts were detected
by RT-PCR. Molecular weight marker is shown
on the left. rnr-smpB — RT-PCR was performed
with 100 ng of total RNA extracted from the wild
type strain at 15 °C. One of the primers was
specific for rnr and the other for smpB. secG-rnr -
RT-PCR was carried out using a secG specific

primer and an rnr specific primer on 200 ng of

PO

total RNA extracted from the wild type strain at

15 °C. In any case, parallel RT-PCR reactions run

in the absence of reverse transcriptase yielded no

product.
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extension assays using a primer specific for the smpB 5-end region (rnm002 — see
Fig 1 and Table S1) were performed. As shown in Figure 4a, four different

fragments were extended from this primer. Analysis of the sequence revealed that
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Fig. 4 - Primer extension analysis of the rnr genomic region. ATCG lanes are
sequencing ladders obtained with M13 DNA and a specific radiolabeled primer. (a)
Primer extension was carried out with 5 ug of total RNA extracted from the RNase R-
strain at 15 °C using a 5-end-labeled primer specific for the 5region of smpB
(rnm002). The arrows indicate the fragments (a, b, ¢ and d) extended from this
primer. Sequence of the region that comprises the 3’end of rnr and the 5’end of smpB
is indicated on the bottom. The nucleotides corresponding to the 5-end of the
extended fragments (a, b, c and d) are highlighted in bold. The ATG of smpB and the
stop codon of rnr (TAA) are indicated by a dashed box. (b) Primer extension using 5
ug of total RNA extracted from the wild type at 15 °C and a 5’-end-labeled primer
specific for the 5’region of secG (rnm014). The arrow indicates the fragment extended
with this primer. Sequence of the region upstream of secG is indicated on the bottom.
The nucleotide corresponding to +1, as determined by the size of the extended

fragment, is shown in bold. The -35 and -10 boxes are underlined, and the ATG start

codon of secG is indicated by a dashed box.
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the 5’-end of each fragment likely corresponds to a different processing site in the
overlapping region between rnr and smpB. The localization of these processing
sites suggests that the transcript containing both rnr and smpB is further
processed to yield either single rnr or smpB mRNA (Fig. 4a). The different
intensity of the fragments indicates that the rnr-smpB transcript is more frequently
processed upstream the 3’-end of rnr (fragments a and b), giving rise to truncated
rnr transcripts, which are most probably rapidly degraded by the RNA
degradation machinery of the cell.

We proceeded to identify the promoters implicated in the transcription of
this operon. Even though bioinformatics analysis indicated a putative promoter
with satisfactory score immediately upstream of rnr, we could not identify any
primer extension product resulting from primer hybridization at the 5-end of rnr
mRNA (data not shown). Upstream of rnr lays a small ORF that encodes a protein
with homology to SecG, an auxiliary protein in the Sec-dependent protein export
pathway. Since a putative promoter upstream this ORF was also identified in
silico, we raised the hypothesis that transcription of rnr and smpB could be
coupled with that of secG and would be directed from this promoter. To test this
hypothesis we performed RT-PCR experiments using a primer specific for secG
(smd038) together with an rnr specific primer (smd050) (see Fig. 1 for primers
localization). An amplification product corresponding to a transcript that
included secG and rnr was successfully detected, clearly showing that these two
genes are also present in the same transcriptional unit (Fig. 3 — Lane 2). Thereby, a
single transcriptional unit containing the three genes, secG, rnr and smpB,
probably exists in the cell. In order to determine if the putative promoter
identified upstream of secG could be active, primer extension was again
performed but using a primer that hybridizes with the 5'-end of the secG mRNA
(rnm014). A single fragment was extended from this primer as shown in Fig. 4b.

The size of this fragment, as determined by comparison with the M13 sequence,
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shows that its 5-end matches the transcription start site (+1) of the in silico
predicted promoter, clearly showing that this promoter is active and drives the
expression of a transcript that includes secG.

Taken together these results indicate that the pneumococcal rnr transcript
is expressed as part of an operon that includes secG and smpB. Processing of the
operon to yield the mature gene products is likely to occur. Since we were not
able to identify any other active promoter upstream of rnr, we believe that
transcription of rnr and smpB does not occur independently and is most probably

driven by the promoter identified upstream of secG.

SmpB mRNA and Protein Levels are Modulated by RNase R

We have just seen that in S. pneumoniae rnr is co-transcribed with smpB. In
E. coli processing of tmRNA, the other main constituent of the trans-translation
system is dependent on RNase R (Cairrao et al., 2003). The enzyme has also been
involved in tmRNA degradation in C. crescentus and P. syringae (Hong et al., 2005;
Purusharth et al., 2007). On the other hand, SmpB was shown to modulate the
stability of E. coli RNase R (Liang and Deutscher, 2010). Thus, we were interested
in clarifying which could be the involvement of RNase R with each of the main
components of the trans-translation system in S. pneumoniae. For this purpose we
compared both smpB and tmRNA expression between the wild-type and an
isogenic mutant lacking RNase R (RNase R-) by Northern blot and/or RT-PCR.
The results showed that the accumulation of the tmRNA precursor form (pre-
tmRNA) at 15 °C is similar in both strains (Fig. 5a). Hence, RNase R from S.
pneumoniae does not seem to be involved in the tmRNA processing under cold-
shock contrary to that observed in E. coli (Cairrao et al., 2003). Nonetheless, in the
absence of RNase R, a strong increase of smpB mRNA levels was observed (Fig.
5b). Interestingly this was mainly observed under cold-shock, which corresponds

to the condition where RNase R is highly expressed. This data strongly indicates
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that RNase R may be involved in the degradation of smpB. To check if the
increment observed at the RNA levels would influence the final levels of protein
in the cell, we analyzed the expression of SmpB under the same conditions. SmpB
expression was compared by Western blot in the wild type and the RNase R-
mutant derivative. In order to raise antibodies against pneumococcal SmpB, the
protein was first cloned, overexpressed in fusion with tmRNA to avoid problems
with solubility according to previous observations (Sundermeier et al., 2008), and
then purified (see Material and Methods). Analysis of SmpB levels using these
specific antibodies showed a significant increase in the protein levels in the
absence of RNase R (Fig. 5b). However, contrary to the RNA levels, which were
higher under cold-shock, we observed almost the same protein levels whether at
15 °C or 37 °C with even a slight increase at 37 °C. Together, these results strongly
suggest that RNase R has a role in smpB degradation, which is determinant for the

final levels of SmpB in the cell.

Discussion

RNase R levels are known to increase under certain stress situations
(Andrade et al., 2006; Cairrao et al., 2003; Chen and Deutscher, 2005). This
enzyme was shown to be important for growth and viability of some bacteria
under cold shock (Cairrao et al., 2003; Charpentier et al., 2008; Erova et al., 2008;
Purusharth et al.,, 2007, Reva et al., 2006), a condition where its levels are
markedly augmented. In this report we have studied the regulation of the RNase
R expression and the involvement of this exoribonuclease with the components of
the trans-translation system in the human pathogen S. pneumoniae. Our results
show that, as occurs in E. coli, pneumococcal RNase R is also induced after a
downshift from 37 °C to 15 °C. According to our data, both mRNA and protein

levels are highly elevated after cold-shock treatment, which could suggest that
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Fig. 4 - SmpB and tmRNA levels in the absence of RNase R. Northern blot, RT-PCR
and Western blot analysis of RNA and protein samples extracted from wt and mutant
strains as indicated on top of each lane. (a) Analysis of tmRNA by Northern blot. 15
ug of RNA extracted from the wild type (WT) and RNase R- mutant at 15 °C and 37
°C were separated on a 6 % polyacrylamide/8.3M urea. The gel was then blotted to a
Hybond-N+ membrane and hybridized with a tmRNA specific riboprobe. (b)
Analysis of SmpB protein (~18 kDa) and mRNA levels. (Upper panel) 15 ug of total
RNA extracted in the same conditions were separated in an agarose 1.3 % gel,
transferred to a Hybond-N+ membrane and hybridized with a specific probe for
smpB. The membrane was stripped and then probed for 16S rRNA as loading control.
(Middle panel) RT-PCR was performed on 50 ng of RNA from the same samples,
using specific primers for smpB. The same experiments performed with primers
specific for 16s TRNA show that there were no variations in the amount of total RNA
used in the RT-PCR. (Lower panel) SmpB protein levels were analysed by Western
immunoblotting with SmpB specific antibodies. 20 pg of total protein samples
extracted in the same conditions were separated in a 10 % tricine-SDS polyacrylamide
gel and blotted to nitrocellulose membrane. SmpB detection was carried using

specific antibodies. A non-specific band (Control) detected with the same antibodies

was used as loading control.
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the higher levels of protein would be directly related with the increased amount
of mRNA molecules in the cell. However, the expression of RNase R seems also to
be modulated by SmpB. In the absence of this protein the levels of RNase R at 37
°C remain high and the temperature-controlled expression observed in the wild
type seems to be lost in the SmpB- strain. This result resembles the E. coli situation
recently reported (Liang and Deutscher, 2010) where RNase R was shown to be
destabilized by SmpB during exponential phase in a tmRNA-dependent manner.
Our data suggests that SmpB may also have an important role in the control of
RNase R stability in S. pneumoniae. In E. coli the control of RNase R stability by
SmpB was only reported in exponential phase. Subtle structural differences
between two forms of RNase R (in exponential versus stationary phase) were
hypothesized to account for the protein stability in stationary phase and under
stressful conditions (Liang and Deutscher, 2010). It seems reasonable to speculate
that in S. pneumoniae, the same structural differences that would stabilize the
enzyme could occur under cold-shock. The control of RNase R stability by SmpB
was shown to rely on a direct protein-protein interaction that involves the C-
terminal region of RNase R and is enhanced by tmRNA (Liang and Deutscher,
2010). Interestingly, this unique lysine-rich domain of RNase R is essential both
for recruitment of RNase R to ribosomes that are stalled on non-stop RNAs and
for the activity of the enzyme on the selective degradation of these defective
transcripts (Ge et al., 2010). A proper engagement of RNase R is dependent on
both functional SmpB and tmRNA, and seems to be determinant for the enzyme’s
role in non-stop mRNA decay. We have analyzed pneumococcal RNase R
sequence and also identified a lysine-rich C-terminal domain, which could
mediate a direct association between RNase R and SmpB. All these observations
point to a direct interaction between pneumococcal RNase R and SmpB, which
may destabilize the exoribonuclease. However, we believe that the strong

increment of the rnr mRNA levels detected at 15 °C may also account for the final
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expression levels of RNase R in the cell. A higher amount of mRNA may
compensate the low translation levels under cold-shock.

One of the first indications for the involvement of E. coli RNase R in the
quality control of proteins was its association with a ribonucleoprotein complex
involved in ribosome rescue (Karzai and Sauer, 2001). The enzyme was
subsequently shown to be required for the maturation of E. coli tmRNA (Cairrao
et al.,, 2003), one of the main components of the trans-translation system, and for
its turnover in C. crescentus and P. syringae (Hong et al., 2005; Purusharth et al.,
2007). Additional evidences included a direct role in the selective degradation of
non-stop mRNAs (Ge et al., 2010; Richards et al., 2006) and destabilization of the
enzyme by SmpB (Liang and Deutscher, 2010). In this work we strengthen the
functional relationship between RNase R and the trans-translation machinery by
demonstrating that RNase R is also implicated in the modulation of SmpB levels.
A marked increase of both smpB mRNA and SmpB protein was observed in a
strain lacking RNase R. The increment in mRNA levels is particularly high at 15
°C, the same condition where RNase R expression is higher. This fact suggests
that the enzyme may be implicated in the control of smpB mRNA levels. The
higher smpB mRNA levels detected at 15 °C could also suggest a temperature-
dependent regulation of this message. However, the final levels of SmpB protein
in the RNase R- strain were practically the same under cold-shock or at 37 °C.
Translational arrest caused by the temperature downshift may be responsible for
the difference between the protein and RNA levels. Alternatively, we may
speculate that the interaction between RNase R and SmpB could mediate SmpB
destabilization as well. This hypothesis would imply that RNase R/SmpB protein-
protein association would direct both proteins for degradation. Further work is
however, necessary to investigate this attractive possibility.

Analysis of the S. pneumoniae genome revealed the presence of two genes

in the vicinity of the RNase R coding region, secG and smpB. Interestingly we
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show that rnr and smpB are co-transcribed, being included in the same operon.
Identification of several processing sites in the overlapping region between rnr
and smpB indicates that this message is then processed, yielding either rnr or
smpB single transcripts. We were not able to identify any active promoter
immediately upstream of rnr or smpB. Several attempts to identify a promoter
that could drive the transcription of the operon only allowed mapping a
promoter upstream of secG, which is located immediately upstream of rnr.
Indeed, we demonstrate that the secG promoter is active and most probably
drives the expression of an operon that includes the three gene products: secG, rnr
and smpB.

Comparison of the rnr genomic region of different Gram-negative and
Gram-positive bacteria revealed that this genomic organization seems to be a
common feature among Gram-positive bacteria (Table 2). The rur gene is
clustered with secG and smpB in numerous bacteria. Does this close localization
have a biological meaning? It is known that bacterial genes involved in the same
pathway are frequently co-localized (Overbeek et al., 2000). What could then be
the physiological significance of the SecG association with two proteins involved
in the trans-translation system? SecG is an integral membrane protein that is part
of the SecYEG complex involved in the recognition and translocation of
appropriate polypeptides through the membrane (see recent reviews (Driessen
and Nouwen, 2008; du Plessis et al., 2011; Papanikou et al., 2007)). Recent data has
suggested that trans-translation might be linked with other crucial co-
translational processes, such as protein folding and secretion (Hayes and Keiler,
2010). Indeed, problems with nascent polypeptide folding were recently shown to
target the translation complex to tmRNA (Ruhe and Hayes, 2010). This new
hypothesis may provide a plausible explanation for the wide array of phenotypes

associated with inactivation of tmRNA or SmpB (Keiler, 2007). Most bacterial
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proteins are secreted through the SecYEG translocator, either during or after

translation.

Table 2 — Organization of the RNase R genomic region in some Gram+ and
Gram- bacteria. secG, rnr and smpB genes are highlighted.

Streptococcus pneumoniae secG-rnr-smpB
Bacillus subtilis secG-yvaK-rnr-smpB-ssrA
Listeria monocytogenes secG-LMHCC_0148-rnr-smpB
Gram + | Staphylococcus aureus secG-SAB0735-rnr-smpB
Clostridium botulinum secG-rnr-surE-smpB
Lactobacillus acidophilus secG-rnr-smpB
Enterococcus faecalis secG-EF2619-EF2618-rnr-smpB
Escherichia coli nsrR-rnr-rlmB-yjfl2
Gram - | Salmonella typhimurium yjeT-purA-yjeB-rar-yjfH-yjfl
Pseudomonas aeruginosa rnr-PA4936-rpsF

nsrR is the first gene of the operon according to Cairrdo et al. ™.

When a translocator is blocked in a nascent polypeptide, SecY is degraded, which
can be lethal or severely impair cell growth because this protein is required to
assemble new translocators (van Stelten et al., 2009). An attractive model for a
role of tmRNA in releasing blocked Sec translocators postulates that trans-
translation activity over a ribosome stalled on a non-stop mRNA during co-
translational translocation would allow a tagged protein to be translocated,
saving SecY from destruction (Hayes and Keiler, 2010). The subcellular
localization of tmRNA and SmpB is also consistent with a link between trans-

translation and protein secretion. tmRNA and SmpB are concentrated in a helix-
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like structure similar to that observed for SecY, SecE, and SecG (Campo et al.,
2004; Russell and Keiler, 2009; Shiomi et al., 2006). The close genomic location of
secG, smpB and rnr uncovered in this work also points to a functional relationship.

This interesting possibility certainly deserves further investigation.

Materials and Methods

Bacterial Growth Conditions

E. coli was cultivated in Luria-Bertani broth (LB) at 37 °C with agitation,
unless differently specified. When required, growth medium was supplemented
with 100 pg/ml ampicillin (Amp). S. pneumoniae strains were grown in Todd
Hewitt medium, supplemented with 0.5 % yeast extract (THY) at 37 °C without
shaking, except when differently described. Growth medium was supplemented
with 3 pg/ml chloramphenicol (Cm) or 250 pg/ml kanamycin (Kan) when

required.

Oligonucleotides, Bacterial Strains and Plasmids

All oligonucleotides used in this work are listed in Table S1 and were
synthesized by STAB Vida, Portugal. E. coli strains used in this work are listed in
Table 1. All S. pneumoniae strains are isogenic derivatives of the JNR7/87
capsulated strain — TIGR4 (Tettelin et al., 2001) and are also listed in Table 1.

The S. pneumonige smpB- deficient mutant was created through allelic
replacement mutagenesis (Song et al., 2005) using a DNA fragment containing the
smpB flanking regions, in which smpB is replaced by a kanamycin resistance
cassette. kan marker was amplified from pR410 (Sung et al., 2001) with primers
smd019 and smd020. The upstream and downstream smpB flanking regions were
amplified by PCR using respectively the primer pairs smd053/smd054 and

smd055/smd056. smd054 and smd055 contained 3’ extensions complementary
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Table 1 - List of strains used in this work.

Strain Relevant markers/Genotype Source/Reference
E. coli DH5a F' fhuA2 A(argF-lacZ)U169 phoA 52

glnV44 D80 A(lacZ)M15 gyrA96

recAl relAl endA1l thi-1 hsdR17a
E. coli DH5a E.coli DH5« carrying pSDA-02 This work
pSDA-02
E. coli BL21(DE3)  F- ompT gal dcm lon hsdSs(rs- ms-) 5

ADE3 [lacl 1acUV5-T7 gene 1

ind1 sam7 nin5])
E. coli E. coli BL21(DE3) overexpressing 3
BL21(DE3)hisrnr ~ pneumococcal His-tagged RNase

R
E. coli BL21(DE3) E. coli BL21(DE3) carrying pSDA- This work
pSDA-02 02
S. prneumoniae 45
JNR7/87 (TIGR4)
S. pneumoniae TIGR4 rur- (Arnr-CmR) C. Arraiano and P.
TIGR4 RNase R- Lopez Labs?
S.  pneumoniae TIGR4 smpB- (AsmpB-KanR®) This work
TIGR4 SmpB-

2 A chloramphenicol-resistance cassette replaces nucleotides +1 to +2288 of the rnr gene (Mohedano,

Domingues et al., manuscript in preparation)

to the 5’- and 3’- ends of the kan marker, respectively. The combination of these
three PCR products was used as template in other PCR reaction performed with
the primers smd053 and smd056. The resulting PCR product corresponded to a
~3.9 kb fragment containing the smpB flanking genes (~1.5 kb each side) and a kan
marker replacing nucleotides +38 to +467 of the smpB gene. This fragment was
used to transform TIGR4 competent cells of S. pneumoniae. Competent cultures of
S. pneumoniae TIGR4 were prepared in Todd- Hewitt medium (TH) plus 0.5 %
glycine and 0.5 % yeast extract by several cycles of dilutions and growing at 37 °C
up to an OD at 650 nm of 0.3. Competent cells were then grown in a casein

hydrolase-based medium (AGCH) with 0.2 % sucrose (Suc) and 0.001 % CaCl2
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containing 1.5 x 107 CFU/ml and treated with 100 ng/ml of CSP-2 for 14 min at 30
°C. Then 590 ng of DNA were added, and the culture was incubated at 30 °C for
40 min. The culture was then transferred to 37 °C and incubated for 120 min
before plating on media plates (AGCH medium with 1 % agar plus 0.3 % Suc and
0.2 % yeast extract) containing 250 pg/ml Kan. Transformants were grown at 37
°C in a 5 % CO2 atmosphere. A Kan® transformant was selected, and the
insertion/deletion mutation was confirmed by DNA sequencing at the Genomic
Service of Instituto de Salud Carlos III.

E. coli SmpB overexpressed in the absence of tmRNA is insoluble
(Sundermeier et al, 2008). Hence, in order to overexpress and purify
pneumococcal SmpB, its coding region was cloned in fusion with pneumococcal
sstrA (the gene encoding tmRNA) to allow co-expression of both. smpB was
amplified by PCR with primers rnm010 and rnm011, and contains a 3’ extension
complementary to the 5-end of ssrA. ssrA was amplified using the primer pair
smd057/smd058. The two PCR fragments were then mixed and used as template
in a PCR with primers rnm010 and smd058. All amplification reactions were
carried out with Phusion DNA polymerase (Finzzymes). The resulting PCR
product was digested with Ndel and BamHI (Fermentas), and cloned into the
pET-15b vector (Novagen) previously cleaved with the same restriction enzymes.
This construction, named pSDA-02, was first obtained in E. coli DH5a and then
transferred to E. coli BL21(DE3) to allow the expression of His-SmpB. This

construct was confirmed by DNA sequencing at STAB Vida, Portugal.

Overexpression and Purification of Proteins

RNase R from S. pneumoniae was purified as previously described
(Domingues et al., 2009). For purification of SmpB, BL21(DE3) cells containing
pSDA-02 plasmid were grown at 37 °C in 250 ml of LB medium supplemented
with 100 pg/ml Amp to an OD600 of 0.5. Overexpression of SmpB was then
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induced by addition of 1 mM IPTG; induction proceeded for 3 hours at 37 °C.
Cells were harvested by centrifugation and stored at -80 °C. Purification was
performed by histidine affinity chromatography using HisTrap Chelating HP
columns (GE Healthcare) and AKTA HPLC system (GE Healthcare) as follows.
Frozen cells were thawed and resuspended in lysis buffer (50 mM HEPES pH 7.5,
1 M NHA4Cl, 5 mM MgClI2, 2 mM p-mercaptoethanol, 10 mM imidazole). Cell
suspensions were lysed using a French Press at 9000 psi in the presence of 1 mM
PMSEF. The crude extracts were treated with Benzonase (Sigma) to degrade the
nucleic acids and clarified by a 30 min centrifugation at 10000 xg. The clarified
extracts were then loaded onto a HisTrap Chelating Sepharose 1 ml column
equilibrated with buffer A (20 mM sodium phosphate pH 7.4, 0,5 M NaCl, 20 mM
imidazole). Protein elution was achieved by a continuous imidazole gradient
(from 20 mM to 500 mM) in buffer A. The fractions containing the purified
protein were pooled together and concentrated by centrifugation at 4 °C in an
Amicon Ultra Centrifugal Filter Device with a molecular mass cutoff of 10 kDa
(Millipore). Protein concentration was determined using Bradford method
(Bradford, 1976). SmpB and RNase R purified proteins were loaded in a SDS-
PAGE gel and Coomassie blue stained for band excision (data not shown). Bands
corresponding to a total of 500 ug of each protein were used to raise antibodies

against the respective pneumococcal proteins (Eurogentec).

RNA Extraction and Northern Blotting

Overnight cultures of S. pneumoniae TIGR4 wild type and mutant
derivatives were diluted in pre-warmed THY to a final OD600 of 0.1, and
incubated at 37 °C until OD600 ~ 0.3. At this point, cultures were split in two
aliquots and each aliquot was further incubated at 15 °C or 37 °C for 2 h. 20 ml
culture samples were collected, mixed with 1 volume of stop solution (10 mM

Tris pH 7.2, 25 mM NaNO3, 5 mM MgCl2, 500 ug/ml chloramphenicol) and
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harvested by centrifugation (10 min, 2800 xg, 4 °C). Total RNA was extracted
using Trizol reagent (Ambion) essentially as described by the manufacturer, with
some modifications. Pneumococcal cells were lysed by incubation in 650 ul lysis
buffer (sodium citrate 150 mM, saccharose 25 %, sodium deoxicolate 0.1 %, SDS
0.01 %) for 15 min at 37 °C followed by addition of 0.1 % SDS. After lysis, samples
were treated with 10 U Turbo DNase (Ambion) for 1 h at 37 °C. After extraction,
the RNA integrity was evaluated by gel electrophoresis and its concentration
determined using a Nanodrop 1000 machine (Nanodrop Technologies).

For Northern blot analysis, total RNA samples were separated under
denaturating conditions either by a 6 % polyacrylamide / urea 8.3 M gel in TBE
buffer or by 1.3 % agarose MOPS/formaldehyde gel. For polyacrylamide gels,
transfer of RNA onto Hybond-N+ membranes (GE Healthcare) was performed by
electroblotting (1 h 50 min, 24 V, 4 °C) in TAE buffer. For agarose gels RNA was
transferred to Hybond-N+ membranes by capillarity using 20xSSC as transfer
buffer. In both cases, RNA was UV cross-linked to the membrane immediately
after transfer. Membranes were then hybridized in RapidHyb Buffer (GE
Healthcare) for 16 h at 68 °C for riboprobes and 43 °C in the case of oligoprobes.
After hybridization, membranes were washed as described (Viegas et al., 2007).
Signals were visualized by Phosphorlmaging (Storm Gel and Blot Imaging
System, Amersham Bioscience) and analyzed using the ImageQuant software

(Molecular Dynamics).

Hybridization Probes

Riboprobe synthesis and oligoprobe labeling was performed as
previously described (Viegas et al., 2007). PCR products used as template in the
riboprobe synthesis were obtained using the following primer pairs:

rnm007/seqT4-3 for rur, T7ZtmRNA/P2tmRNA for tmRNA and smd041T7/smd040
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for smpB. The DNA probe for 165 rRNA was generated using the primer 16sR
labeled at 5" end with [y-32P]ATP using T4 polynucleotide kinase (Fermentas).

Reverse Transcription-PCR (RT-PCR)

RT-PCR reactions were carried out using total RNA, with the OneStep
RT-PCR kit (Qiagen), according to the supplier’s instructions. The primer pairs
seqT4-2/seqT4-3 and rnm010/smd041 were used to analyze rnr and smpB
expression, respectively. Amplification of secG+rnr and rnr+smpB fragments was
performed with the primer pairs smd038/smd050 and smd064/smd041,
respectively. The position of these primers in S. pneumoniae genome is indicated
in Figure 1. As an independent control, 16S rRNA was amplified with specific
primers 16sF/16sR. Prior to RT-PCR, all RNA samples were treated with Turbo
DNA free Kit (Ambion). Control experiments, run in the absence of reverse

transcriptase, yielded no product.

Primer Extension Analysis

Total RNA was extracted as described above. Primers rnm016, rnm014
and rnm002, respectively complementary to the 5-end of rnr, secG and smpB,
were 5-end-labeled with [y-32P]JATP using T4 polynucleotide kinase
(Fermentas). Unincorporated nucleotides were removed using a MicroSpinTM G-
25 Column (GE Healthcare). 2 pmol of labeled primer was annealed to 5 pg of
RNA, and c¢DNA was synthesized using 10U of Transcriptor Reverse
Transcriptase (Roche). M13 sequencing reaction was performed with Sequenase
Version 2.0 sequencing kit (USB) according to the supplier instructions. The
primer extension products were separated in parallel with the M13 sequencing
reaction on a 5 % polyacrylamide / urea 8 M sequencing gel. The gel was exposed
and signals were visualized in a PhosphorImager (Storm Gel and Blot Imaging

System, Amersham Bioscience).
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Total Protein Extraction and Western Blotting

Cell cultures used to prepare protein extracts were grown in the same
conditions as described above for RNA extraction. 20 ml culture samples were
collected, mixed with 1 volume of stop solution [10 mM Tris (pH 7.2), 25 mM
NaNO3, 5 mM MgCl2, 500 ug/ml chloramphenicol] and harvested by
centrifugation (10 min, 2800 xg, 4 °C). The cell pellet was resuspended in 100 pl
TE buffer supplemented with 1 mM PMSF, 0.15 % sodium deoxicolate and 0.01 %
SDS. After 15 min incubation at 37 °C, SDS was added to a final concentration of 1
%. Protein concentration was determined using a Nanodrop 1000 machine
(NanoDrop Technologies). 20 ug of total protein were separated in a 7 % (for
RNase R detection) or 10 % (for SmpB detection) tricine-SDS-PAGE gel, following
the modifications described by (Haider et al, 2010). After electrophoresis,
proteins were transferred to a nitrocellulose membrane (Hybond ECL, GE
Healthcare) by electroblotting using the Trans-Blot SD semidry electrophoretic
system (Bio-Rad). Membranes were then probed with a 1:1000 or 1:500 dilution of
anti-SmpB or anti-RNase R antibodies, respectively. ECL anti-rabbit IgG
peroxidase conjugated (Sigma) was used as the secondary antibody in a 1:10000
dilution. Immunodetection was conducted via a chemiluminescence reaction

using Western Lightning Plus-ECL Reagents (PerkinElmer).

Promoter Prediction

In silico predictions of putative promoters were performed using the
BPROM SoftBerry software
(http://linux1.softberry.com/berry.phtml?topic=bpromé&group=programsé&subgro
up=gfindb) and Neural Network Promoter Prediction
(http://www fruitfly.org/seq_tools/promoter.html) (Reese, 2001) bioinformatics

tools.
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Supplementary Data

Table S1 - List of oligonucleotides used in this work.

Oligo name Sequence 5' to 3'

16sF AGAGTTTGATCCTGGCTCAG

16sR ACGGCTACCTTGTTACGACTT

P2tmRNA GTCGTTACGGATTCGACAG

rnm002 TCACTTGAGCAAAGCCATCC

rnm007 GTTTTTTTTAATACGACTCACTATAGGGACATCGCTATAGGTCATACG
rnm010 GGAATTCCATATGGCAAAGGGCGAGGGAAAGGTC

rnm011 CTAATCTAAAGGCCACTTCCTTATCGCTGATTAACAGCTTTC

rnm014 GAACTGGCATCAAATACATTGCTGGATTGG

rnm016 CCCAAAGCCTGAGCCAAATCATTAACAGTC

seqtd-2 GACATCGCTATAGGTCATACG

seqt4-3 GTTTGACAACAGTTGTCGGG

smd019 GGGCCCGTTTGATTTTTAATG

smd020 GGTACTAAAACAATTCATCC

smd038 TTGAACGCAGTAAAGCTCGC

smd040 ATCGTAGATACGCTAGAGGCAGG

smd041 CATCACACGCGCGATATCTC

smd041T7 GTTTTTTTTAATACGACTCACTATAGGCATCACACGCGCGATATCTC
smd050 GCTTCTGCTGCTGTTCCCTTATTG

smd053 CGGGGTACCTGGGGTTCACATCGCAGATG

smd054 CATTAAAAATCAAACGGGCCCTTATTTTGTGCGACGACC

smd055 GGATGAATTGTTTTAGTACCAAAGAGGAATTGAAAATGGAAAAATTAG
smd056 CGCGGATCCCCGCGGAGATCCTGGTAAATC

smd057 GGAAGTGGCCTTTAGATTAG

smd058 CGCGGATCCTGGAGCCGGTGGGAGTCGAAC

smd064 CAGTCTAGTCGTAGTGGCAG

T7tmRNA GTTTTTTTTTTAATACGACTCACTATAGGGAGGTGTCTACAACCATAGGTTATG
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The regulation of bacterial transcription has been a topic of interest for
several decades. Regulation of protein expression in bacteria largely occurs at the
level of transcription. This regulation is often due to proteins that bind specific
regions on the chromosome (promoters). It is known that transcription initiation
is regulated by a number of DNA-binding proteins These proteins either bind
specific sequences on DNA (activators or repressors) (for reviews, (Browning and
Busby, 2004)), bind in a nonspecific manner (nucleoid-associated proteins) (for
reviews, see (McLeod and Johnson, 2001)) or regulate by mechanisms that do not
involve the direct interaction of transcription factors with DNA (reviewed by
(Haugen et al., 2008)). The role of nucleoid proteins in controlling gene expression
has become increasingly recognized over the past few years. They can modulate
transcription in response to environmental signals by a variety of mechanisms.
Their ability to alter DNA structure or directly interact with RNA polymerase is
essential for their activity. The H-NS protein was described as a transcription
regulator which affects oS-dependent genes (Barth et al., 1995). This protein is
abundant in bacterial cells and is often compared to eukaryotic histones because
of its high affinity for curved DNA rich in AT-rich regions (Dorman, 2004). Often,
H-NS acts as a selective silencer of genes that rapidly respond to environmental
changes (Barth et al., 1995; Lang et al., 2007; White-Ziegler and Davis, 2009). bolA
gene is known to be promptly induced upon stresses, including temperature,
osmotic shock and carbon starvation stresses (Santos et al., 1999). In this context
we hypothesised a regulatory role of H-NS on bolA expression. We indeed
observed that H-NS downregulates bolA expression. Moreover, we showed that
H-NS regulation over bolA is direct and that this protein is acting in both bolA
promoters. Interestingly, differences on the binding affinity were noticed when
distinct fragments containing distinct bolA regulatory regions were used. Even
though H-NS was able to bind bolApl and bolAp2, a partial loss of binding

affinity was noticed when bolAp2 promoter was absent or when the ORF region
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was present in the tested substrate. Since H-NS is sensitive to the DNA
conformation (Dorman, 2004), the selective binding is probably due to the 3D
conformation of the DNA. bolA promoter region presents a 3D conformation that
resembles different examples of H-NS preferred targets. That is, a curved
conformation (Dorman, 2004). However, this curved conformation is just noticed
when both bolA promoters are present. Thus, we believe the reason for the lower
affinity of the substrate lacking bolAp2 promoter is caused by the loss of the
bending observed with both promoters. It was previously shown that bolA co-
immunoprecitate with H-NS (Dorman, 2004). The reported observation is
probably due to the direct interaction with bolA regulatory region. We showed
that H-NS binds simultaneously to several sites within the entire promoter region
of bolA, and forms higher-order structures originating a repressive nucleoprotein
complex that modulates the activity of bolAp1 and bolAp2. Overall we revealed
that the pleiotropic histone-like protein H-NS is a new transcription regulator of
bolA. We confirmed that H-NS is directly repressing bolA expression by binding to
different locations along its entire promoter regions probably changing the DNA
conformation impeding the DNA polymerase binding. Moreover, the binding
sites are confined to a curved DNA region, known to be the H-NS preferred
consensus structure.

BolA has been shown to be a protein that affects several cellular functions. It
has been described as a morphogene (Aldea et al., 1988; Freire et al., 2009;
Guinote, 2011) important for cell survival (Freire et al., 2006). In this context, a
fine tuned regulation of this gene may be essential for the cell. Since H-NS is
known to be involved in the flagella biosynthesis (Bertin et al., 1994) influencing
biofilms architecture (Wood et al., 2006), and bolA previously shown to be able to
induce biofilm formation (Vieira et al., 2004), we may be close to find the link
between motility and biofilm development. A role of BolA on the complex

pathway of flagella and/or curli biosynthesis may be of reasonable enough
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interest to give a step on the study of the possible relationship of the H-NS and
the expression of BolA. Since BolA has an enormous impact in cell division and
cell morphology, it is expected that the regulation of this gene implicates many
other transcription factors and regulators in order to tightly regulate its
transcription. Thus, the discovery of additional regulators of BolA is of a major
concern.

As it was described above, BolA has been shown to be a pleiotropic protein
that affects several cellular functions. Homologues of this protein are widespread
in nature, including in eukaryotes, but curiously, it is absent in Gram-positive
bacteria. Moreover, some organisms have more than one copy of this gene, for
example, in E. coli, a homologue was recently described, the YrbA protein. YrbA
has 23% of 66 aminoacid overall identity, and 58% of similarity at the BolA
domain and over 70% of the aminoacid residues of both proteins perfectly align.
Similarly, to BolA, YrbA has a helix-turn-helix motif, usually responsible for
DNA-protein interaction. Until very recently, BolA was never shown to be a
DNA-binding protein even though NMR structure of a BolA-like protein in Mus
musculus allowed the identification of a characteristic helix-turn-helix (HTH)
motif suggesting a possible DNA-protein interaction function for this protein
(Kasai et al., 2004). Clarifying the role of BolA in the cell is of major interest. The
main phenotype observed when is overexpressed is the ability to shorten the cells
from bacilli to spheres. The mechanism behind this observation was not described
neither BolA was directly associated with any cell division crucial element. In
order to attempt to connect bolA expression with cell division, different
approaches were taken, including using different antibiotics to block important
penicillin binding proteins (PBPs) known to be involved in the cell division
phenomena. When cell septum formation was arrested, we observed that BolA
was not able to shorten the cells like in a normal growth situation, but it arrested

further filamentation. However, if the BolA induction happened before blocking
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septum formation, the expected filamentation was not observed. The absence of
bolA-mediated morphology when septation is inhibited before bolA induction
raised two different hypothesis: a possible irreversible morphological pathway
and BolA is no longer able to induce a rounder shape or BolA-dependent
inhibition of elongation might require functional septation machinery.
Cefmetazole was used to inhibit all E. coli PBPs except PBP2, the unique
penicillin binding protein that is not inhibited by this antibiotic (Ohya et al.,
1978). This allowed us to focus on the effect of bolA on elongation mechanisms,
independently of PBP5 or PBP6, previously shown to be regulated by BolA
(Santos et al., 2002). In fact, it was verified that bolA could affect morphology
independently of PBP5 and/or PBP6. Therefore, BolA overexpression either
blocked PBP2-dependent cell elongation or affected another mechanism involved
in the normal rod shape maintenance and essential for elongation.
Overexpression of PBP2 was shown to be unable to revert the round phenotype
caused by bolA overexpression (Aldea et al., 1988). Besides the important role of
PBP2 in bacterial cell elongation, MreB, a structural homologue of actin, is
essential for cell elongation and maintenance of the rod shape (Jones et al., 2001;
van den Ent et al,, 2001). MreB polymerises to form a spiral structure along the
interior of the cell wall (Jones et al., 2001). Interestingly, similarly to bolA
overexpression phenotype, mutations of the mreB gene or specific inhibition of
MreB cause round morphology and spherical cells (van den Ent et al., 2001). One
of the most interesting outcomes of this study was, obtained when analysed the
effect of bolA in MreB spatial organization. When the expression levels of BolA
increased, no more MreB filaments could be detected. Therefore, BolA
overexpression affected MreB filaments. The process of MreB filament formation
is probably dependent on the intracellular levels of MreB, in a way similar to
what happens in the actin polymerization process (Korn et al., 1987). If bolA

considerably lowers the expression levels of MreB, this could be interfering with

150



Discussion and Future Perspectives

the architecture of MreB polymers. In fact, when BolA was present in high
amounts in the cell, MreB protein and mRNA levels were significantly lower,
showing that this E. coli morphogene acted as a new negative regulator of MreB.
Moreover, this regulation was verified to be direct over mreBCD promoters. The
finding that BolA can directly repress the transcription of mreBCD and lower the
levels of MreB in the cell presents a broad impact on cellular features, such as
morphology maintenance and elongation mechanisms, especially in stress
conditions when bolA is induced. It is also a major step toward understanding the
regulation of MreB expression, a protein responsible for the cytoskeleton, an
essential architectural element of the bacterial cell. However, MreB is not the
unique protein essential for the typical rod shape of E. coli. For instance, the
recently described protein RodZ, showed to be as important as MreB in this
process. RodZ is involved in the maintenance of cell shape through interaction
with the MreB cytoskeleton (Alyahya et al., 2009; Bendezu et al., 2009; Shiomi et
al., 2008). Like MreB, it is distributed along the cell in a helical pattern and is
required for the proper formation of MreB spirals. What will be the effect of BolA
on RodZ? Still, as a distinct subject of interest is the intriguing fact of BolA being
absent in Gram-positive bacteria. Is that related with the different mechanisms of
cell division? To evaluate this, we plan to clone bolA in a model Gram-positive
bacterium, such as B. subtilis, and evaluate the effects of the gene expression in the
bacteria.

The influence of BolA in different proteins involved in the cell division
apparatus or cell membrane homeostasis is still enigmatic and needs further
studies. In order to better understand the global role of BolA as a transcription
factor, we performed microarrays. In LB media and exponential phase, the effects
of BolA are not noticeable like they are in stationary phase. Nevertheless, in case
of the cells that enter in a stress condition, like osmotic shock, temperature

alteration or nutrients depravation, BolA is induced and responds to the stress
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like it does in stationary phase. To simulate a stress response in exponential
phase, bolA was induced at the start of this phase of growth. Overall results
showed diverse classes of genes that were differentially expressed and related
with different functions in the cell. However, only one E. coli sigma factor, the
sigma E (oF), was changing. of is known by the polymerase subunit responsible
for the response to stress that harms the cellular envelope homeostasis regulating
different genes involved in the synthesis of outer membrane proteins (OMPs).
Interestingly, BolA was also described in previous works to be related with
OmpC/OmpF ratio control. Thus, the role of BolA in oF expression was analyzed.
In fact, o was upregulated in the presence of a high amount of BolA. Moreover, it
was also observed differential expression in genes that belong to the oF regulon
which were also analyzed and some of them were significantly up or
downregulated. Some of the RNAs identified and studied are non-coding small
RNAs (sRNAs). These RNAs are usually related with stress response and rapid
adaptation of bacteria to new environments. A relatively large percentage of the
described sRNAs in the literature are related with regulation of OMPs expression.
Up to now, of the many sRNAs discovered in E. coli, three are known to be of-
dependant. MicA, RybB and CyaR are the sRNAs that belong to the o regulon.
Two of them were detected to vary in the microarray experiment, RybB and
CyaR, being upregulated. The increase levels of these sSRNAs and oF clearly
indicate an alteration of the envelope homeostasis and thus a cell response. These
sRNAs impede the expression of different OMP proteins to avoid their
translocation to the outer membrane and thus more destabilization in the cell
envelope.

Other non-coding RNAs were noticeably regulated by BolA overexpression.
Some still related with cell envelope protein regulation, OmrA, OmrB; other with
regulation of iron storage proteins like RyhB; one without characterized function,

RydB; and two related with transcription factors regulation and cell motility,
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DsrA and CsrB. Of particular interest was CsrB sRNA, which is an antagonist of
CsrA. It is described by sequestering this protein affecting its functions in the cell.
CsrA protein has a fundamental role in carbohydrate's metabolism and
translationally represses enzymes needed for normal cell motility. Since BolA is
involved in biofilm formation, thus curli pathway synthesis and flagella
inhibition, the regulation over CsrB can contribute for the understanding of the
function of this transcription factor in the switch between motile and non-motile
cells. For that, an interesting approach would be to analyse the master regulators
of both flagella and curli synthesis pathways taking into account the presence or
absence of BolA in the cell. A similar experiment could be performed in stationary
phase, and then compare the results with exponential phase. The latest
discoveries regarding small noncoding RNAs (sRNAs) in both pro- and
eukaryotes have shown that the interaction of RNA with proteins and mRNAs
plays a prominent role in the regulation of cellular processes. Taking into account
our results and BolA involvement in non-coding RNA regulation, deep-
sequencing analyses of a BolA mutant vs. wt would be of major interest to
decipher the role of this new E. coli transcriptional regulator in the control of
RNAs and their role in post-transcriptional control of gene expression.

Not just sRNAs are crucial for post-transcriptional control of gene
expression. Ribonucleases (RNases) are the enzymes responsible for the
processing and decay of RNA and their study brings important advances to the
understanding of the regulation of gene expression. They have also been
described as an important factor involved in the virulence mechanisms of several
pathogenic organisms (Cheng et al., 1998; Erova et al., 2008; Tobe et al., 1992; Tsao
et al., 2009), and the mode of action of these proteins is of major importance for
virulence studies. In the final part of this Doctoral work I focused on the post-
transcriptional regulation of gene expression by RNase R in the human pathogen

Streptococcus pneumonige. Until now, S. pneumoniae has only one hydrolytic
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ribonuclease described that belongs to the RNase II-family of enzymes, the RNase
R. This enzyme was already target of biochemical characterization (Domingues et
al., 2009) but its role in the cell is still unknown. Downstream of rnr gene is
located smpB coding sequence and upstream of rnr there is a secG open reading
frame. Curiously, smpB 5 end overlaps with the 3’ end of rnr. When this was
observed for the first time, it raised the hypothesis of these two genes being
expressed in an operon as a single transcriptional unit. In E. coli, RNase R
associates with SmpB and the tmRNA in the ribosome rescue system and
participates in the degradation of the mRNA on which tmRNA-dependent
ribosome rescue occurs (Karzai and Sauer, 2001; Richards et al., 2006). Moreover,
SmpB together with tmRNA, are the main components of the trans-translation
system, a system important for quality control since it releases ribosomes stalled
in non-stop transcripts and tags truncated proteins for their degradation by
cellular proteases (Keiler, 2008; Richards et al., 2008). The overlapping of RNase R
and SmpB in S. pneumoniae suggested some level of regulation between these two
partners.

RNase R was previously described to be modulated in response to different
stress conditions including cold-shock (Andrade et al., 2006; Cairrao et al., 2003;
Chen and Deutscher, 2005). In fact we confirmed that in this human pathogen,
RNase R mRNA and protein expression levels are also induced in cold shock
response. Interestingly we pursued studies on the characterization of this enzyme
and observed that it is indeed transcribed together in an operon encompassing
secG and smpB. The observed genomic organization of rnr localized upstream of
smpB was confirmed to be a common feature among Gram-positive bacteria.
Moreover, we saw that the operon is under the control of a single promoter
upstream of secG. It is the first time that rnr is showed to be co-transcribed with
one of the major trans-translation players, which in this case is smpB. Processing

of the operon to yield the mature gene products is likely to occur since different
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putative cleavage sites were detected on the overlapping region of rnr with smpB.
RNase R has been described as an important protein in the ribosome rescue
system participating in the degradation of the mRNA on which tmRNA-
dependent ribosome rescue occurs (Karzai and Sauer, 2001; Richards et al., 2006).
In the study performed, a difference on the levels of smpB mRNA were noticed
suggesting a role of RNase R in smpB degradation. Trans-translation is a SmpB
dependent quality control mechanism in bacteria. For the first time we showed a
direct involvement of RNase R in the modulation of smpB mRNA levels in S.
pneumoniae with consequences on the SmpB protein available to the cell. This
finding is of extreme importance since RNase R has also a role in the quality
control of defective peptide synthesis being involved in the degradation of
aberrant mRNAs that come out of the trans-translation mechanism. Knowledge of
the cell control mechanisms may lead to greater understanding of virulence in S.
pneumoniae and possibly the identification of new putative targets for virulence
studies. For instance, is RNase R involved in the degradation of mRNAs coding to
virulence factors in this bacterium? Or is it involved in the maturation of those
mRNAs being itself essential for pathogenesis? As a future perspective would be
interesting to analyse the role of this RNase R in the expression of capsular
proteins involved in pathogenesis.

An additional future aim derived from this study is to characterize the
enzymes involved in the processing of the RNase R operon. In the Gram-positive
model bacteria B. subtilis, RNase J1 and ]2 are two important RNases that are in
the base of the model of RNA degradation pathways (Even et al., 2005; Mader et
al., 2008). However, homologues of these enzymes were not described yet in S.
pneumoniae. Until now, RNase P, RNase III, RNase Z, RNase M5, RNase H2 and
RNase H3 are the known endonucleases described in this organism. Are those

performing all the endonucleolytic tasks in the post-transcriptional regulation of
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gene expression? Or are there RNase J1 and ]2 like proteins in S. pneumoniae to
help on this job?

The dogma of molecular biology postulates that DNA can be replicated to
DNA, can be copied into mRNA (transcription) and proteins can be synthesized
using the information in mRNA as a template (translation). With the recent year’s
discoveries, the dogma had to be redefined and nowadays RNA is accepted as a
multifunctional molecule that besides having a fundamental role in the
translation process, can also act as a regulator of gene expression. Maintenance of
optimal levels of RNAs at any time and under any circumstance is an extremely
difficult task to achieve and requires great coordination among all the factors
involved in this control. It is also assumed that there is a cross-talk between
transcription and degradation to maintain the balance that is best for the survival
of microorganisms. With everyday advances in molecular biology field, the
interest to know how cell vital mechanisms work is essential, thus the work
presented in this dissertation constitutes an important step towards the
comprehension of different transcriptional and post-transcriptional mechanisms

acting on the regulation of bacterial gene expression.
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The morphogene bolA is a general stress response gene in Escherichia coli that
induces a round morphology when overexpressed. Results presented in this
report show that increased BolA levels can inhibit cell elongation mecha-
nisms. MreB polymerization is crucial for the bacterial cell cytoskeleton, and
this protein is essential for the maintenance of a cellular rod shape. In this
report, we demonstrate that bolA overexpression affects the architecture of
MreB filaments. An increase in BolA leads to a significant reduction in MreB
protein levels and mreB transcripts. BolA affects the mreBCD operon in vivo
at the level of transcription. Furthermore, our results show that BolA is a
new transcriptional repressor of MreB. The alterations in cell morpho-
logy induced by bolA seem to be mediated by a complex pathway that
integrates PBP5, PBP6, MreB, and probably other regulators of cell

morphology/elongation.
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Penicillin-binding proteins (PBPs) are key players
in cell elongation and division mechanisms.! In
Escherichia coli, PBP2 is responsible for lateral
murein extension, leading to cell elongation, while
PBP3 is specific for septal murein production during
cell division. Specific inhibition of PBP2 by mecilli-
nam causes E. coli to grow as spherical cells, while
inhibition of PBP3 using aztreonam blocks septal
peptidoglycan synthesis, leading to a characteristic
filamented cell phenotype.' PBP2 is essential for cell
elongation. MreB is a structural homolog of actin
that is also essential for cell elongation and main-
tenance of a bacterial rod shape.?3

The morphogene bolA induces a spherical shape
when overexpressed, and it has been established as
a general stress response gene.* The expression of
bolA is tightly controlled.>” bolA increases biofilm
formation® and modulates cell permeability;’ in
addition, it was demonstrated that bolA increases
the expression of PBP5, PBP6 and ampC mRNA.'O
In this work, we analyzed the effect of BolA on cell
growth and elongation using a set of specific anti-
biotics that induce known morphology alterations

*Corresponding author. E-mail address:
cecilia@itgb.unl.pt.

Abbreviations used: PBP, penicillin-binding protein; EF,
elongation factor; orf, open-reading frame.

0022-2836/$ - see front matter © 2008 Published by Elsevier Ltd.

through the inhibition of PBPs. Results show that
BolA inhibits the mechanism of cell elongation and
can act as a new transcriptional repressor of MreB
expression.

BolA expression affects growth rate and cell
elongation

Plasmid pPFA02 was constructed by cloning the
bolA coding region in-frame with a (His), tag at the
5 end in a pET28a plasmid under the control of a
LacZ promoter (Novagen). CMA50 is a BL21(DE3)
strain (Novagen) transformed with pPFA02 plas-
mid. High expression of (His)s—BolA was achieved
30 min after 1 mM IPTG (Merck) was added to the
growth medium. Microscopic phase-contrast obser-
vations showed that all cells became round or
olive-shaped after 1 h of induction (Supplementary
Fig. S1), demonstrating that overexpression of
(His)s—BolA induces the same cellular morphology
alterations that are observed when the native BolA
protein is overexpressed.” Two hours after induction
of BolA, the optical density at 620 nm (ODgy) of the
culture increased 2.5%; without induction of bolA,
the ODg,q increased 7x (data not shown). The over-
expression of BolA appears to be sufficient to retard
cell growth rate. Aztreonam is a specific inhibitor of
PBP3 activity that prevents septation and induces

doi:10.1016/j.jmb.2008.12.026
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the formation of cellular filaments." Exponentially
growing cells were regular rod-shaped bacteria, but
some filamenting cells were also visible (about 2%
of the total cell population) (Fig. 1a). Addition of
aztreonam induced cell filamentation, as expected
(Fig. 1al and a2). When bolA expression was in-
duced after aztreonam addition, cells remained
shaped as filaments (Fig. 1bl and b2). However,
these filaments no longer increased in length.
Elongation seemed to be arrested. Surprisingly,
after 90 min of bolA overexpression, a branched
phenotype arose (Fig. 1b2). However, when bolA
was induced in exponential phase and aztreonam
was added 30 min later, cells no longer became
filaments as could be expected due to aztreonam
effects and furthermore acquired a shorter morphol-
ogy (Fig. 1cl and ¢2). Even though some longer cells

0’ (Control)

IPTG 30’
-

i’

+ Aztreonam

were still detected 30 min after aztreonam addition
(Fig. 1cl), the population eventually reached 100%
of short cells (Fig. 1c2). The levels of (His)s—BolA in
all the conditions observed by microscopy were
determined by quantitative Western blot (Supple-
mentary Fig. 52). Detection was performed with an
anti-(His) antibody from GE Healthcare at a con-
centration of 1:5000. The intensity of the bands
measured normalized by measurements of elonga-
tion factor (EF)-Tu protein as internal control. The
levels of BolA were maintained with slight varia-
tions throughout all conditions. This ensured that
BolA is produced in considerable levels whenever it
is induced. Conversely, when no induction with
IPTG was performed, no level of the protein was
detected. Thus, BolA overexpression can prevent
elongation of the cell. The absence of bolA-mediated

Az 60’

Az 90’

Fig. 1. Phase-contrast microscopy photographs. Batch cultures grown aerobically in LB medium at 37 °C and 120 rpm
were launched from overnight cultures, diluted to an ODgy( of 0.08.* Cells were harvested and fixed onto slides coated
with a 1% agarose film.'” Images were obtained using a DMRB microscope (Leica) under phase-contrast optics coupled to
a CCD camera, with Leica software. CMA50 strain morphology alterations were observed in LB medium after addition of
aztreonam (20 pg/mL) or IPTG (1 mM) starting at an ODgjy of 0.4. (a) Exponentially growing CMA50 in LB medium. Time
0’ for aztreonam (Az) addition or IPTG addition. (al) Sixty minutes after aztreonam addition to the medium. (a2) Ninety
minutes after aztreonam addition. (b) Addition of IPTG to induce bolA expression 30 min after aztreonam treatment. (b1)
Sixty minutes after aztreonam treatment and 30 min after bolA induction. (b2) Ninety minutes after aztreonam addition
and 60 min after bolA induction. Black arrows show the beginning of cell branching. (c) Thirty minutes after induction of
bolA by IPTG; time 0’ for addition of aztreonam. (c1) Sixty minutes after bolA induction and 30 min after aztreonam
treatment. (c2) Ninety minutes after bolA induction and 60 min of aztreonam addition. Glucose (0.4% w/v) was added to
the medium in control experiments to ensure complete shutdown of the expression of pPFA(2 (data not shown). The
levels of (His)s—BolA were determined by quantitative Western blot and are supplied as supplementary data (Fig. S52).
Black bar represents 5 pm.
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morphology when septation is inhibited before bolA
induction (Fig. 1b1l and b2) indicates two possibi-
lities: (a) the cells might be committed to an irrever-
sible morphological pathway by the influence of
aztreonam and BolA is no longer able to induce a
rounder shape or (b) BolA-dependent inhibition of
elongation might require a functional septation
machinery, here inhibited by blocking PBP3, at
least in an initial phase. Furthermore, the longer
cells observed in Fig. 1cl cannot become shorter in
Fig. 1c2 by dividing since septation is inhibited.
Therefore, the longer cells either might have been
dying by lysis or were somehow being shortened by
the overexpression of bolA.

BolA prevents cellular elongation/rod shape
maintenance mechanisms

Cefmetazole is a cephalosporin that inhibits all
E. coli PBPs except PBP2."® This antibiotic was used
simultaneously with aztreonam in a similar expe-
riment as in Fig. 1 to inhibit all PBP functions, ex-
cept for PBP2, and focus the analysis of the effect of
bolA on elongation mechanisms, independently of
PBP5 or PBP6, previously shown to be regulated by
BolA."" The results were generally the same as those
illustrated in Fig. 1, showing that bolA overexpres-
sion is unable to revert the filament morphology
when septation is blocked before its own induc-
tion (Fig. 2d1 and d2) and that cells are unable to
elongate when bolA is overexpressed prior to septa-
tion inhibition (Fig. 2el and e2). However, the

IPTG 30’

elongation now observed in Fig. 2d1 and d2 is strictly
related to PBP2 activity, among all PBPs. It is
interesting to verify that bolA can affect morphology
independently of PBP5 and/or PBP6. Therefore,
BolA overexpression either blocks PBP2-dependent
cell elongation or affects another mechanism in-
volved in the normal maintenance of the rod shape
and essential for elongation. Overexpression of PBP2
was shown to be unable to revert the round
phenotype caused by bolA overexpression back to a
bacilli shape.'” BolA might then be affecting other
elements involved in cell elongation mechanisms
that indirectly impair PBP2-dependent cell elonga-
tion. A good candidate is MreB, a structural homolog
of actin essential for cell elongation and maintenance
of the rod shape.”” A possible correlation can also be
established between bolA-induced round morpho-
logy and the spherical cells caused by mutations of
the mreB gene or specific inhibition of MreB.?

BolA affects the architecture of MreB filaments

Immunofluorescence experiments to detect MreB
filaments were performed in order to check for any
influence of bolA on their spatial arrangement (Fig.
3.1). MreB polymerizes to form a spiraled structure
along the interior of the cell wall.? MreB polymers
forming the cytoskeleton were clearly visible when
BolA was not overexpressed (Fig. 3.1a—d). When the
expression levels of BolA increased, no more MreB
filaments can be detected and the signal was spread
all over the spherical cell (Fig. 3.1h-j). MreB fila-

Fig. 2. Phase-contrast microscopy photographs. CMA50 strain morphology alterations were observed in LB medium
after addition of aztreonam (20 pg/mL) plus cefmetazole (1 pg/mL) (cef) or IPTG starting at an ODgy( of 0.4. Time 0’ of the
experiment corresponds to the photo in Fig.1a. (d) Thirty minutes after aztreonam-+cefmetazole addition to the medium;
time 0’ for addition of IPTG to induce bolA expression. (d1) Sixty minutes after aztreonam-+cefmetazole treatment and
30 min after bolA induction. (d2) Ninety minutes after aztreonam+cefmetazole addition and 60 min after bolA induction.
(e) Thirty minutes after induction of bolA by IPTG; time 0’ for addition of aztreonam+cefmetazole. (el) Sixty minutes after
bolA induction and 30 min after aztreonam+cefmetazole treatment. (e2) Ninety minutes after bolA induction and 60 min
after aztreonam+cefmetazole addition. The levels of (His)s~BolA were determined by quantitative Western blot and are
supplied as supplementary data (Fig. S2). Black bar represents 5 pm.
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Wit+pTKS512  AbolA+pTK512

MreB previously induced in
Exponential phase

Fig. 3. (1) Analysis of E. coli cyto-
skeleton by immunofluorescence
microscopy. Anti-MreB antibodies'*
were used at a 1:100 dilution; secon-
dary TRITC anti-rabbit (Sigma), at
1:300. Cells were fixed in phosphate-
buffered saline 1%, 4% formalde-
hyde, and 0.02% glu’caraldehyde.]5
Cells were permeabilized with lyso-
zyme (10 mg mL ') and applied to
polylysine pretreated coverslips,
fixed with methanol and acetone,
and blocked with 2% bovine serum
albumin and 0.05% Tween-20 in
phosphate-buffered saline 1x.
Images collected by immunofluore-
scence in a DMRB microscope
(Leica) were treated with a decon-
volution filter from MetaMORPH
software. (a-d) Exponentially
growing CMADS50 cells showing the
helical structures corresponding to
the polymers of MreB forming the
cytoskeleton. Subpanel (a) corres-
ponds to an example of the fila-
ments observed in these conditions.
(e-g) Control experiment showing
the visualization of MreB-defined
filaments in round cells treated
with mecillinam. (h—j) Overexpres-
sion of BolA 2 h after IPTG addi-
tion. Control experiments rule out
any influence of glucose or IPTG on
the morphology alterations (data
not shown). The levels of (His)e—
BolA were determined by quantita-
tive Western blot and are supplied
as supplementary data (Fig. S2). (2)
Phase-contrast microscopy photo-
graphs. Batch cultures grown aero-
bically in LB medium at 37 °C and
120 rpm were launched from over-
night cultures, diluted to an ODgyg
of 0.08.* Cells were harvested and
fixed onto slides coated with a 1%
agarose film.'”” Tmages were ob-

tained using a DMRB microscope (Leica) under phase-contrast optics coupled to a CCD camera, with Leica software.
MG1693 and an isogenic AbolA were transformed with pTK512'* plasmid that overexpresses the mreBCD operon with
IPTG. The upper panel shows their morphology in the stationary phase of growth without induction. The lower panel
shows the morphology alterations observed in the stationary phase when mreBCD is induced previously in the

exponential phase of growth.

ments nevertheless remained detectable by immu-
nofluorescence in round cells caused by addition of
mecillinam, an inhibitor of PBP2 (Fig. 3.le-g),
showing that loss of MreB localization under bolA
overexpression is not due to the shape alteration
from rod to sphere. A similar observation was made
when MreB polymerization was inhibited by A22, a
specific inhibitor of MreB.'® Therefore, the results
obtained show that BolA overexpression affects
MreB filaments’ spatial organization.

MreB was induced with IPTG from plasmid
pTK512'* in several conditions and strains (data
not shown) in an attempt to rescue the bolA spherical

morphology. No reversion of cell morphology could
be detected. BL21+pPFA(02 strain was co-trans-
formed with pTK512 to further study these effects.
MreB and (His)s—BolA were induced simultaneously
with 1 mM IPTG. Overexpression of BolA and MreB
together gave a mixed cell phenotype (round,
lemon-shaped cells and rods), but, in general, longer
cells were obtained due to the opposite effect of
MreB in cell morphology (Supplementary Fig. S1).
After 2 h of induction, when only BolA was over-
expressed in the BL21+pPFAQ2 strain, cells became
spherical or lemon-shaped. Non-induced cells pre-
sented the typical phenotype of BL21: rods with
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some filaments. MreB overexpression seems to
reduce the impact of BolA in cell morphology.
MG1693 and an isogenic bolA deletant were also
transformed with pTK512 and studied in stationary
phase to assess this effect on other strains. As above,
after a rounder morphology was established, the
induction of MreB was unable to restore longer cells.
However, when MreB was induced in the exponen-
tial phase, it prevented the formation of shorter cells
observed in the stationary phase. This effect is even
more visible in bolA deletant strain, showing that
MreB has an effect opposite to the influence of BolA
in cell morphology (Fig. 3.2). Even though MreB
overexpression cannot revert the morphology
induced by BolA, higher levels of MreB in the cell
clearly impair the induction of a rounder/shorter
shape by BolA.

BolA affects MreB expression levels

The process of MreB filament formation is prob-
ably dependent on the intracellular levels of MreB,
in a way similar to what happens in the actin
polymerization process.'” Therefore, if bolA signifi-
cantly lowers the expression levels of MreB, this
could be interfering with the architecture of MreB
polymers. Western blots were performed to assess
variations of MreB protein levels related to bolA
overexpression. The results show that MreB protein
levels were reduced by threefold when BolA was
overexpressed (Fig. 4a). The detection of EF-Tu by
specific antibodies on the same membranes shows
that the variations observed are not due to pleio-
tropic effects of IPTG or BolA overexpression. BolA
is thus shown to act as a new negative regulator of
MreB. By interfering with the levels of MreB, bolA
impairs the stability of the cytoskeleton in E. coli. The
disruption of the internal cell scaffold could further-
more explain how cells could eventually shorten
from a longer rod shape (Fig. 1cl) to olive-shaped
cells (Fig. 1c2) when septation is inhibited.

RNA dot-blot experiments were performed to
check whether the change in MreB protein levels
derives from a reduction in mreB mRNA levels
(Fig. 4b). The results show that induction of BolA
levels was indeed able to significantly reduce the
levels of mreB transcripts in less than 60 min. There-
fore, bolA represses the levels of mreB mRNA. The
levels of induced BolA were determined by quanti-
tative Western blot and are provided as supplemen-
tary data (Fig. S3). The results obtained were further
confirmed by quantitative reverse-transcription PCR.
A Transcriptor First Strand ¢cDNA Synthesis Kit
(Roche) was used to reverse transcribe total RNA to
cDNA using the random hexamer primer following
the manual protocol. Quantitative PCRs were per-
formed to amplify mreB and 165 RNA cDNAs using
the primers RI-MREB (5'-acttgtccattgacctgggtactg-3’)
and RT-MREB2 (5'-gccgecgtgeatgtcgatcattte-3') and
the primers 16S rRNA F (5’-aga gtt tga tcc tgg ctc ag-
3’) and 16S rRNA R (5’-acg gct acc ttg tta cga ctt-3'),
respectively. Equal amounts of the sample were

(a) AmreB Wt +BolA

.
o A

Protein

EF-Tu— | ey S S

(b)
+ IPTG
+ BolA - IPTG
0 300 60° 120° 30° 60 120°
mreB 3 O s
mRNA
(c)
500.00
450.00

W MreB protein levels

PBP5 PBP6

PBP5/6 PBP5 PBP6 PBP5/6
+BolA +BolA +BolA

Fig. 4. (a) Western blot showing the levels of MreB in
the cell. Bacterial proteins were extracted using Bugbuster
(Novagen). Quantification was according to the Lowry
method, and equal amounts of total protein were loaded
in 12% SDS-PAGE gels.'® Equal amounts of total protein
extract of each sample were loaded in SDS-PAGE gels.
After transfer, membranes were incubated with anti-MreB
antibodies at a dilution of 1:10,000."* MC1000AmreB strain
was used as negative control.'* The top lane is AmreB, the
middle lane shows the levels of this protein with basal
expression of BolA, and the bottom lane shows the levels
of MreB upon overexpression of BolA. EF-Tu detection
was used as a control of total protein quantification. (b)
Representative dot blot showing the analysis of steady-
state mreB mRNA levels in CMA50 strain after over-
expression of bolA. Total RNA was extracted as previously
described.” Equal amounts of total RNA were blotted
onto Hybond™ membranes (GE) and fixed by UV light. An
mreB DNA probe spanning the entire mreB orf was
obtained by PCR using Taq polymerase (Roche) and the
primers MreB1 (5'-attgacctgggtactgcg-3’) and MreB2
(5/-ctcttcgetgaacaggtc-5) produced by STABVida. Mem-
branes were hybridized and washed as described
previously."” Membranes were autoradiographed using
Biomax MR from Kodak, and bands were quantified
with an IMAGEQUANT™ densitometer (Molecular
Dynamics). 0" represents mreB mRNA levels at an ODgy
of 0.4. The levels of (His)c—BolA were determined by
quantitative Western blot and are supplied as supplemen-
tary data (Fig. S3). (c) MreB protein levels in PBP5, PBP6,
and double PBP5/PBP6 mutants'' in LB medium sta-
tionary phase. Quantifications were done by Western blot
and normalized by EF-Tu determination on the same
membranes. Lanes 1-3 show the results for the strains
without bolA overexpression, while lanes 4-6 show MreB
levels in the same conditions but with overexpression of
bolA using plasmid pMAKS580 (containing bolA with native
promoters) as described previously."'
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loaded in 0.7% agarose gel (Supplementary Fig. S4).
Quantification was done with Image] software and
normalized by 165 RNA c¢DNA levels. The results
obtained from three replicated experiments indicate
intensities of 0.82+0.12 for the mreB cDNA band
60 min after induction of BolA and 1.45+0.22 without
any induction. BolA therefore reduces the levels of
mreB RNA to about 55% of their normal levels.

BolA represses operon mreBCD transcription by
direct binding to its promoters

A plasmid pRMA1 was constructed containing
the gfp gene encoding green fluorescent protein
under the control of the promoters of the mreBCD
operon using vector p363.> Total protein was ex-
tracted as above, with and without overexpression
of BolA, and green fluorescent protein fluorescence
was quantified in a Varian-Eclipse fluorescence
spectrophotometer. The data obtained were normal-
ized per cell by quantifying EF-Tu protein present in
the different protein extracts. The fluorescence per
cell (+BolA)/fluorescence per cell (Wt) ratio, repre-
senting the variations in mreBCD transcription by
overexpression of bolA, was determined in BL21+
pPFAQ2 strain after 1 h of induction. The average
ratio obtained was 0.64+0.04. BolA overexpression
is therefore able to shut down transcription of
mreBCD operon in vivo to about 64% of its normal
expression, in correlation with the levels of mreB
RNA detected above.

(His)s—BolA was purified by histidine affinity chro-
matography using HiTrap chelating HP columns
and an AKTA HPLC system (GE Healthcare). Purity
of the protein was verified by SDS-PAGE. The puri-
fied protein was immobilized by amine coupling in
a CMS5 sensor chip on a Biacore 2000 system (GE
Healthcare) following the manufacturer’s instruc-
tions and analyzed by surface plasmon resonance.
Biosensor assays were run at 25 °C in buffer
containing 20 mM Tris-HC], pH 8, 100 mM KCl,
1 mM dithiothreitol, and 25 mM ethylenediaminete-
traacetic acid. Operon mreBCD promoters and bolA
open-reading frame (orf) DNA encoding fragments
were amplified by PCR using the primers mreBl
(5’-gccacttgatactaacgtg-3’) and mreB2 (5'-ggggcgga-
aaagaaaatc-3’) and the primers bolAX2 (5'-gtcacaa-
tgtcccagecg-3’) and bolAX9 (5'-ccagacaaaacaaaacgg-
cccg-3'), respectively. The amplified DNA fragments
were injected as ligands. All experiments included
replicate injections of six concentrations of each DNA
sequence (ranging from 0 to 3 pM). Dissociation
constants (K4's) were calculated using the BIA Eval-
uation 3.0 software package, according to the fitting
model 1:1 Langmuir binding. We determined a K4 of
6.9+2.4 nM for BolA interaction with mreB promo-
ters and a Ky of 23.6+5.4 nM for the interaction with
the bolA orf. The Ky of (His)s—BolA interaction with
the bolA orf sequence is therefore 3.5-fold higher than
that with the mreBCD promoter sequence, showing
that BolA has a significantly higher affinity for the
promoter sequence of mreBCD. BolA is thus able to

bind directly with high affinity to the promoter
sequence of mreB and therefore acts as a new
transcriptional repressor of MreB expression levels.

MreB concentration in fast-growing cells reaches
40,000 molecules/cell; in slow-growing cells, it was
estimated at 17,000 molecules/cell.' Inversely, bolA
mRNA levels are low in fast-growing cells but
increase by about 20-fold in slow-growing cells;* the
regulation of BolA expression might therefore be
connected to the differential expression of MreB
during different growth phases.

BolA plays a central role in a morphogenetic
pathway including PBP5, PBP6, and MreB

BolA induces the expression levels of PBP5 and
PBP6 at the onset of the exponential phase."’ BolA
overexpression was also shown to be unable to pro-
mote a round morphology in a PBP5/PBP6 double
mutant."' The inhibition of all PBPs except PBP2 in
Fig. 2el and e2 shows that bolA is nevertheless able
to induce a shorter olive-shaped morphology
independently of PBP5 or PBP6. A similar reduction
in cell length was also reported in the PBP5/PBP6
double mutant."' BolA’s effect on cell morphology
alterations thus seems to be based on the integration
of a complex set of regulations. The levels of MreB
protein were analyzed in the PBP5 and PBP6 single
and double mutants that were previously studied."!
Protein levels were normalized by quantification of
EF-Tu levels (Fig. 4c). A general negative effect of
bolA overexpression on the levels of MreB is clearly
confirmed (columns 4 to 6), even though this effect is
lower in the double PBP5/PBP6 mutant. MreB levels
are lower in the single mutants as compared with
the double mutant upon overexpression of bolA.
This low concentration might not be enough to
permit polymerization of MreB filaments, as seen in
the data presented in Fig. 3. The conjugated effects
of BolA in MreB, PBP5, and PBP6 thus contribute to
induce the round morphology in PBP single mu-
tants. Likewise, the absence of a round morphology
induced by bolA in the PBP5/PBP6 double mutant
could be correlated not only to the lack of PBP5 and
PBP6 but also to the higher levels of MreB observed
in that strain. Furthermore, since this strain shows
lower levels of MreB than the single mutants, inde-
pendently of bolA overexpression (column 3), ex-
pression of MreB might also be influenced by
PBP5 and/or PBP6. BolA therefore seems to play a
central role in a complex web of regulators of cell
morphology/elongation that includes PBP5, PBP6,
MreB, and probably other factors. The induction of
PBP5 and PBP6 and the reduction in MreB levels by
BolA overexpression converge to inhibit cell elonga-
tion and induce a rounder morphology.

This work shows that bolA-induced cell morpho-
logy alterations are mediated by a complex pathway
that integrates PBP5, PBP6, and MreB. The finding
that BolA can directly repress the transcription of
mreBCD and lower the levels of MreB in the cell
presents a broad impact on cellular features, such as
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morphology maintenance and elongation mechan-
isms, especially in stress conditions when bolA is
induced. It is also a major step toward under-
standing the regulation of MreB expression, a
protein responsible for the cytoskeleton, an essential
architectural element of the bacterial cell. Further
studies will be necessary to provide more insights
on these novel regulation pathways and how the
different elements involved influence one another.
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Introduction

General outline

Abstract

The continuous degradation and synthesis of prokaryotic mRNAs not only give rise to
the metabolic changes that are required as cells grow and divide but also rapid
adaptation to new environmental conditions. In bacteria, RNAs can be degraded by
mechanisms that act independently, but in parallel, and that target different sites with
different efficiencies. The accessibility of sites for degradation depends on several
factors, including RNA higher-order structure, protection by translating ribosomes
and polyadenylation status. Furthermore, RNA degradation mechanisms have shown
to be determinant for the post-transcriptional control of gene expression. RNases
mediate the processing, decay and quality control of RNA. RNases can be divided into
endonucleases that cleave the RNA internally or exonucleases that cleave the RNA from
one of the extremities. Just in Escherichia coli there are > 20 different RNases. RNase E
is a single-strand-specific endonuclease critical for mRNA decay in E. coli. The enzyme
interacts with the exonuclease polynucleotide phosphorylase (PNPase), enolase and
RNA helicase B (RhIB) to form the degradosome. However, in Bacillus subtilis, this
enzyme is absent, but it has other main endonucleases such as RNase J1 and RNase III.
RNase IIT cleaves double-stranded RNA and family members are involved in RNA
interference in eukaryotes. RNase II family members are ubiquitous exonucleases, and
in eukaryotes, they can act as the catalytic subunit of the exosome. RNases act in
different pathways to execute the maturation of rRNAs and tRNAs, and intervene in
the decay of many different mRNAs and small noncoding RNAs. In general, RNases act
as a global regulatory network extremely important for the regulation of RNA levels.

role of post-transcriptional control is critical in the regulation
of gene expression. Analyzing RNA degradation in prokar-
yotes has been particularly difficult not only due to the

Many cellular mechanisms cannot be fully understood with-
out a profound knowledge of the RNA metabolism. Protein
production depends not only on the levels of mRNAs but
also on other RNA species. The translation of mRNAs is
mediated by tRNAs and rRNAs and functional RNAs also
intervene in the regulation of gene expression. Synergies
between the structure and function of RNAs contribute
towards orchestrating their fundamental role in cell viability.

Bacterial mRNAs are rapidly degraded and this allows the
microorganisms to rapidly adapt to changing environments.
Even though transcription is quite important to determine
steady-state levels, increasingly it is being established that the

FEMS Microbiol Rev 34 (2010) 883-923

coupling of transcription, translation and mRNA degradation
but also because most mRNAs undergo a rapid exponential
decay with an average of 1.3 min at 37 °C. The rRNAs and
tRNAs are usually more stable, but in order to be functionally
active, they have to be processed to the mature form. It has
been shown that the levels of small noncoding RNAs (sRNAs)
are also highly dependent on post-transcriptional events. The
knowledge collected makes it clear how far our understanding
of RNA degradation has come in the last few years and how
much remains to be discovered about this important genetic
regulatory process. Applications of this knowledge in medi-
cine and biotechnology are underway.
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RNases are the enzymes that intervene in the processing,
degradation and quality control of all types of RNAs. A
limited number of RNases can exert a determinant level of
control acting as a global regulatory network, monitoring
and adapting the RNA levels to the cell needs. Many of them
are essential, but others exhibit a functional overlap and are
interchangeable. RNases can act alone or they can cooperate
in RNA degradation complexes. During RNA degradation,
they do not only act as ‘molecular killers’ eliminating RNA
species. RNases act according to the requirements of growth
in adaptation to the environment; they play an extremely
important role in contributing to the recycling of ribonu-
cleotides, and also carry out surveillance, destroying aber-
rant RNAs that would produce detrimental proteins.

Individual RNA species differ widely with respect to their
stability. The rate of turnover has no relation to the length of
the gene, the segments that decay more rapidly can be
anywhere in the mRNA and the stability of the gene
transcripts seems to be regulated by determinants localized
to specific mRNA segments. Secondary structure features
can also influence the degradation by RNases.

Several factors can intervene in the decay mechanism: the
sequence/structure of RNAs can act as stabilizer or destabi-
lizer elements to specific RNases; the presence of ribosomes
during active translation can hide some RNA loci that are
vulnerable to RNases; poly(A) stretches are the preferred
substrate for several RNases — therefore, the addition of
poly(A) tails can modulate the stability of full-length
transcripts and degradation intermediates and accelerate
the decay of defective stable RNAs; frans-acting factors can
bind to the RNAs and expose or hide RNA sites that are
preferential targets for RNases — for instance, the host factor
Hfq is known to bind sRNAs and affect their turnover; and
other factors such as helicases can act in trans and contribute
to RNA degradation because they unwind RNA structures
and can change their accessibility to RNases.

In this review, we will focus on RNA processing and
degradation in Escherichia coli, but we will also provide
comparative examples from many other microorganisms.
Namely, we will include the description of enzymes that
exist in Bacillus subtilis and are absent in E. coli, we will
provide examples from archaea and we will also include a
section that makes a parallel to what happens in yeast.

We will start by describing most of the known RNases,
characterizing their structure and function and the regulation
of their expression. They will be divided into endonucleases,
which cleave the RNA internally, and exonucleases, which
cleave the RNA from one of the extremities. After the
characterization of RNases, we will focus on their protein
complexes involved in decay mechanisms. Then we will focus
on the ‘RNases in action’ Examples will be provided regarding
the processing and degradation of RNAs. We will describe the
maturation of rRNAs and tRNAs, and characterize the decay
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of many different mRNAs and sRNAs. Finally, we will
compare with what is known in eukaryotic microorganisms,
namely yeast. A small degree of overlap is unavoidable
between sections on related topics. This allows for each section
to be read and understood as an independent unit.

This review is intended to be an exhaustive and updated
overview of what is known on RNAs, RNases and the post-
transcriptional control of gene expression in microorgan-
isms. It is expected that it can be used as a reference to put in
perspective the critical role of RNA processing and degrada-
tion as a major global regulatory network.

Endonucleases

RNase E

RNase E, encoded by the rne gene, was first identified by a
temperature-sensitive mutation (rne-3071) (Apirion & Las-
sar, 1978) and was initially described as an activity required
for the processing of the E. coli 9S rRNA gene (Ghora &
Apirion, 1978). The ams (altered mRNA stability) locus was
also identified by a temperature-sensitive mutation (ams-1)
(Ono & Kuwano, 1980) and was shown to play an important
role in E. coli RNA turnover (Ono & Kuwano, 1979). The
combination of the Ams and RNase II ts-alleles plus
deficiency in polynucleotide phosphorylase (PNPase) was
shown to substantially increase the half-life of bulk mRNA,
and specific messengers were highly stabilized in the ams-1
rnb-500 pnp-7 mutant (Arraiano et al., 1988). Later, it was
shown that these two previously identified genes, rne and
ams, were actually different mutant alleles of the same gene
encoding RNase E (Mudd et al., 1990; Babitzke & Kushner,
1991; Melefors & von Gabain, 1991; Taraseviciene et al.,
1991). This important endonuclease is essential for cell
growth, and the inactivation of temperature-sensitive mu-
tants impedes processing and prolongs the lifetime of bulk
mRNA (Apirion & Lassar, 1978; Ono & Kuwano, 1979;
Arraiano et al., 1988; Mudd et al., 1990; Babitzke & Kushner,
1991; Melefors & von Gabain, 1991; Taraseviciene et al.,
1991). It has been reported that RNase E plays a central role
in the processing of precursors of the 55 rRNA gene
(Apirion & Lassar, 1978; Misra & Apirion, 1979), the 16S
rRNA gene (Li et al., 1999b), tRNAs (Ow & Kushner, 2002),
transfer mRNA (tmRNA) (Lin-Chao et al., 1999) and the
M1 RNA component of the RNase P ribozyme (Lundberg &
Altman, 1995; Ko et al., 2008). Homologues of RNase E have
been identified in > 50 bacteria, archaea and plants (Lee &
Cohen, 2003).

Escherichia coli RNase E is a 1061-residue enzyme com-
posed of two distinct functional regions (Fig. 1a). The
amino-terminal half forms the catalytic domain (residues
1-529) and is relatively conserved among prokaryotes
(Marcaida et al., 2006). The carboxy-terminal half of RNase
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Fig. 1. Representative dendrograms of the endoribonucleases (a) and exoribonucleases (b) of Escherichia coli. This representation was based on the
amino acid sequence of each enzyme, after a multiple alignment using the cLustaL program (Thompson et al., 1997). Near each enzyme is the length
(number of amino acids) and architecture, emphasizing the domains of each enzyme. This representation was made based on the coart program (Geer

et al., 2002). These dendrograms were adapted from Barbas et al. (2006).

E (residues 530-1061) is a noncatalytic region, largely
unstructured and poorly conserved (Callaghan et al., 2004).
Segment A is located between residues 565 and 582 and is
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responsible for binding of RNase E to the inner cytoplasmic
membrane (Khemici et al., 2008). Residues 601-700 form an
arginine-rich segment that binds RNA in vitro and that is
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believed to enhance the activity of RNase E in mRNA
degradation in vivo (Lopez et al., 1999; Ow et al., 2000).
Residues 701-1061 form a scaffold for interactions between
RNase E and the other major components of the degrado-
some, a protein complex involved in mRNA decay (see
Complexes of RNases) (Kaberdin et al., 1998; Vanzo et al.,
1998).

The first crystal structure for a member of the RNase E
family has been determined at 2.9 A, and it reveals that the
catalytic domain of RNase E forms a homotetramer with a
molecular mass of roughly 260 kDa, organized as a dimer of
dimers (Callaghan et al., 2005a). Each protomer is composed
of two globular portions: the ‘large’ and ‘small’ domains. The
‘large’ domain can be divided into four subdomains that
closely resemble established folds. One is related to the RNase
H endoribonuclease family, but is inactive. In this subdomain
an S1 domain is embedded and has a fold that participates in
the recognition of the 5" terminus of RNA (5’'-sensor). The
rest of the large domain is similar to the repetitive structural
element within the endodeoxyribonuclease DNase I. In isola-
tion, each protomer appears elongated, with a large domain
comprising the subdomains (S1, 5’-sensor, RNase H and
DNase 1), an elongated linker region (Zn-link) and then the
small domain. The dimer—dimer interface is formed by the
small domains. At the junction point, there is a zinc-binding
site (Callaghan et al., 2005a,b). The arrangement of the
domains within each dimer resembles the blades and handles
of an open pair of scissors.

Escherichia coli RNase E is a single-stranded, nonspecific
endonuclease with a preference for cleaving A/U-rich se-
quences (Mackie, 1992; McDowall et al., 1995). In vitro
experiments have shown that purified E. coli RNase E prefers
to cleave RNAs that are monophosphorylated at the 5’ end
(Mackie, 1998). Recently, it was shown that RNA pyropho-
sphohydrolase (RppH) converts the 5" terminus of primary
transcripts from a triphosphate to a monophosphate (Celes-
nik et al., 2007; Deana et al., 2008). However, some structured
substrates can be cleaved independent of its state of phosphor-
ylation by RNase E even if the 5’ end forms a secondary
structure (Baker & Mackie, 2003; Hankins et al., 2007). This
indicates that while the 5’-monophosphate-dependent path-
way makes a significant contribution to mRNA degradation
(Mackie, 1998, 2000), there is another pathway of initial
substrate recognition by RNase E termed ‘bypass’ or ‘internal
entry’ (Baker & Mackie, 2003; Kime et al., 2009).

The crystal structure explains some features of the protein
and suggests a mechanism of RNA recognition and cleavage.
A pocket is formed between the 5'-sensor and the RNase H
subdomains and can bind a monophosphate group at a 5’
end (Callaghan et al., 2005a). The catalytic site is physically
separated from the 5’-sensing site. It contains conserved
residues on the surface of the DNase I subdomain of RNase
E and coordinate a magnesium ion implicated in catalysis. A
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‘mouse-trap’ model for communication between the 5'-
sensing pocket and the site of catalysis has been suggested:
S1- and 5’-sensing domains move together as one body to
clamp down the substrate (Koslover et al., 2008). This
conformational change suggests a mechanism of RNA
recognition and catalysis that explains the enzyme’s prefer-
ence for substrates with a 5-monophosphate over a 5'-
triphosphate and 5’-hydroxyl RNA. Substantial flexibility
was also observed at one of the dimer—dimer interfaces, a
deformation that may be essential to accommodate struc-
tured RNA for processing by internal entry.

The cellular level and activity of RNase E are subject to
complex regulation. First, the enzyme concentration in the
cell is regulated by a feedback loop in which RNase E
modulates the decay of its own mRNA, maintaining the
level of the enzyme within a narrow range (Mudd & Higgins,
1993; Jain & Belasco, 1995; Diwa et al., 2000; Sousa et al.,
2001; Ow et al., 2002). Second, the efficiency of RNase E
cleavage depends on the structure of the substrates and the
accessibility of putative cleavage sites. A 5'-monophosphate
in substrate RNAs serves as an allosteric activator of RNase E
activity (Mackie, 1998; Jiang & Belasco, 2004). Third,
interactions of mRNA targets with Hfq and sRNAs play an
important role in the cleavage of certain mRNAs by RNase E
(Wagner et al., 2002). Fourth, the activity of RNase E is
globally affected by protein inhibitors, namely the 14
ribosomal protein, RraA and RraB (the regulator of RNase
activity A and B, respectively) that interact with RNase E and
inhibit RNase E endonucleolytic cleavages of a selective
group of transcripts (Lee et al., 2003; Gao et al., 2006). Fifth,
the membrane localization of RNase E and its association
with the bacterial cytoskeleton may affect its function
through various mechanisms (Liou et al., 2001; Khemici
et al., 2008; Taghbalout & Rothfield, 2008).

Some variants of RNase E can be found in Alphaproteo-
bacteria, Synechocystis spp. and in the high G+C Gram-
positive bacteria (Condon & Putzer, 2002). In Rhodobacter
capsulatus, RNase E is the enzyme responsible for the
majority of the endonucleolytic cleavages. Rhodobacter cap-
sulatus RNase E (118 kDa) has a conserved N-terminal
region (Jager et al., 2001) and a C-terminal portion,
probably involved in the scaffold of degradosome assembly.
It was purified in two different complexes: one where it is
associated with a helicase and an unidentified protein and
the other, which was coupled with a helicase, Rho and
an unidentified protein (Jédger ef al., 2001). Moreover, in R.
capsulatus, this enzyme is involved in the endonucleolytic
processing and stabilization of cspA mRNA (Jager et al.,
2004). Similar to R. capsulatus, Pseudomonas syringae, a
psychrophilic bacterium, also has an RNase E that is
associated with RNase R and the DEAD-box helicase RhIE
in a degradosome (see Complexes of RNases) (Purusharth
et al., 2005).
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RNase G

Escherichia coli RNase G was initially identified by its role in
chromosome segregation and cell division (Okada et al.,
1994). Overproduction of this protein led to morphological
changes in which the bacteria formed anucleated chained
cells containing long axial filaments, justifying its former
name, cafA (cytoplasmic axial filament) (Okada et al., 1994).
RNase G was subsequently shown to exhibit endonuclease
activity both in vivo (Li et al., 1999b; Wachi et al., 1999;
Umitsuki et al., 2001) and in vitro (Jiang et al., 2000; Tock
et al., 2000). RNase G is a paralogue of RNase E (McDowall
et al., 1993), belonging to the RNase E/G family, and is also
involved in the degradation and processing of RNA (Car-
pousis et al., 2009).

A strong resemblance has been identified between RNase
G and the amino-terminal portion of E. coli RNase E,
sharing a high level of sequence identity (35%) and similar-
ity (50%) (McDowall et al., 1993) (Fig. la). Purified RNase
G has in vitro properties similar to RNase E and both
enzymes are required for a two-step sequential reaction of
5’ maturation of the 16S rRNA gene (Li ef al., 1999b; Wachi
et al., 1999). Their activity is 5" end dependent and both
RNases attack substrates in A+U-rich regions (Jiang et al.,
2000; Tock et al., 2000). Moreover, residues of RNase E that
can contact a 5'-monophosphorylated end and coordinate
the catalytic magnesium ion are conserved in RNase G
(McDowall et al., 1993; Callaghan et al., 2005a). RNase G
seems to have a higher preference for 5'-monophosphory-
lated substrates than RNase E (Tock et al., 2000) and the
precise cleavage sites of RNase E and RNase G are not strictly
conserved (Li et al., 1999b; Tock et al., 2000). The 5'-
monophosphate end, which stimulates RNase G, is gener-
ated by RppH (Deana et al., 2008) or by other endonucleases
(Lee et al., 2002).

Whereas cells lacking RNase E are normally nonviable
(Apirion & Lassar, 1978; Ono & Kuwano, 1979), RNase G is
dispensable for viability (Li et al., 1999b; Wachi et al., 1999)
and is present in lower abundance (Lee et al., 2002). Some
functional homology between RNase G and RNase E was
suggested by the observations that RNase G expression can
confer viability to the rne deletion mutant strain (Lee et al.,
2002). However, at intracellular physiological levels, RNase
G cannot complement RNase E mutations (Lee et al., 2002;
Ow et al., 2003). Recently, single amino acid changes in the
predicted RNase H domain of RNase G led to complemen-
tation of RNase E deletion mutants, suggesting that this
region of the two proteins may help distinguish their in vivo
biological activities (Chung et al., 2010). However, these
RNase G mutant proteins do not fully substitute RNase E in
mRNA decay and tRNA processing (Chung et al., 2010).

Microarray data showed that RNase G controls the level
of transcripts associated with sugar metabolism centered on
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glycolysis (adhE, pgi, ¢glk, nagB, acs, eno, tpiA) (Lee et al.,
2002), and it has been shown that strains defective in RNase
G produce increased levels of pyruvic acid (Sakai et al.,
2007). These results suggest that RNase G is involved in the
regulation of central metabolism.

RNase Il

RNase III was originally identified by Robertson et al. (1968)
in extracts of E. coli as the first specific double-stranded
RNA (dsRNAs) endoribonuclease. Members of the RNase
I family are widely distributed among prokaryotic and
eukaryotic organisms, sharing structural and functional
features (Lamontagne et al., 2001) (Fig. 1a). However, until
now, homologues of RNase III have not been found in the
genomes of archaea (Condon & Putzer, 2002). All enzymes
of this family are hydrolytic and have a specificity for
dsRNAs, generating 5’-monophosphate and 3’-hydroxyl
termini with a two-base overhang at the 3’ end (Meng &
Nicholson, 2008). The RNase III family comprises four
classes, according to their polypeptide structure. The class I
is the simplest, containing an endonuclease domain
(NucD), characterized in several bacteria by the presence of
a highly conserved amino acid stretch NERLEFLGDS, and a
dsRNA-binding domain (dsRBD) (Blaszczyk et al., 2001).
The class II is exemplified by the Drosophila melanogaster
Drosha protein, which contains a long N-terminal exten-
sion, followed by two NucD and a single dsRBD. The class
III is represented by Dicer, which has an N-terminal heli-
case/ATPase domain, followed by a domain of unknown
function (DUF283), a centrally positioned Piwi Argonaute
Zwille (PAZ) domain and a C-terminal configuration like
Drosha, consisting of two NucD and one dsRBD (Drider &
Condon, 2004; MacRae & Doudna, 2007). Finally, the class
IV is only represented, to date, by the Mini-RNase III of B.
subtilis, which is constituted by a single NucD domain
(Redko et al., 2008).

The class I members of the RNase III family are ubiqui-
tously found in bacteria, bacteriophages and some fungi
(MacRae & Doudna, 2007). Escherichia coli RNase III has
served as the prototypical member of the family. In this
model microorganism, RNase III is encoded by the rnc gene,
and is active as a 52kDa homodimer (Li & Nicholson,
1996). Each monomer contains a C-terminal dsRBD, lo-
cated in the last 74 amino acids, which is responsible for
substrate recognition and adopts a tertiary fold with the
characteristic o;-p;-P,-P3-o, structure that is conserved
throughout the RNase III family (Blaszczyk et al., 2001).
Additionally, each monomer contains an N-terminal NucD.
When the two monomers are combined (RNase III homo-
dimer), they form a single processing center in the subunit
interface, in which each monomer contributes to the hydro-
lysis of one RNA strand of the duplex substrate. Ji and
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colleagues (Blaszczyk et al., 2004; Gan et al., 2006) resolved
the structure of the hyperthermophilic bacteria Aquifex
aeolicus RNase IIT and the data have revealed two functional
forms of dsRNA binding by RNase III: a catalytic form,
functioning as a dsRNA-processing enzyme, cleaving both
natural and synthetic dsRNA, and a noncatalytic form, in
which RNase III plays the role of a dsSRNA-binding protein
(without cleaving). The latter activity is in agreement with
previous studies in which this enzyme binds certain sub-
strates in order to influence gene expression, affecting RNA
structures (Court, 1993; Oppenheim et al., 1993; Dasgupta
et al., 1998; Calin-Jageman & Nicholson, 2003). Further-
more, magnesium (Mg”") is the preferred cofactor. Recent
data are indicative that each active site contains two divalent
cations during substrate hydrolysis (Meng & Nicholson,
2008).

The RNase III substrate selection consists of a combina-
tion of structural determinants and sequence elements
referred to as reactivity epitopes, such as the helix length,
the strength of base-pairing or the occurrence of specific
nucleotide pairs (termed proximal and distal boxes) located
at defined positions related to the cleavage site. In addition,
there are also two classes of double-helical elements that can
function as negative determinants, which can either inhibit
the recognition of this endoribonuclease or suppress the
cleavage (without affecting recognition) (Zhang & Nichol-
son, 1997; Pertzev & Nicholson, 2006b).

RNase III in E. coli is not essential; however, it was
observed that mutants for this endoribonuclease have a
slow-growth phenotype (Nicholson, 1999). This enzyme
was initially identified due to its role in the maturation of
tRNA precursors and rRNA. Regarding the maturation of
rRNA, RNase II1 is involved in the processing of 16S and 23S
from a 30S rRNA gene precursor (Babitzke et al., 1993). In
Salmonella and other members of Alphaproteobacteria,
RNase III is also responsible for the cleavage of the inter-
vening sequences (IVS) found in their 23S rRNA gene
(Evguenieva-Hackenberg & Klug, 2000), and is also involved
in the decay of several mRNA species (Condon & Putzer,
2002; Calin-Jageman & Nicholson, 2003). For example, in E.
coli, this enzyme participates in the first step of the decay of
pnp mRNA (Régnier & Portier, 1986), the gene encoding
PNPase, downregulating its synthesis (Régnier & Grunberg-
Manago, 1990; Robert-Le Meur & Portier, 1992; Jarrige
et al., 2001). Interestingly, this endoribonuclease also has
the ability to regulate its own synthesis with a specific
cleavage near the 5’ end of its own mRNA that removes a
stem loop, which acts as a degradation barrier (Bardwell
et al., 1989; Matsunaga et al., 1996).

RNase III participates as a stress response modulator,
controlling the steady-state levels of genes involved in
cellular adaptation to stress (Santos et al., 1997; Freire et al.,
2006; Sim et al., 2010). It was seen in Salmonella typhimur-
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ium that RNase III regulates the levels of the sSRNA MicA
(Viegas et al., 2007), a main regulator of the abundant outer
membrane protein OmpA that plays an important structur-
al role in the cell and is involved in pathogenesis (Guillier
et al., 2006). The enzyme is also involved in the decay of
sRNA/mRNA complexes upon translational silencing (Vogel
et al., 2004; Afonyushkin et al., 2005; Huntzinger et al.,
2005; Kaberdin & Blasi, 2006). In this way, cleavage by
RNase III within the SRNA/mRNA duplex and the resulting
subsequent decay of the mRNA intermediate by the E. coli
RNA decay machinery could resemble the RNA interference
(RNAI) in the eukaryotic cells (Agrawal et al., 2003). RNAI is
an evolutionarily conserved phenomenon that functions
as a safeguard for the maintenance of genomic integrity.
This phenomenon allows the selective post-transcriptional
downregulation of target genes in the cells, in which RNase
[II-like enzymes dictate the degradation of dsRNA mole-
cules (Jagannath & Wood, 2007; Ma et al., 2007; Jinek &
Doudna, 2009). Accordingly, the RNase III family has been
associated with gene expression regulation, potential anti-
virus agents and tumor suppressors (Lamontagne et al.,
2001).

Bs-RNase III is a homologue of E. coli RNase III in
B. subtilis. It is a 28-kDa protein (Mitra & Bechhofer,
1994), encoded by the rncS gene (Mitra & Bechhofer, 1994;
Herskovitz & Bechhofer, 2000). In contrast to E. coli and
Staphylococcus aureus, where the RNase III gene can be
deleted without loss of viability, in B. subtilis and in the
yeast, Saccharomyces cerevisiae and Schizosaccharomyces
pombe, this enzyme is essential (Huntzinger et al., 2005).
Although the local environment of the site of Bs-RNase III
cleavage appears to be very similar to that of E. coli RNase
III, there are important differences in their substrate
specificity (Mitra & Bechhofer, 1994; Wang & Bechhofer,
1997). Some of the substrates for this enzyme are the 30S
ribosomal precursor RNA (Wang & Bechhofer, 1997)
and the small cytoplasmic RNA (scRNA) (Oguro et al.,
1998; Yao et al., 2007). More recently, another RNase III-like
protein was identified in B. subtilis called Mini-III, reported
to be involved in 23S rRNA gene maturation (Redko et al.,
2008). Interestingly, like Bs-RNaselll, Mini-IIT does not
seem to have endogenous mRNA substrates (Bechhofer,
2009). In Lactococcus lactis, RNase III is encoded by the
rnc gene and plays a determinant role in the control
of citQRP mRNA stability (Drider et al., 1998, 1999).
Complementation assays performed in E. coli showed
that L. lactis RNase I1I can process E. coli rRNAs and regulate
the levels of PNPase mRNA, substituting the endogenous
RNase III (Amblar et al., 2004).

Taken together, the functional and evolutionary conser-
vation of the RNase III family in bacteria and higher
organisms is indicative of their biological relevance in RNA
maturation and degradation. Despite the fact that RNase E is
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considered the major RNase that catalyzes the initial rate-
determining cleavage of several transcripts, the RNase III
family of enzymes has emerged as one of the most important
groups of endoribonucleases in the control of RNA stability
(Jaskiewicz & Filipowicz, 2008).

RNase H

Both RNase III and RNase H are representatives of compo-
nents of the RNAi machinery and both are Mg® " -dependent
hydrolytic endoribonucleases. The analysis of the crystal
structure of E. coli RNase H (Yang et al., 1990) revealed the
stepwise participation of two magnesium atoms in the
enzyme mechanism (Nowotny & Yang, 2006).

RNases H are enzymes that cleave the RNA of RNA/DNA
hybrids that are formed during replication and repair,
preventing aberrant chromosome replication (for a review,
see Condon & Putzer, 2002; Worrall & Luisi, 2007; Tadokoro
& Kanaya, 2009). It is a ubiquitous enzyme distributed
among all domains of life, and three different RNase H
enzymes have been identified (HI, HII and HIII) (Ohtani
et al., 1999). In E. coli, 95% of RNase H activity is provided
by RNase HI (widely distributed in Proteobacteria) and the
remainder by RNase HII (Fig. 1a). In B. subtilis, RNase H
activity is mostly provided by RNase HII and HIII. RNase H
activity is essential to both bacteria. Thus, the inactivation of
one of the rnh genes, but not both, is tolerated in these two
organisms (Itaya et al., 1999; Ohtani et al., 1999).

RNase HII is widely distributed in bacteria and archaea,
while RNase HIII is only present in a limited number of
bacteria (Ohtani et al., 1999). Proteins similar to HI and HII
(named H1 and H2, respectively) can also be found in
eukaryotes, but are larger and more complex than their
prokaryotic counterparts (see Cerritelli & Crouch, 2009 for a
review). The RNase H domain was also described in retro-
viruses (RNase HI), where it is associated with a reverse
transcriptase (Davies et al., 1991; Mian, 1997).

The PIWI domain of the eukaryotic Argonaute proteins,
involved in RNA silencing, is structurally similar to the
RNase H domain and conserves the residues necessary for
RNase H endonucleolytic activity (Song et al., 2004; Kita-
mura et al., 2010). The eukaryotic Ago proteins showing
endonuclease activity (slicer) can digest one RNA strand of
the RNA/RNA hybrid. In contrast, the few prokaryotic Ago
proteins known show a higher affinity for RNA/DNA
hybrids. Very recently, it was reported for the first time that
Pyrococcus furiosus RNase HII (pf-RNase HII) can digest an
RNA/RNA hybrid in the presence of Mn*" (Kitamura et al.,
2010).

RNase P

RNase P is a ribozyme considered to be a vestige from the
‘RNA world’. It was discovered by Sidney Altman, almost 40
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years ago (Robertson et al., 1972), and for this, he received
the Nobel Prize in Chemistry in 1989. This ancestral protein
is a quasi-universal endoribonuclease found in all three
domains of life: Bacteria, Eukarya (and eukaryotic orga-
nelles) and Archaea. RNase P is best known for universally
catalyzing the endonucleolytic cleavage of the extra nucleo-
tides in the 5’ end of the pre-tRNAs to generate the mature
tRNAs (for a recent review by Sidney Altman, see Liu &
Altman, 2009).

This ribozyme appears to have adapted to modern
cellular life by adding protein to the RNA catalytic core.
The bacterial version is the most simple, with a single RNA
[350—400 nucleotide (nt), encoded by the rpnB gene] and a
single small protein subunit (approximately 15kDa, en-
coded by the rpnA gene) (Fig. la), both essential for cell
viability (Shiraishi & Shimura, 1986; Kirsebom et al., 1988;
Baer et al., 1989). In archaea and eukaryotes, the RNA
subunit is bound by multiple proteins (at least four and
nine proteins, respectively) with no relationship with their
bacterial counterpart (Hall & Brown, 2002).

Five distinct structural classes of RNase P RNAs have been
defined, based on the RNA secondary structure. In bacteria,
two distinct types predominate: the A type (for ancestral),
represented by E. coli RNase P RNA, and the B type (for
Bacillus), confined to the low G+C Gram-positive bacteria
(Chen et al., 1998; Massire et al., 1998; Smith et al., 2007).
Although evolution retained the catalysis function asso-
ciated with the RNA subunit, the protein(s) play vital
supporting roles. The higher protein:RNA mass ratio in
the archaeal and eukaryal holoenzymes reflects a recruit-
ment of protein cofactors during evolution, broadening the
substrate spectrum in the more complex cellular environ-
ments (Liu & Altman, 1994).

In the bacterium A. aeolicus, candidate genes for rpnA and
rpnB could not be identified (Willkomm et al., 2002; Lombo
& Kaberdin, 2008). However, recent work has demonstrated
the existence of an RNase P-like activity in this hyperther-
mophilic bacterium (Marszalkowski et al., 2008). The uni-
versality of RNase P is also challenged in the archaeon
Nanoarchaeum equitans in which tRNAs are transcribed as
primary 5’ mature tRNAs, and therefore, RNase P activity
has been dispensed (Randau et al., 2008). In eukaryotes,
a different exception occurs. Human mitochondria and
higher plant chloroplasts possess a protein-only version of
the enzyme, known as ‘Proteinaceous RNase P’, which lacks
the RNA subunit (Holzmann et al., 2008; Gobert et al.,
2010). In this case, RNase P enzymes seem to have lost the
RNA component during evolution.

Despite less efficiently than with tRNAs, RNase P has been
shown to cleave other substrates, both in vivo and in vitro.
Namely, the E. coli enzyme processes two other important
stable RNA substrates involved in protein synthesis: the
tmRNA (Gimple & Schon, 2001) and 4.5S RNA (Bothwell
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et al., 1976; Peck-Miller & Altman, 1991). Other substrates
include phage-induced regulatory RNAs (Hartmann et al.,
1995), sRNA duplex substrates and snoRNAs (Ko & Altman,
2007; Yang & Altman, 2007), riboswitches (Altman et al.,
2005; Seif & Altman, 2008) and intergenic regions of
polycistronic operon mRNAs (Alifano et al., 1994; Li &
Altman, 2003).

Catalysis by RNase P RNA is hydrolytic and absolutely
dependent on divalent metal ions (Mg>" or Mn*") (Smith
et al., 1992; Kirsebom & Trobro, 2009). Its turnover rate is
slow compared with other enzymes, what may reflect a
specialization for cleavage-site selectivity and recognition of
several different substrates rather than for rapid catalysis. This
would explain the complex nature of this ancient ribozyme.

RNase Z

RNase Z is a conserved endonuclease that belongs to the -
lactamase superfamily of metal-dependent hydrolases (Fig.
1a). Genes encoding RNase Z homologues were identified in
all three domains of life (Minagawa et al., 2004; de la Sierra-
Gallay et al., 2005). The enzyme is mainly responsible for the
3’ end maturation of tRNAs.

Mature tRNAs all bear a CCA sequence at the end of the
acceptor stem that is essential for aminoacylation and
interaction with the ribosome. Two main modes for 3’ tRNA
processing have been described: (1) a one-step maturation
involving direct endonucleolytic cleavage by RNase Z at the
3’ end (CCA less tRNAs). The cleavage occurs after the
discriminator base (the unpaired nucleotide immediately
upstream the CCA motif) (Nashimoto, 1997; Pellegrini
et al., 2003) and provides the substrate for subsequent CCA
addition by tRNA nucleotidyltransferase to generate the
mature tRNA (Deutscher, 1990; Nashimoto, 1997; Schiffer
et al., 2002); and (2) multistep maturation involving endo-
and exonucleases (e.g. in E. coli where all genes have the
CCA encoded). Hence, the presence or not of the universal
3’-terminal CCA sequence in the tRNA primary transcript is
the key determinant for the 3’-tRNA processing pathway
(Deutscher, 1990; Schiffer ef al., 2002). In organisms such as
B. subtilis, both types of 3’-tRNA processing may occur (see
the section below on processing).

While the RNase Z gene is essential in B. subtilis for cell
viability (Schilling et al., 2004), in E. coli, mutants lacking
RNase Z have no obvious growth phenotype (Schilling et al.,
2004). The E. coli RNase Z, also known as the ElaC protein,
was initially identified as a zinc phosphodiesterase, ZiPD
(Vogel et al., 2002; Schilling et al., 2004). It had been
identified several years before as RNase BN, initially thought
to be a cobalt-activated RNase with exonuclease activity
(Asha et al., 1983). The enzyme was required for the
maturation of tRNA precursors encoded by phage T4.
However, the gene encoding RNase BN (rbn) was originally
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misidentified, and was only recently shown to be the elaC
gene, known to encode RNase Z (Ezraty et al., 2005).
Therefore, the E. coli enzyme is still called RNase BN
occasionally. Other denominations include tRNase Z, 3'-
tRNase and 3’-pre-tRNase.

The enzyme is a zinc-dependent metallo-hydrolase, and
like RNase P, recognizes the tRNA structure in precursor
molecules (Pellegrini et al., 2003). RNase Z crystal structures
have revealed that the enzyme forms a dimer of metallo-f-
lactamase domains and has a characteristic domain, named
a flexible arm or an exosite, which protrudes from the
metallo-B-lactamase core and is involved in tRNA binding
(de la Sierra-Gallay et al., 2005). In the case of Thermotoga
maritima, the structure of the flexible arm of the enzyme is
different from those of homologue enzymes and may
explain why, in this bacterium, tRNase Z exceptionally
cleaves precisely after the CCA sequence (at 3’) and not
after the discriminator base (Ishii et al., 2005).

The intriguing presence of an RNase Z homologue in
some members of the Gammaproteobacteria, such as E. coli
and Salmonella spp., even though its action is not needed for
tRNA maturation, has led to a search for other potential
substrates for RNase Z. Surprising results were obtained
when the rnz mutation was combined with a mutation in
RNase E. The lack of both enzymes resulted in a drastic
increase in the half-live compared with the absence of either
enzyme alone (Perwez & Kushner, 2006a). These authors
also observed that E. coli RNase Z was able to cleave rpsT
mRNA in vitro at locations distinct from those obtained
with RNase E. The enzyme is also capable of cleaving
unstructured RNA substrates (Shibata et al., 2006).

Deutscher and coworkers proposed that the E. coli
enzyme (RNase BN) may differ in certain respects from the
RNase Z homologues in other organisms; namely, it can
have a dual exo- and an endoribonuclease activity (Dutta &
Deutscher, 2009, 2010). This dual activity was also seen in
RNase J from B. subtilis, another member of the zinc-
dependent metallo-B-lactamases family (see the section on
Other endonucleases) (Mathy et al., 2007).

Other endonucleases

Several other endonucleases have been described not only in
E. coli but also in other microorganisms. Below, we will
briefly mention some of their main characteristics.

RNase I is a broad-specificity endoribonuclease, very
active, present in the periplasmic space of E. coli. The
enzyme belongs to the T2 superfamily of RNases, whose
members are widely distributed throughout nature (Irie,
1997; Condon & Putzer, 2002) (Fig. 1a). Although RNase I
activity is easily detected, its function in cell metabolism has
never been clarified, because RNase I-deficient mutants are
viable and do not affect global mRNA degradation (Zhu
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et al.,, 1990). The enzyme can cleave RNA between every
residue to yield mononucleotides and its activity is not
inhibited in the presence of EDTA. It was proposed to be
implicated in the scavenging of ribonucleotides from the
extracellular environment (Condon & Putzer, 2002).

There are reports of other broad-specificity endoribonu-
cleases that are RNase I related, namely, RNase I* (Cannis-
traro & Kennell, 1991) and RNase M (Cannistraro &
Kennell, 1989). However, their existence was never con-
firmed and seems to consist merely of different manifesta-
tions of RNase I (Subbarayan & Deutscher, 2001).

Escherichia coli RNase LS is an RNase that, despite playing
a minor role in noninfected bacteria (reviewed in Uzan,
2009), seems to constitute an important cellular defense
mechanism against bacteriophage invasion (Otsuka & Yo-
nesaki, 2005). Namely, bacteriophage T4 uses a combination
of host- and phage-encoded enzymes to degrade its mRNAs
in a stage-dependent manner. Phage T4 encodes RegB, a
sequence-specific endoribonuclease (Sanson & Uzan, 1995;
Uzan, 2001) that inactivates T4 early transcripts shortly after
infection. The middle and late T4 mRNAs are protected
from degradation by the viral factor Dmd. In T4-phages
defective for the dmd gene, RNase LS (for late-gene silencing
in T4) cleaves these T4 mRNAs, inhibiting phage multi-
plication. Therefore, this endonuclease acts as an antagonist
of T4 phage replication and Dmd is required for overcoming
the host’s RNase LS defense role.

Escherichia coli also encodes for a large number of suicide
or toxin genes. Their expression is toxic to their host cells,
causing growth arrest and eventual cell death. For example,
E. coli RelE and MazF are two different families of bacterial
toxins that inhibit translation by specific endonucleolytic
mRNA cleavage (Pedersen et al., 2003; Neubauer et al., 2009;
Yamaguchi & Inouye, 2009).

In B. subtilis, it was shown that the majority of the
ribonucleolytic activity is phosphorolytic. However, several
studies showed that PNPase is not responsible for the initial
step in RNA decay in B. subtilis, but is a secondary enzyme
that acts after the decay has been initiated by other RNases
(Bechhofer, 2009). Recently, two proteins (RNase J1 and
RNase J2) with cleavage activity equivalent to E. coli RNase E
were purified in this organism (Even ef al., 2005). Moreover,
these enzymes share many other characteristics with RNase
E, which may be related to their similar endonucleolytic
activities (Bechhofer, 2009). RNase J1 and J2 are around
61 kDa and have both endonucleolytic and 5'-3’ exonucleo-
lytic activity, which is sensitive to the 5’ phosphorylation
state of the substrate. These enzymes were the first described
5'-3' exonucleases in bacteria (Mathy et al., 2007), the J1
activity being twofold higher than J2 (Mathy et al., 2010)
(see also under the topic Exonucleases the section on RNase
J1/J2). Furthermore, RNase J1 is essential, while RNase J2 is
not (Even et al., 2005).
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RNase J1 plays a major role in RNA stability (Mader et al.,
2008) and maturation. It functions as a 5-3’ exoribonu-
clease in the maturation of 16S rRNA gene and in regulating
the mRNA stability of the stationary-phase insecticidal
protein transcript crylIIA (Mathy et al., 2007; Deikus et al.,
2008). RNase J1 is also responsible for increasing the
stability of the downstream fragments that result from the
endonucleolytic cleavage of thrS and thrZ mRNAs (Even
et al., 2005). A recent study using a bacterial two-hybrid
system showed that PNPase, RNase J1 and two glycolytic
enzymes can interact with RNase Y and potentially form a
degradosome-like complex (Commichau et al., 2009) (see
Complexes of RNases). Moreover, it was shown recently that
RNase J1 and J2 in wild-type cells are mostly in a complex.
While the individual enzymes have similar endonucleolytic
cleavage activities and specificities, as a complex, they
behave synergistically to alter cleavage site preference and
to increase cleavage efficiency at specific sites (Mathy et al.,
2010).

RNase J1 homologues are widely distributed in several
other bacteria and archaea (Even et al., 2005). The enzyme is
a member of the B-CASP subfamily of zinc-dependent
metallo-f-lactamases. The enzyme is composed of three
domains: an N-terminal B-lactamase domain, a B-CASP
and a C-terminal domain necessary for the enzyme activity.
A binding pocket coordinating the phosphate and base
moieties of the nucleotide in the surrounding area of the
catalytic center provides a basis for the 5'-monophosphate-
dependent 5'-3’ exoribonuclease activity (de la Sierra-
Gallay et al., 2008). The endonucleolytic activity of the
enzyme is not dependent of 5’-monophosphate. For the
initiation of endonuclease cleavage, RNase J1 either binds to
the 5’ end or directly to the internal site of the mRNA. The
upstream product is rapidly degraded by the 3’5’ exonu-
clease activity of PNPase. The downstream RNA fragment
with the 5’-monophosphate end can be a target of new
RNase J1 endonuclease cleavage or processive 5'-3" exonu-
cleolytic decay from the 5" end (Bechhofer, 2009). It was also
shown that RNase J1 requires a single-stranded 5’ end with
AU-rich regions to allow the exoribonucleolytic activity
(Mathy et al., 2007). This was observed in infC leader RNA
(Choonee et al., 2007), trp leader RNA (Deikus ef al., 2008)
and the RNA species called scRNA (Yao et al., 2007).

Similar to what happens with B. subtilis, we can find
RNase J1 and J2 also in Streptococcus pyogenes. While in
B. subtilis only RNase J1 is an essential protein, in
S. pyogenes, both proteins are essential for growth. In this
bacterium, RNases J1 and J2 were also seen to affect the
decay of several mRNAs (Bugrysheva & Scott, 2009).

Another endonuclease sensitive to the 5" end phosphor-
ylation state of the substrate was discovered recently. RNase
Y is involved in the initiation of turnover of B. subtilis S-
adenosylmethionine-dependent riboswitches (Shahbabian
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et al., 2009), which controls the expression of 11 transcrip-
tional units (Winkler & Breaker, 2005; Henkin, 2008). The
enzyme has a major function in the initiation of mRNA
degradation in this organism, affecting mRNA stability
> 30% in an RNase J1/J2 double-mutant strain. RNase Y
orthologues are present in about 40% of the eubacteria;
however, this enzyme is absent from archaea and eukaryotic
organisms, with the exception of Drosophila willistoni
(Shahbabian et al., 2009).

Other endonucleases are described in B. subtilis such as
RNase M5, RNase Z (see the above section on RNase Z7),
RNase Bsn and RNase P (see the above section on RNase P).
However, neither RNase M5 nor RNase Z appears to have
mRNA targets in B. subtilis (Condon et al., 2002). RNase M5’s
major role is the maturation of the 55 rRNA gene (Sogin &
Pace, 1974) and can only be found in low G+ C Gram-positive
bacteria (Condon et al., 2001). Bsn is an extracellular nuclease,
apparently with no sequence specificity. It can cleave RNA
endonucleolytically to yield 5'-phosphorylated oligonucleo-
tides. The enzyme is found in some members of low G+C
Gram-positive bacteria (Nakamura et al., 1992).

Barnase is a guanyl-specific extracellular RNase. Although
it is found in many of the Bacilli, it is not present in B.
subtilis. Orthologues of Bacillus amyloliquefaciens Barnase
and its inhibitor Barstar are also found in Clostridium
acetobutylicum and the Gram-positive Yersinia pestis. It
appears that some organisms have lost their copy of the
Barnase gene because it was no longer required for a
selective advantage. Alternatively, they acquired the resis-
tance gene because other organisms sharing the same niche
produced Barnase (Belitsky ef al., 1997).

Besides the well-known endonucleases, there are some
DNA-binding proteins in archaea with RNase endonucleo-
lytic activity; however, the physiological relevance of these
proteins with respect to RNA metabolism is not clear
(Evguenieva-Hackenberg & Klug, 2009). The attempts to
purify novel RNase activities from archaea resulted in the
isolation of very different proteins. Two proteins with RNase
activity were purified from Sulfolobus solfataricus (called pl
and p2). It was shown that divalent cations are not required
for their activity, and they were capable of cleaving yeast
tRNA (Fusi et al., 1993; Shehi et al., 2001). Another
9-kDa protein, called SaRD, whose RNase activity is not
affected in the presence of different divalent cations, was
purified from Sulfolobus acidocaldarius (Kulms et al., 1995).
Furthermore, two different dehydrogenases were identified
in the same organism, with RNase III-like properties and
cleavage patterns dependent on MgCl,: an aspartate-semi-
aldehyde dehydrogenase and acyl-CoA dehydrogenase (Ev-
guenieva-Hackenberg et al.,, 2002). A homologue of the
eukaryotic initiation factor 5A (elF-5A) called archaeal
initiation factor 5A (alF-5A), from Halobacterium salinar-
um, was also described as an RNase with activity in low salt
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concentrations without addition of MgCl, (Wagner & Klug,
2007). It was shown that alF5A efficiently binds structured
RNA containing certain motifs and that the interaction is
hypusine dependent (Xu et al., 2004).

Exonucleases

PNPase

PNPase belongs to the PDX family of exoribonucleases,
which also includes RNase PH from bacteria, and the core
of the exosome in archaea and eukaryotes (Mian, 1997; Zuo
& Deutscher, 2001; Pruijn, 2005) (Fig. 1b). In 1959, Severo
Ochoa received the Nobel Prize for his studies on the poly-
merase activity of this enzyme, being the first to synthesize
RNA outside the cell. This was a major contribution towards
deciphering the genetic code. PNPase is also involved in
global mRNA decay, being widely conserved from bacteria
to plants and metazoans (Zuo & Deutscher, 2001; Bermu-
dez-Cruz et al., 2005).

PNPase is encoded by the pnp gene and is transcribed
from two promoters (Portier & Regnier, 1984). pnp expres-
sion is negatively autoregulated at the post-transcriptional
level by the concerted action of PNPase and RNase III
(Portier et al., 1987; Robert-Le Meur & Portier, 1992, 1994;
Jarrige et al., 2001; Carzaniga et al., 2009). This autoregula-
tion can be disrupted by ribosomal protein S1, which binds
to the pnp mRNA 5’-UTR (Briani et al., 2008). In an RNase
I1I-deficient strain, there is a 10-fold increase in the PNPase
levels (Portier et al., 1987). PNPase levels are also affected by
polyadenylation. It is likely that polyadenylated transcripts
titrate out the amount of PNPase available to carry out
normal autoregulation (Mohanty & Kushner, 2002). PNPase
and RNase II are cross-regulated (Zilhao et al., 1996a). In the
absence of RNase II, PNPase levels are increased and PNPase
overexpression leads to a decrease in RNase II activity
(Zilhao et al., 1996a).

PNPase does not seem to be indispensable to E. coli at
optimal temperature, unless either RNase II or RNase R is
also missing (Donovan & Kushner, 1986; Cheng et al., 1998).
However, PNPase is essential for E. coli growth at low
temperatures (Luttinger et al., 1996; Piazza et al., 1996;
Zangrossi et al., 2000) and certain mutations of the RNA-
binding domains have been shown to confer a cold-sensitive
phenotype (Garcia-Mena et al., 1999; Briani et al., 2007;
Matus-Ortega et al., 2007). Higher levels of RNase II allow
lower levels of PNPase, and in fact, overexpression of RNase
II could complement the cold-shock function of PNPase
(Zilhao et al., 1996a; Awano et al., 2008). PNPase was also
shown to be involved in the long-term survival of Campylo-
bacter jejuni at temperatures > 10 °C (Haddad et al., 2009).
In E. coli, cold-temperature induction of pnp expression
occurs at post-transcriptional levels including the reversal of
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pnp autoregulation (Zangrossi et al., 2000; Beran & Simons,
2001; Mathy et al., 2001).

PNPase processively catalyzes the 3'-5’ phosphorolytic
degradation of RNA, releasing nucleoside 5'-diphosphates.
Although the degrading activity of E. coli PNPase is known
to be blocked by dsRNA structures (Spickler & Mackie,
2000), PNPase can form complexes with other proteins,
allowing it to degrade through extensive structured RNA.
The main multiprotein complex that integrates PNPase is
the degradosome (see the Complexes of RNases). To degrade
certain dsRNAs, PNPase can form a complex (o3f,) with
RNA helicase B (RhIB) (Liou et al., 2002; Lin & Lin-Chao,
2005). PNPase also forms complexes with Hfq and PAP I
(Mohanty et al., 2004). The enzyme was reported to degrade
a stem-loop without the assistance of RhIB, but this could be
related to the low thermodynamic stability of the stem-loop
(Mohanty & Kushner, 2010). In the Gram-negative bacteria
Thermus thermophilus, the PNPase homologue (Tth
PNPase) was shown to have phosphorolytic activity at the
optimal temperature of 65°C. Surprisingly, it is able to
completely degrade RNAs with very stable intramolecular
secondary structures (Falaleeva et al., 2008).

A minimal 3’ overhang of 7-10 unpaired ribonucleotides
is required for an RNA molecule to be bound by PNPase (Py
et al., 1996; Cheng & Deutscher, 2005), and the action of the
enzyme on folded RNAs is known to be stimulated by 3’
polyadenylation (Xu & Cohen, 1995; Py et al, 1996;
Carpousis et al., 1999; Spickler & Mackie, 2000). PNPase is
also able to catalyze the polymerization of RNA from
nucleoside diphosphates at a low inorganic phosphate (P1i)
concentration (Godefroy, 1970; Littauer & Soreq, 1982;
Sulewski et al., 1989). In vivo, PNPase is essentially devoted
to the processive degradation of RNA, but is also responsible
for adding the heteropolymeric tails observed in E. coli
mutants devoid of the main polyadenylating enzyme PAP I
(Mohanty & Kushner, 2000b; Slomovic et al., 2008). In
exponentially growing E. coli, > 90% of the transcripts are
polyadenylated and Rho-dependent transcription termina-
tors were suggested to be modified by the polymerase
activity of PNPase (Mohanty & Kushner, 2006). In spinach
chloroplasts, Cyanobacteria and Streptomyces coelicolor,
PNPase seems to be the main tail polymerizing enzyme
(Yehudai-Resheft et al., 2001; Rott et al., 2003; Sohlberg
et al., 2003). PNPase-dependent RNA tailing and degrada-
tion are believed to occur mainly at low ATP concentrations,
because ATP has been shown to inhibit both activities (Del
Favero et al., 2008). Recently, it was shown that B. subtilis
PNPase, in the presence of Mn?" and low levels of Pi, is also
able to degrade ssDNA, while in the presence of Mg®" and
higher amounts of Pi, it degrades RNA. This suggests that
PNPase degradation of RNA and ssDNA occurs by mutually
exclusive mechanisms (Cardenas et al., 2009). Because of the
ability of PNPase to carry out several distinct activities, the
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enzyme can be considered as a multifunctional protein. It is
a pleiotropic regulator, involved in a number of different
pathways of RNA degradation. Indeed, it is the only
exoribonuclease in Streptomyces and is an essential enzyme
in these organisms (Bralley & Jones, 2003; Bralley et al.,
2006). In E. coli, PNPase is now believed to play a greater
role in mRNA degradation than previously thought and its
inactivation increases the steady-state levels of many tran-
scripts (Deutscher & Reuven, 1991; Mohanty & Kushner,
2003). The enzyme was also reported to play an important
role in protecting E. coli cells under oxidative stress (Wu
et al, 2009). In B. subtilis, the RNA decay is primarily
phosphorolytic and this major activity is attributed to the
PNPase, which is the principal 3'-5’ exoribonuclease in this
organism. The deletion of PNPase in B. subtilis causes a
number of phenotypes such as competence deficiency, cold
and tetracycline sensitivity, and filamentous growth (Hahn
et al., 1996; Luttinger et al., 1996; Wang & Bechhofer, 1996).

X-ray crystal structures of E. coli and Streptomyces anti-
bioticus PNPase reveal a homotrimeric subunit organization
with a ring-like architecture (Symmons et al., 2000; Shi
et al., 2008; Nurmohamed et al., 2009). Each monomer
exhibits a five-domain arrangement: at the N-terminus, two
RNase PH domains (PH1 and PH2) are linked by an a-
helical domain; two RNA-binding domains, KH and S1, are
found in the C-terminal end. In the quaternary structure,
the KH and S1 domains are found together in one face of the
trimer, while the active site is found in the opposite side.

PNPase mutants lacking either the S1 or the KH domain
retain phosphorolytic activity (Jarrige et al., 2002; Stickney
et al., 2005; Matus-Ortega et al., 2007). However, the
presence of both KH and S1 domains is required for a
proper binding (Matus-Ortega et al., 2007), and their
absence was proposed to affect product release and enzyme
cycling, leading to a decreased turnover number (Stickney
et al., 2005). The crystal structure of a KH/S1 deletion
mutant, along with biochemical and biophysical data,
strongly suggests that these domains are involved not only
in RNA binding but also contribute to the formation of a
more stable trimeric structure (Shi et al., 2008). Indeed, a
previous study has shown that the S1 domain from PNPase
was able to induce trimerization of a chimeric RNase II
containing PNPase S1 (Amblar et al., 2007).

The association of the three subunits encloses a central
channel. A properly constricted channel and the conserved
basic residues located in the neck region have been shown to
play critical roles in trapping RNA for processive degrada-
tion (Shi et al., 2008). Two constricted points have been
identified in the channel, and the structure of PNPase in
complex with RNA clearly indicates that the pathway
followed by the RNA molecule is along the central pore in
the direction of the active site (Symmons et al., 2000; Shi
et al., 2008; Nurmohamed et al., 2009). The ability of the
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aperture at the central channel and its neighboring regions
to undergo conformational changes is likely to be a key
aspect of the dynamic translocation of RNA by PNPase
(Nurmohamed et al., 2009).

The catalytic site of PNPase is composed of structural
elements of both PH1 and PH2 core domains, and several
mutations introduced into the PNPase core abolish or
drastically decrease all catalytic activities of the enzyme
(Jarrige et al., 2002; Briani et al.,, 2007). However, other
mutations in the core region were analyzed that do not affect
phosphorolytic or polymerase activities, but rather RNA
binding is severely impaired (Regonesi ef al., 2004). Strepto-
myces antibioticus PNPase catalytic center has been identi-
fied using tungstate (a phosphate analogue), which is
coordinated by T462 and S463 (Symmons et al., 2000).
Escherichia coli PNPase crystals obtained in the presence of
Mn*" (which can substitute for Mg>" to support catalysis)
showed that the metal is coordinated by the conserved
residues D486, D492 and K494 (Nurmohamed et al., 2009).
Indeed, the substitution of D492 abolished both phosphor-
olysis and polymerization activities (Jarrige et al., 2002).

PNPase has been described to play a role in the establish-
ment of virulence in several pathogens. In Salmonella,
PNPase activity decreases the expression of genes from the
pathogenicity islands SPI 1 (containing genes for invasion)
and SPI 2 (containing genes for intracellular growth)
(Clements et al., 2002). Similarly, in Dichelobacter nodosus,
PNPase acts as a virulence repressor in benign strains by
decreasing twitching motility (Palanisamy et al., 2009). In
contrast, in Yersinia, PNPase modulates the type three
secretion system (TTSS) by affecting the steady-state levels
of TTSS transcripts and controlling the secretion rate
(Rosenzweig et al., 2005, 2007). This is probably the reason
why the pnp deletion results in a less virulent strain in a
mouse model (Rosenzweig et al., 2007). In C. jejuni PNPase
is involved in motility (Haddad et al., 2009). Finally, in S.
pyogenes, PNPase activity is rate-limiting for the decay of
sagA and sda, which code for the important virulence factors
streptolysin S and streptodornase (a DNase), respectively
(Barnett et al., 2007).

RNase i

Escherichia coli RNase II is the prototype of the RNase II
family of enzymes (Mian, 1997; Mitchell et al., 1997; Zuo &
Deutscher, 2001; Frazio et al., 2006; Grossman & van Hoof,
2006) (Fig. 1b). RNase II-like proteins are widespread
among the three domains of life, and in eukaryotes, they
are the catalytic component of the exosome (Liu et al.,
2006b; Dziembowski et al., 2007).

RNase II is encoded by the rnb gene that can be
transcribed from two promoters P1 and P2 and terminates
in a Rho-independent terminator 10 nucleotides down-
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stream of the rnb stop codon (Zilhdo et al., 1993, 1995a,
1996b). PNPase regulates RNase II expression by degrading
the rnb mRNA (Zilhao et al., 1996a). RNase III and RNase E
endonucleases are also involved in the control of RNase II
expression at the post-transcriptional level. RNase III does
not affect rnb mRNA directly, but affects PNPase levels, and
RNase E is directly involved in the rnb mRNA degradation
(Zilhao et al., 1995b).

The protein stability of RNase II is known to be post-
translationally regulated and its levels are adjusted according
to the growth conditions. gmr (gene modulating RNase II)
is located downstream of rnb and the related protein is
involved in the modulation of the stability of RNase II
(Cairrao et al., 2001). Gmr has a PAS domain that can act
as an environmental sensor detecting changes in growth
conditions.

Escherichia coli RNase II is a sequence-independent
hydrolytic exoribonuclease that processively degrades RNA
in the 3’-5' direction, yielding 5’-nucleoside monopho-
sphates. However, the processive degradation of an RNA
molecule by RNase 1II is easily blocked by secondary struc-
tures, and the enzyme is known to stall around seven
nucleotides before it reaches a double-stranded region
(Cannistraro & Kennell, 1999; Spickler & Mackie, 2000). In
E. coli, RNase II is the major hydrolytic enzyme and
participates in the terminal stages of mRNA degradation
(Deutscher & Reuven, 1991). However, the enzyme is not
essential for E. coli growth unless PNPase is also missing
(Donovan & Kushner, 1986; Zilhao et al., 1996a). Although
RNase II-degrading activity is sequence independent, the
most reactive substrate is the homopolymer poly(A). Be-
cause the presence of a poly(A) tail is often needed for the
RNA degradative process, the rapid degradation of poly-
adenylated stretches by RNase II can paradoxically protect
some RNAs by impairing the access of other exoribonu-
cleases (Hajnsdorf et al., 1994; Pepe et al., 1994; Coburn &
Mackie, 1996a; Marujo et al., 2000; Mohanty & Kushner,
2000a; Folichon et al.,, 2005). Indeed, in the absence of
RNase II, a large number (31%) of E. coli mRNAs are
decreased, especially ribosomal protein genes, suggesting a
major function for this enzyme in the protection of specific
mRNAs through poly(A) tail removal (Mohanty & Kushner,
2003).

The structure of E. coli RNase II and its RNA-bound
complex was determined (Frazao et al., 2006) (Fig. 2a). This
was the first structure of an exoribonuclease from the RNase
II family that has been resolved (Frazao et al., 2006). The
overall X-ray crystallographic structure of the wild-type
enzyme (Frazao et al., 2006; Zuo et al., 2006) revealed four
domains, as predicted previously by Amblar et al. (2006)
(see Figs 1b and 2a). Three RNA-binding domains have been
identified: two cold-shock domains (CSD1 and CSD2) in
the N-terminal region and an S1 RNA-binding domain at
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Fig. 2. The making of a ‘super-enzyme’. (a) RNase Il is composed of two N-terminal cold shock domains (CSD1 in orange and CSD2 in yellow), a central
catalytic domain (RNB in gray), a C-terminal S1 domain (in green). (b) Zooming the catalytic cavity of RNase Il. (c) Modelling the E542A mutant with the Poly(A)
RNA strand in the RNB domain. Substitution in position 542 of the negatively charged glutamic side-chain for the smaller neutral methyl group of alanine could
reduce significantly both electrostatic and steric surfaces in the RNA-binding interface. (d) Exoribonuclease activity with the Poly(A) substrate: comparison of
wild-type and E542A proteins. It is possible to see that we need to use higher concentrations of RNase Il when compared with the E542A mutant, which is
110-fold more active when compared with the wild type (Barbas et al., 2009. “The American Society for Biochemistry and Molecular Biology).

the C-terminus. The catalytic site resides in the central RNB
domain, whose structure has shown an unprecedented fold
characteristic of this family. This domain contains four
highly conserved sequence motifs (I-IV) with several invar-
iant carboxylate residues (Mian, 1997). The RNA-binding
domains (CSD1, CSD2 and S1) are grouped together on one
side of the structure, while the active site is on the other side
of the molecule (Frazao et al., 2006).

Elimination of the N-terminal CSDI1 resulted in an
increase in the RNA-binding affinity of the enzyme for
poly(A), suggesting that this domain may play a role in
controlling the movement of the enzyme on the poly(A)
chain (Amblar et al., 2006; Arraiano et al., 2008). Interest-
ingly, without all the RNA-binding domains, the enzyme is
still able to degrade RNA, although with much less efficiency
than the wild-type enzyme (Matos et al., 2009; Vincent &
Deutscher, 2009).

The structure of the RNA-bound enzyme revealed that
the RNA fragment interacts with the protein at two non-
contiguous regions: the ‘anchor’ and catalytic regions (Can-
nistraro & Kennell, 1994; Frazao et al, 2006) (Fig. 2a).
Nucleotides 1-5, at the 5" end of the 13-mer RNA fragment,
are located in the ‘anchor’ region in a deep cleft between the
two CSDs and the S1 domain. The final nucleotides 9-13 are
located in a cavity deep within the RNB domain, stacked and
‘clamped’ between the conserved residues Phe358 and
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Tyr253. A 10-nucleotide fragment is the shortest RNA able
to retain contacts with both the anchor and the catalytic
regions. This explains why RNase II is processive on long
RNA molecules, but becomes distributive on substrates
shorter than 10-15 nucleotides. When the RNA molecule is
shorter than five nucleotides, the required packing of the
bases can no longer occur, preventing the translocation of
the RNA, and a final end product of four nucleotides is
released (Frazdo et al., 2006). Tyr-253 has been identified as
the residue responsible for setting the RNase II end product,
and its substitution was shown to alter the smallest end
product of degradation from 4 to 10 nucleotides (Barbas
et al., 2008). This mutation has been proposed to cause
loosening of the RNA substrate at the catalytic site and, as a
consequence, binding at the anchor region would be essen-
tial to keep the RNA attached to the protein and allow
cleavage. Molecules shorter than 10 nucleotides are too
small to be simultaneously bound at both sites, meaning
that they would have to be degraded in a distributive
manner (Barbas et al., 2008).

The access to the catalytic pocket is restricted to single-
stranded RNA by steric hindrance, which explains the
inability of RNase II to degrade dsRNA. DNA is not a
substrate because there is a specific interaction between the
protein and the ribose rings of nucleotides that directly
contact the enzyme (Frazao et al., 2006). Residues Tyr-313

© 2010 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved



896

and Glu-390 have been demonstrated to be responsible for
the discrimination of the cleavage of RNA vs. DNA (Barbas
et al., 2009).

Several residues in the catalytic region are important for
catalysis (Amblar & Arraiano, 2005; Frazdo et al., 2006).
Asp-201 and Asp-210 substitution led to a significant loss of
RNase II activity, and Arg-500 has also been shown to be
crucial for RNA cleavage (Frazao et al., 2006; Barbas et al.,
2008, 2009). However, Asp-209 is the only essential residue
for RNA degradation (Barbas et al., 2008). The conserved
residue Glu-542 has been proposed to facilitate the elimina-
tion of the exiting nucleotide upon phosphodiester cleavage
(Frazao et al., 2006). Interestingly, its substitution by alanine
rendered the mutant RNase II much more active than the
wild type and significantly increased the RNA-binding
ability (Fig. 2b—d). Three-dimensional modelling of the
mutant enzyme indicated that the substitution induced a
subtle conformational change in the RNB domain. This
resulted in a reorganization of the RNA-binding interface
that transformed the RNase II into the so-called ‘super-
enzyme), an enzyme with extraordinary catalysis and bind-
ing abilities. When compared with the wild-type RNase II,
the ‘super-enzyme’ exhibits > 100-fold increase in the
exoribonucleolytic activity (Fig. 2d) and about a 20-fold
increase in the RNA-binding affinity (Barbas et al., 2009).

RNase R

RNase R encoded by the rnr gene (previously vacB) is a 3’5’
hydrolytic exoribonuclease from the RNase II family of
exoribonucleases (Cheng & Deutscher, 2002; Vincent &
Deutscher, 2006). The rnr gene is second in an operon,
together with nsrR (a transcriptional regulator), rlmB
(rRNA methyltransferase) and yjfl (unknown function).
Transcription is driven from a putative 6’ promoter up-
stream of nsrR (Cheng et al., 1998; Cairrdo et al., 2003). rnr
mRNAs are post-transcriptionally regulated by RNase E,
although RNase G may also participate (Cairrdo & Arraiano,
2006). RNase R is a processive and sequence-independent
enzyme, with a wide impact on RNA metabolism
(Cairrdo et al., 2003; Cheng & Deutscher, 2005; Oussenko
et al., 2005; Andrade et al., 2006, 2009a; Purusharth et al.,
2007). It is unique among the RNA-degradative exonu-
cleases present in E. coli as it can easily degrade highly
structured RNAs (Cheng & Deutscher, 2002, 2003; Awano
et al., 2010). RNase R is able to degrade an RNA duplex,
provided there is a single-stranded 3’ overhang (Cheng &
Deutscher, 2002; Vincent & Deutscher, 2006). In fact, RNase
R was shown to be a key enzyme involved in the degradation
of polyadenylated RNA (Andrade et al., 2009a).

RNase R shows a modular organization of RNA-binding
domains (CSD1 and CSD2 located at the N-terminus
and a C-terminal S1 domain) flanking the central catalytic
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RNB domain, typically found on RNase II-family members
(Fig. 1b). A three-dimensional model of RNase R has been
proposed based on the structure of its paralogue RNase II
(Barbas et al., 2008). Mutational analysis identified impor-
tant residues located in the active center: D272, D278 and
D280 (Matos et al., 2009). A D280N mutant showed no
exonucleolytic activity, similarly to what was reported with the
D209N mutant in RNase IT (Amblar & Arraiano, 2005; Matos
et al, 2009; Awano et al., 2010). RNase R degradation is
processive, and unlike RNase II, the final end product of
digestion is a dinucleotide. Tyrosine Y324 was found to be
responsible for setting the final end product of RNase R
(Matos et al., 2009).

RNase R was shown to bind RNA more tightly within its
catalytic channel than does RNAase II (Matos et al., 2009;
Vincent & Deutscher, 2009). Surprisingly, a mutant expressing
only the nuclease domain (RNB) is able to degrade a perfect
dsRNA (Matos et al., 2009). Paradoxically, the presence of the
RNA-binding domains (CDS1, CDS2 and S1) requires the
presence of a short tail in order to degrade dsRNA (Matos
et al., 2009). The RNA-binding domains ‘block’ the entrance
of dsRNA into the catalytic channel. Accordingly, it was
proposed that RNA-binding domains actually discriminate
the substrates that can be processed by RNase R, favoring
the selection of RNA molecules harboring a 3’ linear tail. It
has been suggested that RNase R can function both as an
exoribonuclease as well as an RNA ‘helicase’ (Awano et al.,
2010). RNase R intrinsic ‘helicase’ unwinding activity is
dependent on RNA-binding regions (S1, CDS1, and most
importantly, CDS2). The dsRNA must have a 3’ linear over-
hang in order to become a suitable substrate for RNase R
helicase activity. Altogether, RNA-binding domains of RNase
R seem to be responsible for the selection of RNA substrates
harboring a 3’ linear region, which can be provided by
polyadenylation (Andrade et al., 2009a; Matos et al., 2009).
Clearly, only the resolution of the RNase R structure will allow
a full understanding of its remarkable modes of action.

RNase R is critical in RNA quality control, namely in the
degradation of defective tRNAs (Vincent & Deutscher, 2006;
Awano et al., 2010) and rRNA (Cheng & Deutscher, 2003).
Together with PNPase, RNase R eliminates aberrant frag-
ments of the 16S and 23S rRNA genes, whose accumulation
potentially affects ribosome maturation and assembly.
Furthermore, the importance of RNase R in the accuracy of
gene expression is broadened with its role in protein
quality control. In the absence of RNase R, the small stable
SsrA/tmRNA is not processed properly, leading to defects in
trans-translation and significant errors in protein tagging for
proteolysis (Cairrao et al., 2003). RNase R has also emerged
as an important novel contributor to mRNA degradation.
The absence of both RNase R and PNPase results in the
strong accumulation of REP-containing mRNA sequences
(Cheng & Deutscher, 2005). However, the presence of only
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one of these exoribonucleases is sufficient to remove such
transcripts, revealing again a functional overlap between
these two enzymes. Remarkably, RNase R was also shown to
degrade the ompA transcript in a growth-phase-specific
manner (Andrade et al., 2006). In the stationary phase of
growth, the single inactivation of RNase R results in the
accumulation of ompA mRNA and this correlated with
increasing intracellular levels of OmpA protein. This work
revealed a role for RNase R in the control of gene expression
that could not be replaced by any of the other exoribonu-
cleases (Andrade et al., 2006).

The activity of RNase R is modulated according to the
growth conditions of the cell and responds to environmental
stimuli. RNase R seems to be a general stress-induced
protein, whose levels are increased under several stresses,
namely in cold shock, and the stationary phase of growth
(Cairrdo et al., 2003; Andrade et al., 2006). RNase R-like
enzymes are widespread in most sequenced genomes.
Although most of the knowledge on this protein came from
work in E. coli, many RNase R from other bacterial species
have been identified. Notably, RNase R has also been
implicated in the establishment of virulence in a growing
number of pathogens.

In Shigella flexneri, RNase R was shown to be required for
the expression of the invasion factors IpaB, IpaC, IpaD and
VirG (Tobe et al., 1992). The disruption of the VacB gene in
other Shigella spp. and enteroinvasive E. coli resulted in the
reduced expression of virulence phenotypes (Tobe et al.,
1992). In Legionella pneumophila RNase R is the only
hydrolytic exoribonuclease present. This protein is not
essential for growth at optimal temperature; however, it is
important for growth and viability at low temperatures
and induces the competence (Charpentier et al., 2008). To
date, only one exoribonuclease, RNase R (MgR), was
identified in Mycoplasma genitalium, where it is an essential
protein (Hutchison et al., 1999). MgR shares some proper-
ties of both E. coli RNase R and RNase II and can carry out a
broad range of RNA processing and degradative functions
(Lalonde et al., 2007). Similar to what happens in E. coli,
RNase R from Aeromonas hydrophila is also a cold-shock
protein essential for viability at lower temperatures and its
absence leads to a reduction in A. hydrophila motility (Erova
et al., 2008). The infection of mouse cells with Arnr strains
shows that the virulence is attenuated, confirming the role of
this enzyme in the pathogenesis of this organism (Erova
et al., 2008). In Streptococcus pneumoniae, there is a unique
homologue of the RNase II family of enzymes that was
shown to be a RNase R-like protein (Domingues et al.,
2009). RNase R from Salmonella showed a reduction in its
activity and the ability to bind to RNA when compared with
E. coli RNase R (Domingues et al., 2009). Proteins isolated
from different strains regarding their virulence ability (viru-
lent vs. nonvirulent) are different regarding their activity
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and RNA affinity (Domingues et al., 2009). Further studies
are still necessary to confirm whether the differences ob-
served in RNase R protein are responsible for the virulence
of these strains.

In P. syringae, RNase R is the exoribonuclease present in
the degradosome as opposed to most other systems, where
PNPase is part of such complexes (Purusharth et al., 2005)
(see Complexes of RNases). Like in E. coli, RNase R is also
particularly important at low temperatures, because inacti-
vation of the rnr gene inhibits the growth of both Pseudo-
monas putida (Reva et al., 2006) and P. syringae (Purusharth
et al., 2007) at 4 °C. In P. syringae, RNase R is involved in 3’
end maturation of the 16S and 5S rRNA genes and in
tmRNA turnover (Purusharth et al., 2007). Genomic studies
revealed that P. putida RNase R plays an important role in
mRNA turnover because its absence led to the accumulation
of several mRNAs (Fonseca et al., 2008). On the other hand,
RNase R (previously YvaJ) from B. subtilis was suggested not
to play a critical role in RNA degradation; however, it may
play a role in mRNA turnover when polyadenylation at the
3’ end occurs (Oussenko et al., 2005). Moreover, B. subtilis
RNase R was shown to be important for the quality control
of tRNAs (Campos-Guillen et al., 2010).

Overall, RNase R-deficient bacteria have been shown to
be less virulent than the wild-type parental strains. However,
how this is achieved is still not completely clear. This is
probably related to critical RNA degradation pathways.
The fact that RNase R was found to be key in the degrada-
tion of sSRNAs, namely the virulence regulator SsrA/tmRNA,
paves the way to broaden its role in pathogenesis. It has also
been suggested that RNase R may control the export of
proteins involved in virulence mechanisms. Altogether, the
available data suggest that bacterial RNase R may be
attractive as a potential therapeutic agent, but clearly more
studies are required.

Oligoribonuclease

The end products resulting from the degradation of pre-
viously described RNases constitute a severe problem to the
cell viability, because these enzymes release RNA fragments
of 2-5 nucleotides in length whose accumulation may be
deleterious (Ghosh & Deutscher, 1999). Oligoribonuclease
is the enzyme that degrades these short oligoribonucleotides
(Stevens & Niyogi, 1967; Niyogi & Datta, 1975). From the
known exoribonuclease genes in E. coli the oligoribonu-
clease gene, orn, is the only one required for cell viability
(Ghosh & Deutscher, 1999).

Oligoribonuclease belongs to the DEDD family of exori-
bonucleases (Zuo & Deutscher, 2001), and is a homodimeric
(22) enzyme (Zhang et al., 1998) that produces mononu-
cleotides and requires the presence of divalent cations
(Mn**) (Niyogi & Datta, 1975) (Fig. 1b). The hydrolysis is
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processive in the 3'-5' direction; this enzyme has a
higher affinity to 5-mer oligoribonucleotides and the reac-
tion rate decreases with increasing chain length (Datta &
Niyogi, 1975). This enzyme requires a free 3’-OH end and is
not sensitive to the 5’-phosphorylation state of the RNA
(Datta & Niyogi, 1975). Only the preliminary X-ray char-
acterization of the E. coli oligoribonuclease structure has
been reported (Fiedler et al., 2004). It was shown recently
that Orn can degrade short DNA oligos, like its human
homologue Sfn, but this degradation requires higher en-
zyme concentrations than the RNA-directed activity (Mec-
hold et al., 2006).

Bacillus subtilis does not have an oligoribonuclease (Orn)
homologue. However, a functional analogue of Orn was
identified in this organism that was named Ytql (NrnA).
Surprisingly, this protein in vitro can degrade not only short
oligonucleotides (with a preference for 3-mer) but also 3'-
phosphoadenosine 5’-phosphate (pAp). This suggests the
existence of a closer link between sulfur and RNA metabolism
in B. subtilis (Mechold et al., 2007). More recently, a second
nanoRNase was discovered and named YngD (NrnB). This
protein is a member of the DHH/DHHAL1 protein family of
phosphoesterases, and degrades nanoRNA 5-mers in vitro
similar to oligoribonuclease from E. coli (Fang et al., 2009).

In Streptomyces griseus and S. coelicolor, the gene ornA
encodes the oligoribonuclease protein. It is transcribed from
two promoters: one that is developmentally regulated and
the other that is a constitutive promoter (Ohnishi et al.,
2000). Unlike E. coli, in which oligoribonuclease is an
essential enzyme, if the ornA gene is deleted, the cells are
viable, but not able to form aerial hyphae (Ohnishi et al.,
2000). It was also shown that the degradation of RNA
oligomers by oligoribonuclease is critical for the completion
of the life cycle (Sello & Buttner, 2008).

In RNA metabolism, oligoribonuclease acts as the ‘finish-
ing enzyme’ to degrade oligoribonucleotides of two to five
nucleotides in length to mononucleotides in a wide range of
organisms.

RNase J1/J2

Recently, the discovery of RNase J1 and ]2 shed new light on
the mechanism of RNA degradation in B. subtilis. These
enzymes were the first to be demonstrated to have bacterial
5'-3" exoribonucleolytic activity (Mathy et al., 2007). More-
over, two different activities can be observed for these
enzymes, because they can act both as endo- and as
exoribonucleases (Even et al., 2005). RNases J1 and J2 had
already been described under endoribonucleases (see the
above section on Other endonucleases). RNase J1 is an
essential protein (Even et al., 2005) and its exoribonucleoly-
tic activity depends on the phosphorylation state at the 5’
end, with a preference for monophosphate substrates
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(Mathy et al., 2007). It was also shown that RNase J1
requires a single-stranded 5’ end to allow the exoribonu-
cleolytic activity (Mathy et al., 2007). It also functions as a
5'-3" exoribonuclease in the maturation of the 16S rRNA
gene and in regulating the mRNA stability of the Bacillus
thuringiensis stationary-phase insecticidal protein transcript
cryllIA and the trp leader sequence (Mathy et al., 2007;
Deikus et al., 2008). There are indications that RNase J1
plays an important role both in the maturation or degrada-
tion of specific RNAs and in governing global mRNA
stability (Mader et al., 2008). Interestingly, RNase ] homo-
logues are not present in Gammaproteobacteria such as E.
coli, but are widely distributed in other bacteria and in
archaea (Even et al., 2005; Mathy et al., 2007).

Other 3’'-5' exonucleases

In E. coli, besides the exoribonucleases mentioned above,
three others are present in the cell: RNase PH, RNase D and
RNase T.

RNase PH belongs to the same family of PNPase, the PDX
family of exoribonucleases (see Fig. 1b). It is encoded by the
rph gene and cotranscribed with pyrE, a gene necessary for
pyrimidine synthesis that is located upstream of rph (Ost &
Deutscher, 1991). However, while PNPase has an important
function in mRNA degradation, RNase PH is involved in
tRNA metabolism, namely in the processing of tRNA
precursors (Deutscher et al., 1988; Kelly et al., 1992). RNase
PH can act as a phosphorolytic RNase by removing nucleo-
tides following the CCA terminus of tRNA and also as a
nucleotidyltransferase by adding nucleotides to the ends of
RNA molecules (Jensen et al., 1992; Kelly & Deutscher,
1992). RNase PH can also cleave off the 3’ end of other
sRNAs, including M1, 6S and 4.5S RNA (Li et al., 1998).
Deletion of the rph gene has no effect on the growth or the
viability of the cells. However, the combination of this
deletion with RNase T or PNPase deletions affects growth.
These data suggest that RNase PH has overlapping functions
in vivo with both RNase T and PNPase (Kelly et al., 1992). In
B. subtilis, there are two pathways for tRNA maturation and
RNase PH seems to be the most important for the matura-
tion of tRNA precursors with CCA motifs, while RNase Z is
responsible for the processing of CCA-less tRNA precursors
(Wen et al., 2005). The crystal structure of B. subtilis RNase
PH has been determined with a medium resolution and it
can be superimposed to the second core domain structure of
PNPase. Similar to what happens with RNase PH from A.
aeolicus and Pseudomonas aeruginosa, the protein crystallizes
as a hexamer arranged as a trimer of dimers and the
substrate interacts with the dimer (Ishii et al., 2003; Choi
et al., 2004; Harlow et al., 2004). However, the hexameric
ring formation is essential for the binding of precursor
tRNA and also for exoribonucleolytic activity (Choi et al.,
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2004). In Streptomyces, an RNase PH-like enzyme encoded
by the SCO2904 gene was identified. Similar to PNPase, this
can polyadenylate the 3’ end of RNA in vitro; however,
in vivo studies showed that RNase PH may not be involved
in the synthesis or the maintenance of poly(A) tails in
S. coelicolor (Bralley et al., 2006). In Streptomyces, all
essential tRNA genes must encode the CCA end and the
RNase PH must be required to induce maturation of the 3’
end of these tRNAs (Bralley ef al., 2006) (see also below the
section on processing).

RNase D is a 35’ hydrolytic exoribonuclease from the
DEDD superfamily, which contains both DNA and RNA
exonucleases (Zuo & Deutscher, 2001) (Fig. 1b). As a
member of this family, it has three conserved motifs. In
motif III, the presence of a tyrosine or histidine led to the
division of this family into two subgroups, DEDDy and
DEDDAh, with RNase D belonging to the first one (Zuo &
Deutscher, 2001). RNase D requires divalent metal ions for
its activity and has a high degree of substrate specificity; its
substrates include denatured and damaged tRNAs, as well as
tRNA precursors with extra 3’ residues following the CCA
sequence, but not ssRNA (Cudny & Deutscher, 1980; Cudny
et al., 1981; Zhang & Deutscher, 1988b) (see also below the
section on processing). RNase D overexpression seems to be
deleterious for the cell (Zhang & Deutscher, 1988a). The
chromosomal gene uses UUG as the initiation codon and
has an abnormally high level of rare codons, which could
limit the levels of endogenous protein (Kane, 1995). More-
over, it was shown that RNase D expression is negatively
regulated at the translational level by the initiation codon
(Zhang & Deutscher, 1989). The crystal structure of RNase
D shows that this protein has one DEDD catalytic domain
and two HRDC domains with a funnel-shaped ring archi-
tecture that could be important to define the exoribonu-
cleolytic activity of RNase D, which may be processive (Zuo
et al., 2005). RNase D homologues have been found in many
organisms, except archaea, and, in some genomes,
it is possible to find more than one homologue (Zuo &
Deutscher, 2001).

RNase T is a 3’5" exoribonuclease that belongs to the
DEDD superfamily of RNases and to the DEDDh subgroup
(Zuo & Deutscher, 2001) (Fig. 1b). It is a single-strand-
specific exonuclease and the activity is dependent on the
presence of divalent metal ions, such as Mg** or Mn*"
(Deutscher & Marlor, 1985; Zuo & Deutscher, 2002). Besides
the ability to cleave RNA molecules, RNase T also has DNA
exonuclease activity (Viswanathan et al., 1998). RNase T has
a distributive activity and an unusual base specificity,
discriminating against pyrimidines and, particularly, C
residues (Zuo & Deutscher, 2002). This sequence specificity
is largely determined by the last four nucleotides at the 3’
end (Zuo & Deutscher, 2002). It is involved in the final step
of maturation of many stable RNAs and seems to be the
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most important RNase with that function (Li & Deutscher,
1995, 1996; Li et al., 1998). In fact, it was shown that RNase
T is essential for the maturation of the 3’ ends of 5S and 23S
rRNA genes (Li & Deutscher, 1995; Li et al., 1999a), and it is
also involved in the end turnover of tRNAs (Deutscher et al.,
1985). The crystal structures of RNase T from both E. coli
and P. aeruginosa show that the protein adopts an oligor-
ibonuclease-like homodimer architecture, which was shown
to be required for its activity (Li et al., 1996; Zuo et al.,
2007). The two monomers are facing opposite ends, which
means that the active site of one monomer is facing the
binding site of the other. This arrangement allows the
binding of the RNA molecule from one monomer to be
close to the active site of the other one (Zuo et al., 2007).
Despite its critical role in RNA metabolism, RNase T
orthologues are just found in a small group of bacteria, the
Gamma division of Proteobacteria (Zuo & Deutscher, 2001).

Both E. coli and Salmonella belong to the Enterobacter-
iaceae family. A recent work showed that the two hydrolytic
enzymes present in E. coli, RNase II and RNase R, are also
found in Salmonella and behave quite similarly in terms of
their the ability to degrade structured substrates and the
final product that is released. However, the proteins from
Salmonella showed a reduction in their activity and an
ability to bind to RNA when compared with the E. coli
enzymes (Domingues et al., 2009).

In B. subtilis, besides the proteins mentioned above, we
can find other RNase, YhaM. This protein has been impli-
cated in DNA replication (is able to degrade ssDNA), and
in vitro studies showed that is also able to cleave RNA into
the 3’5’ direction in a Mn®"-dependent manner. However,
the in vivo function of YhaM in RNA metabolism remains to
be determined (Noirot-Gros et al., 2002; Oussenko et al.,
2002). Sequence homologues of YhaM were found only in
Gram-positive bacteria (Oussenko et al., 2002).

Cyanobacteria are prokaryotes organisms that may be
related to the ancestor of chloroplasts. In the genome of
Synechocystis, it is possible to find genes that have a high
homology to RNase E, PNPase, RNase II/R and PAP, the
most important proteins involved in mRNA degradation
and polyadenylation (Rott et al., 2003). However, the
product of the putative PAP gene has nucleotidyltransferase
and not PAP activity, and the reaction of polyadenylation in
Synechocystis is performed by PNPase, which originates
heterogeneous poly(A)-rich tails, like it occurs in chloro-
plasts. These tails are found in the amino acid coding region,
the 5’ and 3’ untranslated regions of mRNAs, in rRNA and
the single intron located at the tRNAfmet (Rott et al., 2003).
PNPase is an essential protein for this organism because the
deletion of this gene causes lethality. The same is observed
when the gene for RNase II/R is disrupted (Rott et al., 2003).
There is no degradosome complex in cyanobacteria (see
Complexes of RNases).
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Complexes of RNases

RNA-degrading machines

The degradosome is a large multiprotein complex involved in
RNA degradation. It is believed to act as a general RNA decay
machine in which the components of the degradosome
cooperate during the decay of many RNAs. The complex
formation contributes to the coordination of the endoribo-
nucleolytic cleavage with the exoribonucleolytic degradation
(Py et al., 1994, 1996; Miczak et al., 1996; Vanzo et al., 1998).

In E. coli, this multiprotein complex is formed by RNA
degradation enzymes RNase E and the exonuclease PNPase,
as well as the ATP-dependent RhIB and the glycolytic
enzyme enolase (Py et al., 1994; Miczak et al., 1996; Vanzo
et al., 1998). RNase E provides the organizing scaffold for
the degradosome, through its carboxy-terminal half. In the
carboxy-terminal half, four segments were found to show a
tendency to form a secondary structure (Callaghan et al.,
2004), namely A, B, C and D. Segment A localizes the
degradosome to the inner cytoplasmic membrane (Khemici
et al., 2008). RhIB binds a 69-residue conserved segment
downstream of segment B, a coiled coil that may engage
RNA (Chandran ef al., 2007; Worrall et al., 2008b). Segment
C is the enolase-binding site (Chandran & Luisi, 2006), and
segment D interacts with PNPase (Callaghan et al., 2004).

Under normal growth conditions, crystallographic and
biophysical measurements indicate that one enolase dimer
and one helicase protomer interact with one RNase E
monomer (Chandran & Luisi, 2006; Chandran et al., 2007;
Worrall et al., 2008a). Findings for the stoichiometry of
PNPase with the isolated recognition site from RNase E
(Callaghan et al., 2004), and recent crystallographic analysis
of the E. coli PNPase/RNase E complex reveal an equimolar
ratio (Nurmohamed et al., 2009). In principle, three RNase
E tetramers and four PNPase trimers could form a self-closing
assembly composed of 12 protomers, satisfying all possible
binding sites. The ideal composition of such an assembly is
12:12:24:12 (RNase E:PNPase:enolase: RhIB) (Marcaida
et al., 2006).

The group of minor components that bind to the degrado-
some to affect its composition and modulate its enzymatic
activity includes polyphosphate kinase, poly(A) polymerase,
ribosomal proteins and the molecular chaperones DnaK and
GroEL (Miczak et al., 1996; Butland et al., 2005; Morita et al.,
2005; Regonesi et al., 2006) and other DEAD-box helicases
(SrmB, RhIE and CsdA) that may bind to sites outside the
RhIB recognition region (Khemici & Carpousis, 2004). An-
other potential interaction may occur between the degrado-
some and the cytoskeleton protein MinD (a membrane-
localized bacterial cytoskeletal protein), which may account
for the apparent association of the degradosome with the
cytoskeleton (Taghbalout & Rothfield, 2007).
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The composition of the degradosome can also undergo
changes depending on the conditions of growth or stress
(Khemici et al., 2004; Prud’homme-Genereux et al., 2004;
Morita et al., 2005; Gao et al., 2006). A different complex
containing RNase E, Hfq and SgrS, a small regulatory RNA,
is formed under conditions of phosphosugar stress (Morita
et al., 2005). The formation of the complex with Hfq and
SgrS requires the same region of RNase E that is necessary
for the formation of the canonical RNA degradosome, and
evidence suggests that the degradosome is remodelled as a
consequence of the new interaction. There is evidence that
RNase E can form a ‘cold-shock’ RNA degradosome in
which the helicase RhIB is replaced by CsdA, another
DEAD-box RNA helicase (Khemici et al., 2004; Prud’-
homme-Genereux et al., 2004). The compositional changes
in the degradosome following cold exposure may account,
in part, for changes in mRNA stability associated with cold
shock response. The PNPase content of the degradosome
can change in response to phosphosugar stress, temperature
shock and the growth stage (Beran & Simons, 2001; Liou
et al., 2001). Surprisingly, RNase E from P. syringae interacts
with the hydrolytic exoribonuclease RNase R instead of
PNPase and with another DEAD-box helicase, RhlE (Pur-
usharth et al., 2005).

Degradosome composition and function may also be
modulated through its interactions with the RNase E
inhibitory proteins RraA and RraB, which interact with the
C-terminal half of RNase E, thereby altering the composi-
tion of the degradosome, namely the amount of PNPase,
RhIB and enolase bound to RNase E. RraB expression gave
rise to degradosomes that contained the noncanonical
components DnaK and CsdA.

The global effects of mutations in degradosome constitu-
ents on mRNA levels have been evaluated using microarrays
(Bernstein et al., 2004). This work reported that the func-
tions of all degradosome constituents are necessary for
normal mRNA turnover and that assembled degradosome
components work in concert to regulate the transcripts of
some E. coli metabolic pathways, but not others. This
suggests the existence of structural features or biochemical
factors that distinguish among different classes of mRNAs
targeted for degradation.

Archaea are microscopic, single-celled organisms with no
nucleus, no mitochondria and no chloroplasts. Regarding
mRNA, they are more similar to bacteria than to eukaryotes:
mRNA does not have introns, it is polycistronic, is not
modified and does not have long stabilizing poly(A) tails at
the 3’ end (Brown & Coleman, 1975; Brown & Reeve, 1986).
However, in Sulfolobus and Methanothermobacter, the ex-
istence of an archaeal exosome with characteristics of the
eukaryotic exosome was demonstrated (Evguenieva-Hack-
enberg et al., 2003; Farhoud et al., 2005). The exosome is a
multiprotein complex involved in the maintenance of the
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correct levels of mRNA in eukaryotic cells (van Hoof &
Parker, 1999) (see also below the section on RNA degradation
on eukaryotic microorganisms). The exosome of the archae-
on S. solfataricus is a protein complex with a dual function: it
is an RNA-tailing and RNA-degrading enzyme because it has
both phosphorolytic and polyadenylating activity (Lorentzen
et al., 2005; Portnoy et al., 2005). It is formed by a hexameric
ring consisting of three dimers of the orthologues of Rrp41
and Rrp42, and is responsible for phosphorolytic RNA
degradation (Lorentzen et al., 2005). It is able to synthesize
heteropolymeric RNA tails, and, generally, RNA synthesis by
the hexameric ring is more efficient than RNA phosphorolysis
(Evguenieva-Hackenberg et al., 2008). The Rrp41 orthologue
contains the active site; however, the ring structure is neces-
sary for the activity of the complex (Lorentzen et al., 2005).
On the top of the ring there are three polypeptides with RNA-
binding domains that are orthologues of Rrp4 (which con-
tains S1 and KH domains) and/or Csl4 (which contains S1
and Zn-ribbon domains) (Buttner et al., 2005; Lorentzen
et al, 2007). Recently, the structure of the S. solfataricus
exosome was resolved (Lu et al., 2010). The structure showed
that the RNA-binding ring is flexible, which may be impor-
tant for the unwinding of secondary structures (Lu et al.,
2010). The structure of the archaeal nine-subunit exosome is
very similar to the one present in Eukarya and to PNPase
(Lorentzen et al., 2005, 2007; Liu et al., 2006b). However, the
archaeal exosome contains at least one additional subunit
with an unknown function, a protein designated DnaG
(Evguenieva-Hackenberg et al., 2003), which can participate
in 5S rRNA gene maturation. The S. solfataricus exosome is
able to degrade synthetic and natural RNA efficiently, which
is in accordance with its proposed role as a major complex of
3’ to 5’ exoribonucleases in the cell. Moreover, the genome of
S. solfataricus does not contain genes for other predicted 3’5’
exoribonucleases. In the absence of triphosphate at the 5’ end,
the mRNA degradation can also occur in the 5'-3" direction
(Hasenohrl et al, 2008). In this case, the degradation is
probably performed by the RNase J1/J2 homologue, which is
identical to the Mbl-like RNase (Koonin et al., 2001).
However, in halophilic and many methanogenic archaea
genomes, it is not possible to find the orthologues of
exosomal subunits, which indicates that the mechanism for
RNA degradation may be different in these archaea (Koonin
et al., 2001). Moreover, in archaea without an exosome,
there is no post-transcriptional modification of the RNA
molecules, and no tails are added to RNAs (Portnoy et al.,
2005; Portnoy & Schuster, 2006). In halophilic archaea,
there is an RNase R-like protein that is not found in
methanogenic archaea (Portnoy & Schuster, 2006). Like in
Mpycoplasma, these archaea also have a minimal genome,
and, for this reason, the RNase R homologue may be the
only enzyme responsible for the exoribonucleolytic activity,
because both exosome and PNPase are absent (Zuo &
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Deutscher, 2001). Haloferax volcanii is a representative
halophilic archaeon. It was shown that RNase R is required
for viability in H. volcanni, and therefore, plays an impor-
tant role in the mechanism of RNA degradation indepen-
dent of polyadenylation (Portnoy et al., 2005; Portnoy &
Schuster, 2006).

The RNases in action
Processing and degradation of RNAs

Processing of RNAs

All rRNA and tRNA species are transcribed as precursor
molecules that further undergo a series of modifications to
achieve the mature molecules (Deutscher, 2009). Here, we
will focus on the importance of RNases in the processing
events during the maturation of rRNA and tRNA effectors.
We will also refer to their role in the quality control of these
processes.

In prokaryotes, the 70S ribosomes are constituted of two
subunits: 30S and 50S particles. The smaller subunit com-
prises a 16S rRNA molecule and 21 proteins, and the larger
subunit comprises a 23S and a 5S rRNA molecules plus 33
proteins. rRNAs are transcribed as precursor molecules that
are processed and modified while assembly is occurring. In
E. coli, there are seven rRNA operons comprising the three
rRNA molecules always displayed in the same order: the 16S
gene at the 5" end, followed by the 23S, and finally by the 5S
rRNA gene at the 3’ end (Deutscher, 2009). During tran-
scription, RNase III cleaves double-stranded structures in
the pre-rRNAs, releasing the fragments that will be subse-
quently cleaved to generate the 16S, 23S and 5S rRNA genes
(Robertson et al., 1968; Gegenheimer & Apirion, 1975).

RNase E further reduces the extra 115nt from the 175
rRNA gene (16S rRNA gene precursor) to 66 at the 5’ end,
resulting in a 16.3S intermediate. Finally, RNase G (also
termed RNase M16) converts the 5 end to the mature
molecule (Hayes & Vasseur, 1976; Dahlberg et al., 1978; Li
et al., 1999b). In B. subtilis, the 5'-3' exoribonuclease RNase
J1 is involved in rRNA processing (Even et al., 2005; Britton
et al., 2007; de la Sierra-Gallay ef al., 2008). The 3’ matura-
tion enzyme remains to be characterized both in E. coli and
in B. subtilis. In P. syringae the 3'-5' exonuclease RNase R
seems to be acting to directly induce the maturation of the 3’
terminus of the 16S rRNA gene (Cheng & Deutscher, 2002,
2005; Deutscher, 2006, 2009; Purusharth et al., 2007).

The E. coli 23S rRNA gene precursor is released, harbor-
ing three or seven 5’ and seven to nine 3’ extra residues. The
3’ maturation requires RNase T for completion (Li et al.,
1999a). In B. subtilis the RNase III family Mini-IIT dimeric
enzyme is responsible for the simultaneous maturation of
both 5" and 3’ sides of the double-stranded stalk that flanks
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the mature 23S rRNA gene (Olmedo & Guzman, 2008;
Redko et al., 2008). Salmonella constitutes an interesting
case where RNase IIT removes IVS in a way that the mature
rRNA molecule results from two fragments (Burgin et al.,
1990).

The E. coli 5S rRNA gene derives from a 9S precursor,
which is endonucleolytically cleaved by RNase E, releasing
an intermediate molecule with three additional nucleotides
at both ends (Ghora & Apirion, 1978; Misra & Apirion,
1979). The 5 maturation is still uncharacterized, while
RNase T is again responsible for removing (at least) the least
two 3’ residues (Li & Deutscher, 1995). Bacillus subtilis
almost repeats the mechanism of maturation of the 23S for
the 55 rRNA gene, but in this case, RNase M5 cleaves the
double-stranded region, simultaneously inducing the ma-
turation of the 5’ and 3’ ends (Sogin et al., 1977).

rRNA degradation takes place whenever errors (e.g.
improper structure conformations, or misordered addition
of proteins) occur and also in response to stress conditions
(Deutscher, 2009). Quality control mechanisms occur at
levels that are almost negligible in fast-growing cells, but are
nevertheless essential as they avoid the accumulation of
defective ribosomes. RNase LS may participate in the 23S
rRNA gene degradation; PNPase, together with an RNA
helicase or RNase R, may also be involved, because they are
the only ones that can degrade structured RNAs. In addition
to these, any process that leads to damaged cell membranes
induces drastic RNA degradation, because it promotes the
release of the nonspecific endoribonuclease RNase I from
the periplasm into the cells (Cheng & Deutscher, 2005;
Otsuka & Yonesaki, 2005; Deutscher, 2009).

tRNAs are vital adaptors for the decoding of the genome
into proteins, and contribute up to 20% of the total RNA in
the cell (Dittmar et al., 2004; Hartmann et al., 2009). Both
E. coli K12 and B. subtilis bear 86 tRNA genes in their genome,
many of them associated into operons (Fournier & Ozeki,
1985; Inokuchi & Yamao, 1995; Dittmar et al., 2004). Introns
are rarely found and are present only in the anticodon loop of
some tRNAs in bacteria, but occur extensively in archaea
(Vogel & Hess, 2001; Marck & Grosjean, 2002, 2003). Two
endoribonucleases mainly process the pre-tRNAs: RNase P,
which almost universally generates 5' mature ends (Evans
et al., 2006; Randau et al., 2008), and RNase Z, which cleaves
the CCA-less pre-tRNAs (see the sections on RNase P and
RNase Z for details on these enzymes). All tRNA molecules
must have a CCA signal at their 3’ end to allow aminoacyla-
tion by the tRNA nucleotidyltransferase. That can be
achieved, either by removing all extra nucleotides, when it is
already present in the sequence, or cutting after the discrimi-
nator nucleotide (Li & Deutscher, 1995; Hartmann et al.,
2009). The CCA motif varies from absent in eukarya to being
present in all genes of E. coli, about 2/3 of the B. subtilis pre-
tRNAs, and from 0% to 100% in archaea (Hartmann et al.,
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2009). Two main modes of 3’ maturation have been described
so far: a one-step endonucleolytic cleavage by the universally
conserved RNase Z homodimer (Dutta & Deutscher, 2009)
and a multistep process involving both endo- and exonu-
cleases (Li et al., 1998; Hartmann et al., 2009).

For instance, in E. coli where all genes encode the CCA
sequence, maturation usually begins with an RNase E cut at
the 3’ end (eventually aided by PNPase or RNase II),
followed by 5’ processing by RNase P, and a final 3’
exonucleolytic trimming to expose the CCA sequence. The
trimming reaction is carried out by RNase II, RNase D, or
more effectively, RNase T or RNase PH (Li & Deutscher,
2002; Ow & Kushner, 2002).

Even though RNase Z is not essential for E. coli, it is
encoded in its genome and has been shown to be able to shut
down growth when overexpressed (Takaku & Nashimoto,
2008).

In B. subtilis all the CCA-less tRNAs are processed by the
RNase Z and all the CCA-containing tRNAs are envisaged to
follow a multistep maturation pathway, although the en-
donuclease responsible for the first step has not yet been
found (Pellegrini et al., 2003). RNase PH is the main exo
involved in the trimming process (Wen et al., 2005).

tRNAs have several constraints because they must be
sufficiently similar to be processed, and able to fit within
the ribosome, but must be sufficiently different to ensure
correct loading with specific amino acids and recognize
exclusively the codon(s) for their anticodon sequence
(Hopper et al., 2010). Modifications are of absolute im-
portance for folding stabilization avoiding rapid decay,
fidelity and efficiency of aminoacylation and/or proper
binding to the ribosomes (Hou & Perona, 2010; Phizicky &
Alfonzo, 2010). Indeed, about 100 modifications have been
described for tRNAs so far (Czerwoniec et al., 2009; Hopper
et al., 2010). Although tRNAs are stable, they have quality
control mechanisms for eliminating defective species, and it
seems at least partially dependent on polyadenylation by
poly(A) polymerase (and removal by polynucleotide phos-
phorylase). RNase R has also been shown to participate in
tRNA quality control mechanisms in a B. subtilis condi-
tional CCA mutant strain. In this sense, flawed stable RNA
molecules would behave like unstable RNAs being rapidly
degraded by similar mechanisms (Li et al., 2002; Campos-
Guillen et al., 2010).

tmRNA is a hybrid/bifunctional RNA molecule that
shares the characteristics of both tRNA structural folds
involving the 3’ and 5’ ends (Hayes & Keiler, 2010) — and
mRNA - bearing a sequence that encodes for an ORE
consisting of a peptide signal for proteolytic degradation,
ended with UAA termination codons. The tmRNA matura-
tion is similar to the mechanism described above regarding
tRNA processing. However, it was shown that RNase R is
quite important for the maturation of the 3’ end of the
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tmRNA, even more relevantly under cold-shock conditions
(Cairrao et al., 2003). SmpB is a small basic protein that
binds to tmRNA with a high affinity and specificity (Karzai
et al., 1999; Dulebohn et al., 2006), and specifically recog-
nizes paused ribosomes near the 3’ end of truncated mRNAs
(Janssen & Hayes, 2009). This RNA-binding protein is a
regulator for the tmRNA-based quality control system in the
cells, because it can prevent tmRNA degradation by RNase R
(Hong et al., 2005).

RNA degradation mechanisms

The same RNA molecule can be degraded by different path-
ways depending on the stress conditions or the growth
phase. Thus, the degradation pathways are not universal.
However, the interplay between the different factors in-
volved in RNA decay emphasizes the role of RNases in the
degradation of multiple substrates (Fig. 3).

In this section, we illustrate various examples of the relevant
mechanisms of mRNAs and sRNAs degradation mainly in
E. coli, but we also refer to examples from B. subtilis.

pyrF-orfF

The dicistronic transcript from pyrF-orfF contains pyrF,
encoding orotidine-5’-monophosphatase decarboxylase,
and an ORF (orfF) encoding a polypeptide of unknown
function (Donovan & Kushner, 1983; Jensen et al., 1984;
Turnbough et al., 1987). The full-length transcript is rapidly
cleaved into a series of breakdown products, and at least 18
endonucleolytic cleavage sites have been mapped through-
out the full-length mRNA (Arraiano et al., 1997). Moreover,
it seems that the pyrF-orfF transcript may be degraded by
more than one enzymatic pathway depending on where the
initial cleavage occurs. Therefore, some fragments seem to
be degraded in a 5'-3’ direction, while other degradation
products are processively cleaved in a 3'-5’ direction. The
results obtained by Arraiano et al. (1997) provided, for the
first time, support to the hypothesis that multiple decay
pathways are involved in the decay of a single transcript. It
thus seems reasonable to assume that in vivo there are a
variety of ways in which a particular mRNA can be
degraded. Which pathway is used may be related to the
particular context in which one or more of the decay-
mediating factors has access to the mRNA.

trxA

The E. coli trxA gene, which encodes for thioredoxin, is
transcribed as a monocistronic message of 493 nucleotides.
In the study of the trxA decay multiple mutant strains were
constructed deficient in RNase E (rne — previously known as
ams), PNPase (pnp) and RNase II (rnb) (Arraiano et al.,
1988). Northern and S1 analysis showed that full-length
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transcripts are initially processed by endonucleolytic clea-
vages (Arraiano et al., 1993). The complete degradation of
the initially cleaved transcripts occurs through progression
of endonucleolytic steps in the 3’-5" direction, followed by
exonucleolytic degradation by RNase II and PNPase. This
was the first report of a progression of endonucleolytic
cleavages in a 3’5’ direction during the degradation of a
full-length transcript.

rpsO

The rpsO gene encodes for the E. coli ribosomal protein S15.
The degradation of rpsO mRNA is accomplished by several
independent pathways, including the RNase E-dependent
endonucleolytic pathway and a pathway that requires the
polyadenylation of transcripts (Braun et al,, 1996). The
stability of the rpsO transcript is mainly controlled by
RNase E. After RNase E cleavage, the mRNA lacking the
3’-terminal RNA secondary structure becomes an ideal
substrate for PNPase (Braun et al., 1996). When the primary
pathway of decay mediated by RNase E is inactive, the
exoribonucleolytic poly(A)-dependent degradation of rpsO
mRNA is stimulated (Hajnsdorf et al., 1995; Marujo et al.,
2003; Folichon et al., 2005). It was shown that RNase R is
the main enzyme involved in the poly(A)-dependent degra-
dation of the rpsO mRNA (Andrade et al., 2009a) and that
RNase II protects the full-length 7psO mRNA from degrada-
tion by removing the poly(A) tails (Marujo et al., 2000).
Elongated rpsO transcripts harboring poly(A) tails of in-
creased length are specifically recognized by RNase R and
strongly accumulate in the absence of this exonuclease.
Because this enzyme is able to degrade dsRNAs, the 3’
oligo(A)-extension may stimulate the binding of RNase R,
allowing the complete degradation of the rpsO mRNA. The
RNA chaperone Hfq can protect the rpsO mRNA from
exonucleolytic degradation by PNPase and RNase II, and
from cleavage by RNase E (Folichon et al., 2003). Moreover,
it was shown recently that in the absence of this chaperone,
stabilization of rpsO mRNA occurs, with a concomitant
decrease in its level, indicating that the change in the mRNA
levels in the Afq mutant does not result from the modifica-
tion of RNA stability, but probably from changes in tran-
scriptional activity (Le Derout et al., 2010).

rpsT

The rpsT gene encodes the E. coli ribosomal protein S20. This
gene is transcribed from two promoters (P1 and P2) and
terminates at a Rho-independent terminator, yielding two
monocistronic mRNA species: P1 (447 nt) and P2 (356 nt)
(Mackie & Parsons, 1983). The first step of the rpsT decay is
carried out by RNase E and there are several lines of evidence
indicating that this step is independent of polyadenylation
(Mackie, 1991; Coburn & Mackie, 1996b, 1998). However,
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Fig. 3. Mechanisms of decay. (a) Model of RNA degradation
pathways in Escherichia coli. The decay of the majority of
transcripts starts with an endoribonucleolytic cleavage by
RNase E. This endoribonuclease prefers a monophosphory-
lated 5" end, but not in a strict way, and several RNAs escaping
this rule have been described (Kime et al., 2009). RNase Il is
another enzyme responsible for the initial endoribonucleolytic
cleavage of structured RNAs. However, unlike RNase E (that
only cleaves single-stranded RNAs), RNase lll cleaves dsRNAs.
After endoribonucleolytic cleavages, the linear transcripts are
rapidly degraded by the 3’5" degradative exoribonucleases,
RNase Il, RNase R and PNPase. RNase R, unlike RNase Il and
PNPase, is efficient against highly structured RNAs. PNPase, in
association with other proteins, namely RNA helicases, can
also unwind RNA duplexes. A minor pathway in the cell is the
exoribonucleolytic degradation of full-length transcripts.
Poly(A) polymerase (PAP I) adds a poly(A) tail to the short 3’
overhang. These tails provide a ‘toe-hold’ to which exoribonu-
cleases can bind. Cycles of polyadenylation and exoribonu-
cleolytic digestion can overcome RNA secondary structures.
The small oligoribonucleotides (two to five nucleotides)
released by exoribonucleases are finally degraded to
mononucleotides by oligoribonuclease (Andrade et al.,
2009b). (b) Model of RNA degradation pathways in Bacillus
subtilis. In B. subtilis, the main enzyme responsible for RNA
decay is RNase J1. RNase J1 has both an endoribonucleolytic

O and a 5'-3’ exoribonucleolytic activity (Mathy et al., 2007).
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PAP 1, PNPase, ATP and phosphate are necessary to catalyze
the degradation of the smaller intermediates generated by
RNase E cleavage (Coburn & Mackie, 1998). On the other
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complex in which the Rrp44 is the only active RNase (Houseley
& Tollervey, 2009). Recently, it was demonstrated that Rrp44
can degrade RNA in both an exo- and an endoribonucleolytic
manner (Schaeffer et al., 2009). The capped oligonucleotides
produced from the exosome RNA decay are hydrolyzed by the
DcpS scavenger decapping enzyme (Liu & Kiledjian, 2006a).

hand, RNase II inhibits PNPase-mediated degradation of
transcripts by removing the poly(A) tails added by PAP 1. The
same had also been observed with rpsO (Coburn & Mackie,
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1998; Marujo et al., 2000). Therefore, RNase II paradoxically
protects these RNAs from degradation by PNPase.

malEF

The polycistronic malEFG operon of E. coli encodes three
proteins involved in the transport of maltodextrins. The
malEF intercistronic region contains two REP sequences
(Newbury et al., 1987) that protect the transcript from 3'-5
exonucleolytic degradation (Higgins et al., 1988). RNase R
and PNPase are shown to play a major role in the degrada-
tion of the sRNA fragments resulting from the RNase E
cleavage (Khemici & Carpousis, 2004; Cheng & Deutscher,
2005). PNPase degradation of the malEF transcript is only
accomplished in the presence of RNase E and RhiB, indicat-
ing that the degradosome complex participates in this
degradation (Stickney et al., 2005). RhIB unwinds the folded
RNA and passes it to PNPase (Coburn et al., 1999; Khemici
& Carpousis, 2004). Polyadenylation of the malEF REP
sequences by PAP I seems to be a crucial factor in the
degradation of these sequences because they accumulate to
high levels in pcnB mutants (Khemici & Carpousis, 2004).

ompA

The ompA gene is transcribed as a monocistronic mRNA
and encodes the major protein of E. coli outer membrane
OmpA (von Gabain et al., 1983). It was demonstrated
previously that ompA stability is growth rate dependent
and that shorter generation times in the exponential phase
corresponded to longer ompA mRNA half-lives (Nilsson
et al., 1984). The degradation of this mRNA is initiated by
an RNase E cleavage in the 5" UTR stem-loops (Melefors &
von Gabain, 1988; Arnold et al., 1998). Then, exonucleolytic
degradation and polyadenylation seem to account for the
elimination of breakdown products (O’Hara et al., 1995;
Mohanty & Kushner, 1999; Andrade et al., 2006). The
presence of only one of the exoribonucleases (RNase II,
RNase R or PNPase) may be sufficient to remove most of the
decay intermediates (Cheng & Deutscher, 2005). Further-
more, the exonucleolytic activity on the full-length ompA
transcript was shown to be growth phase regulated (An-
drade et al., 2006). The sSRNA MicA, first known as SraD, is
the principal post-transcriptional regulator of the ompA
expression (Rasmussen et al., 2005; Udekwu et al., 2005).
This antisense SRNA, when present in high levels, blocks
ribosome binding at the ompA mRNA translation start site
and subsequently destabilizes this mRNA. Moreover, the
MicA-mediated decay of ompA mRNA depends on Hfq
(Rasmussen et al., 2005; Udekwu et al., 2005). Therefore,
the levels of ompA are also dependent on the levels of MicA.
Because OmpA is one of the main outer membrane proteins
in E. coli, it is fundamental to have a strict regulation in
order to maintain the homeostasis of the cell.
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pac

Penicillin amidase, encoded by the pac gene, is an important
enzyme for industry because it is used in the production of
semi-synthetic penicillins. The degradation of this mRNA
seems to be initiated by an endonucleolytic cleavage because
the most remarkable stabilization of the E. coli pac mRNA was
obtained in the RNase E mutant. RNase III seems to play no
role in the degradation of this transcript. The RNase E cleavage
is followed by the exonucleolytic degradation by RNase II,
RNase R and/or PNPase. Single deletions of any of these
exoribonucleases were unable to stabilize this mRNA most
probably because of their redundant effect (Viegas et al., 2005).

trp

In the last few years, the degradation of the B. subtilis
tryptophan operon, trp, has been studied in detail. This
operon was used recently for the study of the cleavage
specificity of the RNase J1 endonuclease (Deikus & Bechho-
fer, 2009). The trp operon is regulated at the level of
transcription termination (Babitzke & Gollnick, 2001; Hen-
kin & Yanofsky, 2002), which is controlled by binding of the
trp RNA-binding attenuation protein (TRAP) to the trp
leader RNA. When the supply of intracellular tryptophan is
low, the frp operon genes are transcribed from a constitutive
promoter and more tryptophan is generated. When the
intracellular supply of tryptophan is sufficient, the TRAP
protein complex binds to a specific region of the trp leader
sequence. This binding results in the formation of a stem-
loop structure that induces transcription termination, gen-
erating a 140 nt trp leader RNA.

The degradation of this #rp leader RNA is initiated by an
RNase J1 endonucleolytic cleavage at a single-stranded AU-
rich region upstream of the 3’ transcription terminator
(Deikus et al., 2008). This cleavage is followed by a 5'-3’
degradation of the downstream fragment by the exonucleoly-
tic activity of the RNase J1 (Deikus et al., 2008) and a 3'-5'
degradation of the upstream fragment by PNPase (Deikus
et al., 2004). The PNPase action is essential for the efficient
release and recycling of TRAP (Deikus et al., 2004).

sRNAs

RNases also play a very important role in the regulation of
sRNAs. These RNAs have received considerable attention
over the past decade because they can be crucial for the post-
transcriptional control of gene expression (Storz et al., 2004;
Viegas & Arraiano, 2008). In order to understand the action
of these sRNAs, it is fundamental to study the processing
and turnover of these molecules.

sRNA MicA and RybB are stationary-phase regulators
and belong to the group of sRNAs that control outer
membrane permeability. RybB controls the expression of
outer membrane proteins OmpC and OmpW (Guillier
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et al., 2006; Johansen et al., 2006) and MicA controls the
expression of OmpA (Rasmussen et al., 2005; Udekwu et al.,
2005). In E. coli, MicA and RybB are destabilized by PNPase
in the stationary phase (Andrade & Arraiano, 2008). More-
over, PNPase can degrade MicA in a degradosome-indepen-
dent manner. Polyadenylation of MicA by PAP I appears not
to be essential for PNPase action on this SRNA. The 3’
exoribonucleases RNase II and RNase R appear not to be
required for the degradation of MicA.

In S. typhimurium, the SRNAs MicA, SraL, CsrB and CsrC
are also mainly degraded by PNPase in the late stationary
phase. In the case of CsrB and CsrC, the absence of this
exoribonuclease also induced a change in degradation
patterns with the accumulation of several decay intermedi-
ates (Viegas et al., 2007).

The antisense RNA CopA inhibits the replication of
plasmid R1 by binding to the target region, CopT, that is
located within the repA mRNA. This binding blocks the
synthesis of the replication initiator protein RepA (Stou-
gaard et al., 1981; Givskov & Molin, 1984). The decay of
CopA is initiated by an endonucleolytic cleavage by RNase
E, followed by the addition of a poly(A) tail. The poly(A)
tails facilitate degradation by PNPase and RNase II
(Soderbom et al., 1997). Both PNPase and RNase II were
able to degrade the processed transcript (Soderbom &
Wagner, 1998).

ColE1 RNAI is the copy number regulator of the plasmid
ColE1 (Lin-Chao & Cohen, 1991). PNPase, PAP I, RNase E
and RNase III have been demonstrated to play roles in
ColE1 RNAI decay (Lin-Chao & Cohen, 1991; Xu et al.,
1993; Xu & Cohen, 1995; Binnie ef al., 1999). Two degrada-
tion pathways have been suggested for this RNA (Binnie
et al., 1999). The primary pathway starts with RNase E
cleavage, followed by PAP I polyadenylation and PNPase-
mediated degradation. The second mechanism begins with
the polyadenylation of RNAI, followed by RNase III clea-
vage and a subsequent exonucleolytic attack. In the absence
of RNase E, RNase III and PAP I, the antisense RNAI
continues to disappear, showing that yet other enzymes are
able to catalyze its decay.

The replication of the ColE2 plasmid requires a plasmid-
coded initiator protein, Rep. ColE2 RNAI controls rep expres-
sion by the blockage of translation (Takechi et al., 1994).
ColE2 RNAI degradation starts with RNase E cleavage at the 5’
end. PAP I polyadenylates the 3’ ends of degradation inter-
mediates and both RNase II and PNPase act in further
exoribonucleolytic degradation (Nishio & Itoh, 2008). Be-
cause PNPase and RNase II prefer a single-stranded ‘toe-hold’
to bind the 3’ end of the mRNA, PAP I generates a binding site
for these exoribonucleases by adding a poly(A) tail to the
3" end of the mRNA. Thus, cycles of polyadenylation and
exoribonucleolytic attack contribute towards the correct de-
gradation of the mRNA after the initial cleavage.
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The hok/sok system mediates plasmid R1 stabilization by
killing plasmid-free cells. Sok antisense RNA inhibits the
translation of the hok mRNA, a toxic protein mRNA (Gerdes
et al., 1990). As Sok RNA is highly unstable, the pool of free
Sok RNA decays rapidly in plasmid-free cells. The decay of
Sok RNA leads to Hok protein synthesis and killing of the
plasmid-free cells (Dam Mikkelsen & Gerdes, 1997). Like in
the other antisense RNAs described previously, the initial
step of Sok RNA decay is performed by RNase E in the
single-stranded 5’ end. RNase E cleavage products are
rapidly degraded from their 3’ ends by PNPase using a PAP
I-dependent mechanism. Sok RNA, as well as CopA, is
destabilized when RNase II is absent.

RNA degradation in eukaryotes

Because this publication has focused mainly on RNA
degradation in prokaryotes, it was not the purpose of this
chapter to provide a complete overview of RNA metabolism
in eukaryotic cells but only pinpoints some interesting links
between the systems. For a more comprehensive overview of
the RNA degradation pathways in eukaryotes, readers can
refer to publications focused on eukaryotes (Doma &
Parker, 2007; Amaral et al., 2008; Rougemaille et al., 2008;
Shyu et al., 2008; Houseley & Tollervey, 2009; Moore &
Proudfoot, 2009).

RNA degradation in eukaryotes is much more complex
and involves more factors than those in prokaryotes
(Houseley & Tollervey, 2009). The eukaryotic cell is divided
into two main parts: the nucleus and the cytoplasm, and
RNA degradation is important in both compartments.
Compartmentalization causes considerable change in
mRNA’s fate; eukaryotic RNAs have to survive in the cell
much longer than prokaryotic messengers, and the molecule
synthesized in the nucleolus has to be transported to the
cytoplasm for protein production. In the nucleus, aberrant
transcripts are selectively degraded; RNases also act in
multiple processing steps and remove the processing bypro-
ducts and a myriad of noncoding cryptic transcripts. The
balance between the rate of transcription and RNA degra-
dation regulates messenger levels. In the cytoplasm, the
transcripts are translated to the proteins; therefore, in this
compartment, it is very important to check the translational
abilities of RNAs and remove incorrect molecules that can
cause the production of aberrant proteins (Doma & Parker,
2007). In the cytoplasm, differences in the degradation rate
can influence protein expression. A set of factors can affect
the lifetime of the transcript including RNA-binding pro-
teins that bind to the RNAs, and sRNAs that can drive
transcripts to degradation or cause translational silencing
(siRNA and miRNA) (Euldlio et al., 2008; Carthew &
Sontheimer, 2009).

FEMS Microbiol Rev 34 (2010) 883-923



RNA maturation and degradation in control of gene expression

It has been considered that in eukaryotes, the RNA
degradation is mainly exonucleolytic (Fig. 3), while in
prokaryotes, endonucleases have a significant impact on
degradation process. In the best-studied model — yeast S.
cerevisiae — the main enzymes involved in the degradation
are exoribonucleases. Degradation in the 5-3’ direction is
performed by the Xrnl protein in the cytoplasm and the
Ratl enzyme in the nucleus (Fritz et al., 2004; Meyer et al.,
2004). The main yeast 3’~5" hydrolytic exonuclease is Rrp44/
(Dis3) from the RNase II family. In the nucleus, there is also
another 3’-5’ exonuclease: Rrp6. Rrp44 interacts with the
nine-protein ring-shapes complex to generate a ribonucleo-
Iytically active exosome, where Rrp44 is the only active
RNase (Liu et al., 2006b; Dziembowski et al., 2007).
The exosome ring is homologous to the archaeal complex
with phosphorolytic nuclease activity and to the bacterial
PNPase (Lorentzen et al., 2007). Surprisingly, this huge
protein machine lost its phosphorolytic activity in the
evolution and in most eukaryotes can induce RNA
degradation only when cooperating with the active compo-
nent Rrp44 (Dziembowski et al., 2007). Recent structural
studies showed that even if the Rrp44 protein by itself is able
to degrade RNA, it seems that the substrates that are
delivered to this nuclease first have to pass the channel in
the exosome ring structure (Bonneau et al., 2009).

Research performed in the last few years proved that
involvement of endonuclease activity in the RNA degrada-
tion process in eukaryotes was underestimated. Among the
other examples (Huntzinger et al., 2008; Eberle et al., 2009),
the most evident was the discovery of the endonucleolytic
activity of the exosome complex; this activity is carried by
the PIN domain localized in the N-terminal part of the
Rrp44 protein. Rrp44, the only active component of the
yeast exosome, can degrade RNA in both an exo- and an
endonucleolytic manner. Because the homologues of Rrp44
from other eukaryotes also have PIN domains, it seems that
endonucleolytic activity is the common feature in its RNA
degradation (Lebreton et al., 2008; Schaeffer et al., 2009).

For a long time, the function of polyadenylation in the
RNA degradation process was considered as one of the most
striking differences between the eukaryotic and the prokar-
yotic RNA metabolism. In the eukaryotes, long poly(A) tails
added by the poly(A) polymerase to the 3’ end of newly
created transcripts have been considered as RNA-stabilizing
elements while in the prokaryotic cell polyadenylation leads
to transcript degradation. Surprisingly, it was discovered that
in eukaryotes, polyadenylation can also drive RNAs to decay.
The TRAMP complex composed of poly(A) polymerase,
helicase and an RNA-binding protein is able to add short
poly(A) tails to the aberrant transcripts, targeting them to
induce rapid degradation (LaCava et al., 2005). This showed
that the poly(A)-dependent RNA degradation mechanism
active in prokaryotes is still present in eukaryotic cells.
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Last discoveries in the field of RNA degradation in
eukaryotes showed that we can find much more similarities
to prokaryotic systems than was previously expected. The
degradation pathways in eukaryotes are obviously more
complex and different in many aspects, but at the same
time, many mechanisms are very similar. We can find
homologues of prokaryotic enzymes that serve important
functions in eukaryotic systems such as bacterial RNase II
and RNase R homologue Rrp44, RNase D homologue Rrp6,
the exosome ring that is structurally very similar to PNPase
and others. Moreover, we can find strikingly similar me-
chanisms even if they are performed by factors without
obvious homology. A key example is the prokaryotic anti-
viral defense system CRISPR, which resembles the eukaryo-
tic RNAi mechanism (Hale et al., 2009). Another example is
the 5’3’ direction exoribonucleolytic degradation pathway,
which is very important in eukaryotic RNA metabolism. In
the last few years, it became clear that, in spite of earlier
beliefs, this pathway in prokaryotes also exists, but enzymes
that are involved are not homologues of the eukaryotic ones
(Mathy et al., 2007). This and many other examples clearly
show that evolution has led to the development of similar
solutions regarding degradation mechanisms.

Eukaryotic organelles are structures of endosymbiotic
prokaryotic origin; they possess their own usually reduced
genome, which is expressed and transcribed, and RNAs are
processed and degraded. The expression of proteins encoded
in the organellar genome is, in most cases, crucial for energy
management in eukaryotic cells. Many questions still remain
about the RNA degradation pathways in organelles, mostly
because they seem to be different in different organisms and
so it is hard to find the general rules that can be applied to all
systems. Nonetheless, RNA metabolic pathways in the
organelles retained some characteristics of the prokaryotic
ancestors. RNA degradation in chloroplasts seems to be
most similar to prokaryotic process. In the higher plant
genomes, we can find sequences of homologues of bacterial
nucleases RNase E and RNase ] that are localized in
chloroplasts (Lange et al., 2009). The degradation process,
similar to that in bacteria, starts with endonucleolytic
cleavage and is then accelerated by polyadenylation and
exonucleolytic degradation by PNPase. There is also an
RNase R homologue that was shown to play a role in rRNA
processing (Bollenbach et al., 2005).

RNA degradation pathways in the mitochondria seem to
be more divergent in different organisms. Interestingly, and
in contrast to the situation in chloroplasts, degradation
pathways in the mitochondria are supposed to be mostly
exonucleolytic. In plants, the main player seems to be
PNPase, which degrades polyadenylated RNA molecules
in the mitochondria (Holec et al., 2006). In contrast, in
yeast S. cerevisige, there is no mitochondrial PNPase;
instead, the main degrading machinery is the mitochondrial
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degradosome complex (mtEXO), which digests RNA in the
3/-5' direction and is composed of the homologue of RNase
II-Dis3 protein and the conserved RNA DEAD-box helicase
Suv3 (Dziembowski et al., 2003; Malecki et al., 2007).
Additionally, it was suggested that there is one more
potential enzyme Pet127 that can degrade RNA in the 5'-3'
direction (Fekete et al., 2008). Surprisingly, there is no
polyadenylaton in yeast mitochondria; instead, stabilizing
functions are served by the proteins that bind to the 3’ and
5’ untranslated ends of the RNA molecules. Degradation of
transcripts in human mitochondria is not well character-
ized. Although the data on this topic are not consistent, it
seems that a homologue of bacterial PNPase is present in the
mitochondria, and it was found recently that it can form a
complex with the human homologue of Suv3 helicase. Suv3
is involved in RNA degradation and removal of aberrant and
cryptic transcripts; the exact function of this protein is still
not clear (Szczesny et al, 2010). Transcripts in human
mitochondria are stably polyadenylated, which, in contrast
to the situation in plant mitochondria, suggests a stabiliza-
tion role for poly(A) tails (Tomecki et al., 2004). On the
other hand, scientists also discovered polyadenylated degra-
dation byproducts, which suggests that polyadenylation can
trigger or aid transcripts’ degradation; therefore, it seems
that polyadenylation in human mitochondria can serve both
functions (Slomovic et al., 2005; Szczesny et al., 2010).

Concluding remarks

Maintenance of optimal levels of RNAs at any time and
under any circumstance is an extremely difficult task to
achieve and requires great coordination among all the
factors involved in this control. It is also assumed that there
is a cross-talk between transcription and degradation to
maintain the balance that is best for the survival of micro-
organisms. There are several examples where this is obvious,
and when a specific message is more transcribed, it is also
more stabilized, and vice versa.

Transcripts can have a different half-life under different
growth conditions to rapidly carry out the necessary changes
and adjust to adequate RNA levels. The same RNA can have
a ‘preferred’ decay pathway, but there are examples where
there are alternative degradation pathways for the same
transcript, depending on which enzyme cleaves first. After
cleavage, the RNA breakdown product(s) can have a distinct
half-life depending on sequence and structure. Therefore,
the structural characteristics of RNA stability and instability
predetermine the ‘fate’ of an RNA, but the environment and
the consequent levels and nature of the degradative enzymes
will also play a determinant role in its turnover. For instance,
the mRNAs expressed in heterologous systems can have a
very different half-life than if they are expressed in their own
microorganism. The directionality of the decay process
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depends on the transcript analyzed. Once we characterize
the enzymes from one microorganism, we can design
strategies to stabilize RNAs. Mutants have been instrumental
in characterizing degradation pathways and in changing the
turnover of specific transcripts, especially because a limited
number of RNases intervene in the maturation and degrada-
tion of RNAs.

There are fundamental principles that govern RNA decay
in all organisms. Evolution has resulted in similar functions
performed by different enzymes. For instance, in E. coli,
RNase E is one of the major endonucleases, but this enzyme
is absent in B. subtilis. In B. subtilis, RNase J1 seems to take
over the same function, and this enzyme is not present in E.
coli. RNase J1 has been shown to have both endo and 5-3’
exo activities. In yeast, 5'~3’ decay is prominent, and Rrp44/
Dis3, an RNase II family enzyme, has dual endo and 3'-5’
exo activities, being an example of an optimized ‘RNA
degradation machine’. Sometimes, RNases also combine
into complexes to speed up the decay process or confer
specificity to certain targets.

It is fascinating to know that RNases themselves are
strictly regulated proteins and have mechanisms to adapt
them to the environment and to the levels of the other
RNases. For instance, RNase R is highly increased under cold
shock; the levels of PNPase and RNase II are inter-regulated
and the level of RNase E is autoregulated.

Recent studies demonstrate that, between prokaryotic
and eukaryotic systems, the RNA degradation mechanisms
have much more similarities than expected. The mechanism
of RNAi in eukaryotes has shown the power of RNA
degradation mechanisms involving RNases. It is now ob-
vious that the modulation of RNA levels and their respective
proteins can be rapidly achieved. In prokaryotes, it was
already known that antisense RNAs could be quite impor-
tant for the control of gene expression. Moreover, the
recently discovered CRISP RNAs (Karginov & Hannon,
2010), which can be considered a bacterial RNAi mechan-
ism, have lent an extra level of complexity to the study of
RNAs and bacterial RNA degradation mechanisms. It is very
stimulating to work in a field of research still full of
surprises! This is a thorough review, but in a few years, we
are sure that there will be much more to say!

It is our hope that this review conveys some of the current
excitement in research on RNA and serves as a source of
inspiration for scientists entering this field.
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The Escherichia coli bolA morphogene is very important in adaptation to stationary phase and stress
response mechanisms. Genes of this family are widespread in gram negative bacteria and in eukaryotes.
The expression of this gene is tightly regulated at transcriptional and post-transcriptional levels and its
overexpression is known to induce round cellular morphology. The results presented in this report dem-
onstrate that the H-NS protein, a pleiotropic regulator of gene expression, is a new transcriptional mod-
ulator of the bolA gene. In this work we show that in vivo the levels of bolA are down-regulated by H-NS
and in vitro this global regulator interacts directly with the bolA promoter region. Moreover, DNasel foot-
printing experiments mapped the interaction regions of H-NS and bolA and revealed that this global reg-

H-NS ulator binds not only one but both bolA promoters. We provide a new insight into the bolA regulation net-
bolA work demonstrating that H-NS represses the transcription of this important gene.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The Escherichia coli bolA gene is induced at the onset of station-
ary phase and in response to many forms of stress [1]. The overex-
pression of bolA leads to substantial changes in the cell and the
bacterial bacilli transform into spheres [1-3]. The fact that BolA af-
fects the expression of numerous genes highlights its importance,
and previous reports show that bolA can act as a transcription fac-
tor. For instance, BolA has been demonstrated to specifically inter-
act with the mreB promoter, repressing its transcription [4]. This
leads to a reduction in MreB protein levels and consequently to
an abnormal MreB polymerization. BolA was also shown to directly
regulate the transcript levels of the important D,D-carboxypeptid-
ases PBP5 and PBP6, and to modulate the expression levels of the
B-lactamase ampC [2,5]. Furthermore, bolA is involved in biofilm
development and promotes changes in the outer membrane that af-
fect permeability and resistance to antibiotics such as vancomycin
[6,7]. It is not surprising that the expression of a gene involved in
the control of several cellular processes is tightly regulated at tran-
scriptional and post-transcriptional levels. In optimal growth con-
ditions, bolA is under the control of a weak o’°-dependent
constitutive promoter, bolAp2. During stress and stationary phase
it is mostly transcribed from the strong gearbox promoter, bolAp1,
induced by the sigma factor ¢° [3,8]. As a o°-regulated gene, bolA
expression is sensitive to ppGpp [9] and cAMP [10] intracellular lev-
els. bolA was also shown to be repressed by the direct binding of

* Corresponding author. Fax: +351 214469549.
E-mail address: cecilia@itgb.unl.pt (C.M. Arraiano).
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OmpR in its phosphorylated form [11]. Ribonuclease III (RNase III)
and polyA polymerase (PAPI) are involved in post-transcriptional
control of bolA expression [12-14].

The histone-like (or heat-stable) protein H-NS was shown to
affect some o*-dependent genes [15]. This 15kDa nucleoid-
associated protein is abundant in bacterial cells and is often
compared to eukaryotic histones because of its high affinity for
DNA. It binds preferentially to curved AT-rich regions that are
found in certain promoter regions [16].

In this work we show that H-NS down-regulates bolA levels. We
demonstrate that this regulation is mediated by a specific binding
of H-NS to the bolA promoter region, involving both promoters. The
interaction region of H-NS with bolA promoters was mapped and
the implications of bolA regulation by H-NS are discussed.

2. Materials and methods

Restriction enzymes, T4 DNA ligase, Pfu DNA polymerase and T4
polynucleotide kinase were purchased from Fermentas. DNasel was
purchased from Sigma. All the enzymes were used according to the
supplier’s instructions. Oligonucleotide primers used in this work
are listed in Table 1 and were synthesized by STAB Vida, Portugal.

2.1. Bacterial strains and plasmids

The E. coli strains used were: DH5a (F fhuA2 A(argF-lac-
Z)U169 phoA gInV44 ®80 A(lacZ)M15 gyrA96 recAl relAl endAl
thi-1 hsdR17a) for cloning experiments; BL21(DE3) (F~ ry; my gal
ompT (int::Pgcyys T7 genl imm21 nin5) for overexpression and
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Table 1
Oligonucleotides used in this work.

Oligonucleotides Sequence

hnsNdel 5'-GGAATTCCATATGAGCGAAGCACTTAAAATTCTG-3'
hnsBamHI 5'-CGGGATCCCGTTATTGCTTGATCAGGAAATCGTCGAGGG-3'
X2 5'-GTCACAATGTCCCAGCCG-3'

X7 5’-CGATGCTTCCTGCTCCAC-3’

16sF 5-AGAGTTTGATCCTGGCTCAG-3’

16sR 5’-ACGGCTACCTTGTTACGACTT-3’

bolAFw 5'-GGGGTACCTGTTTGGTAAAAATTCCCG-3'

RNMO012 5-TCTATCCGCTCACGTATCAT-3’

RblrealT 5'-AGTTCCTCCGCTAAAGTACTG-3’

P2 5'-CTTGACGGAAAAACCAGGACG-3’
FblrealT 5’-AACCCGTATTCCTCGAAGTAG-3'

purification of the H-NS protein; JW1225 (Ahns::kan") [17];
MG1655; MG1693 (a spontaneous Thy  derivative of strain
MG1655); and CMA92 (MG1655 Ahns::kan"), this work. These
strains were grown in Luria Broth medium (LB) at 37 °C, supple-
mented with 100 pg/ml ampicillin or 50 pg/ml kanamycin, when
required.

The hns coding sequence was amplified by PCR using E. coli
MG1693 chromosomal DNA and the primers hnsNdel and
hnsBamHI. The amplified fragment was cut with Ndel and BamHI
restriction enzymes and cloned into the pET-15b vector (Nova-
gen) previously cleaved with the same enzymes. The resulting
plasmid (pCDA1) encoding H-NS fused to an N-terminal His6-
tag was used to transform E. coli BL21(DE3) resulting in CMA93
strain (BL21(DE3) + pCDAT1).

The hns deletion mutant was obtained from the Keio collection
[17]. P1-mediated transduction to transfer the mutation to the
MG1655 background (CMA92) was performed as previously de-
scribed [18]. All constructions were confirmed by DNA sequencing
at STAB Vida, Portugal.

2.2. Expression and purification of H-NS

BL21(DE3) containing pCDA1 was grown overnight at 37 °C,
120 rpm in LB media supplemented with 100 pg-ml~' ampicillin.
Fresh 250 ml of LB was inoculated with the overnight culture to a fi-
nal ODggp of 0.1 and the culture was incubated at 37 °C, 180 rpm. At
ODggp - 0.5, the expression of hns was induced with 1 mM IPTG for
2 h in the same growing conditions. Cells were harvested by centri-
fugation and the pellets stored at —80 °C. The cellular pellets were
resuspended in 6 ml of buffer A (20 mM sodium phosphate, 0.5 M
NacCl, 20 mM imidazole, pH 7.4) supplemented with 0.1 mM phenyl-
methylsulfonyl fluoride (PMSF). Cells were then disrupted using a
French press at 9000 psi and the crude extracted was treated with
Benzonase (Sigma) to degrade the nucleic acids. After 30 min incu-
bation on ice, the suspension was centrifuged for 30 min, at
48,000g, 4 °C. The supernatant was collected and loaded into a Hi-
sTrap Chelating Sepharose 1 ml column (GE Healthcare) equili-
brated in buffer A using an AKTA HLPC system (GE Healthcare).
Elution was performed using a gradient of buffer B (20 mM sodium
phosphate, 0.5 M NaCl, 500 mM imidazole, pH 7.4) from 0% to 100%
in 20 min. Collected fractions containing the pure protein were
pooled together and buffer exchanged to buffer C (20 mM sodium
phosphate, 0.5 M NaCl, pH 7.4) using a desalting 5 ml column (GE
Healthcare). Eluted proteins were then concentrated by centrifuga-
tion at 4 °C with an Amicon Ultra Centrifugal Filters Devices (Milli-
pore) with a mass cutoff of 10 kDa. Protein concentration was
determined by the Bradford quantification method and 50% (v/v)
glycerol was added to the final fractions prior to storage at —20 °C.
More than 90% homogeneity was revealed by analyzing the purified
protein in a sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) stained with Coomassie blue.

2.3. RNA extraction and RT-PCR

Total RNA was extracted by the Trizol (Ambion) according to the
supplier instructions with some modifications. Briefly, an overnight
CMAO92 culture was diluted to a final ODggg of 0.1 and incubated at
37 °C, 180 rpm. Samples were collected at different points corre-
sponding to the different phases of the bacterial growth curve (expo-
nential - 0.4; late exponential - 1.2; and stationary phase - 2.5).
Each aliquot containing 20 ml of bacterial cell culture was mixed
with an equal volume of TM buffer (10 mM Tris, 25 mM NaNjs,
500 pg/ml chloramphenicol, 5 mM MgCl,, pH 7.2) and harvested
by centrifugation. The cell pellet was resuspended in 600 pl of lysis
buffer (10 mM Tris, 5 mM MgCl,, 300 pig/ml lysozyme, pH 7.2) fol-
lowed by five cycles of freeze and thaw. The suspension was supple-
mented with 1% SDS and 0.33 mM AcOH. One milliliter of Trizol
reagent (Ambion) was added and the suspension was vortexed
5 min at room temperature, followed by a 10 min centrifugation at
16000g, 4 °C. The aqueous phase was collected and mixed with
200 pl of chloroform. The mixture was vortexed again for 15 min
atroom temperature and centrifuged for 15 minat 4 °C. The aqueous
phase was collected and total RNA was precipitated with isopropa-
nol. After drying, the pellet was resuspended in H,O and the RNA
concentration was measured with a spectrophotometer (NanoDrop
1000).

Reverse transcription-PCR (RT-PCR) was carried out with 50 ng
of total RNA, with the OneStep RT-PCR kit (Qiagen), according to
the supplier’s instructions, using oligonucleotides X2 and X7. As
an independent control, the 16S rRNA-specific primers 16sF and
16sR were used. Prior to RT-PCR, all RNA samples were treated
with Turbo DNA free Kit (Ambion). Control experiments, run in
the absence of reverse transcriptase, yielded no product.

2.4. Electrophoretic mobility shift assays

All the fragments used in the electrophoretic mobility shift as-
says (EMSA) experiments were generated by PCR and were radioac-
tively labeled at their 5’-end. For this purpose the reverse primer in
each PCR reaction was previously end-labeled with [3?P]-y-ATP
using T4 polynucleotide kinase. PCR reactions were carried out
using genomic DNA from E. coli MG1693 as template. Four different
substrates were obtained with different primer pairs: bolAFw and
RNMO012; bolAFw and RblrealT; P2 and RblrealT; FblrealT and Rbre-
alT. The resulting PCR fragments were run in a 5% non-denaturing
polyacrylamide (PAA) gel and purified by the crush and soak meth-
od previously described [18]. The concentration of the purified frag-
ments was measured in a Biophotometer Plus (Eppendorf).

Binding reactions were performed in a total volume of 10 pl con-
taining EMSA buffer (10 mM Tris-HCI pH 8, 10 mM MgCl,, 100 mM
NaCl, 10 mM KCl, 0.5 mM DTT, 5% glycerol), 1 nM of labeled sub-
strate and increasing concentrations of purified H-NS. H-NS was di-
luted to the desired concentrations prior to the assay in 2 mM Tris—
HCl pH 8, 0.2 mM DTT, 10 mM KCl and 10 mM Nacl. In all the assays
a control reaction without protein was performed. The binding
reactions were incubated at room temperature for 20 min and the
samples were then analyzed in a 5% non-denaturing PAA gel.
DNA-protein complexes were detected using the Phosphorlmager
system from Molecular Dynamics.

2.5. DNasel footprinting

DNasel footprinting assays were performed as described by Le-
blanc and Moss [19] with some modifications. Briefly, the DNA-
protein complexes obtained as described above (but in a total vol-
ume of 50 pl), were supplemented with a cofactor solution (5 mM
CaCl,, 10 mM MgCl,) and 5 x 10~ Kunitz units/pL of DNasel, and
incubated 2 min at room temperature. The digestion reaction
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was stopped with addition of stop buffer (1% SDS, 200 mM Nacl,
20 mM EDTA, pH 8.0) followed by phenol-chloroform-isoamylalco-
hol (Sigma) extraction of the digested DNA. The extracted DNA was
resuspended in formamide dye mix [95% deionized formamide,
0.025% (w/v) bromophenol blue, 0.025% (w/v) xylene cyanol FF,
5 mM EDTA pH 8.0, 0.025% (w/v) SDS], resolved in a 8% denaturing
8.3 M urea PAA sequencing gel at 1500 V in 1X TBE. Digested frag-
ments were detected using a Phosphorlmager system from Molec-
ular Dynamics. M13 sequencing reaction was performed with
Sequenase Version 2.0 sequencing kit according to the instructions
manual and resolved in the same gel.

2.6. DNA curvature analysis

The online available DNA curvature analysis software (<http://
www.Ifd.uci.edu/~gohlke/dnacurve/>) was used with AA Wedge
algorithm. This bioinformatics tool enables the compilation of the
curvature values and the calculation of the global 3D structure of
a DNA molecule from its nucleotide sequence. This program was
used to obtain the 3D model of the bolA promoter region.

3. Results and discussion
3.1. Effect of H-NS in bolA expression

In optimal growth conditions during exponential phase bolA is
regulated by ¢’° and only relatively low mRNA levels are de-
tected in the cell. However in stationary phase, bolA expression
is under the control of ® and a 5-fold increase of the transcript
level is observed [1]. Under stress conditions the bolA levels can
increase further [1]. Since H-NS is a global regulator shown to af-
fect the expression of several genes that respond to stress and are
regulated by o®, we wanted to test whether H-NS could also be
involved in the control of bolA expression. Taking into account
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Fig. 1. Down-regulation of the bolA transcript level by H-NS. RT-PCR amplification
of bolA transcript from total RNA extracted in different growth phases: E. coli
exponential (ODggo 0.4), late exponential (ODggo 1.2) and stationary phase (ODgoo
2.5) (upper image). Control experiments performed with 16s rRNA specific primers
(image on the bottom) indicated that there were no significant differences in the
amounts of RNA in each sample.

that bolA is growth-phase regulated, the influence of H-NS on
its expression was assayed during different phases of bacterial
growth. Three points were analyzed (ODggg of 0.4, 1.2 and 2.5)
corresponding to exponential, late exponential and stationary
phase. For each optical density, samples were taken and total
RNA was extracted from a WT cell culture and the isogenic Ahns
strain. bolA mRNA levels were then estimated by RT-PCR using a
pair of specific primers (Fig. 1). In agreement with the previous
results for the wild type strain, bolA levels are low during expo-
nential phase and reach a maximum during stationary phase. In
the absence of H-NS, the bolA levels in late exponential phase
are significantly higher than in the wt and increase ~2.4-fold.
In the hns strain there is also an increase of bolA in stationary
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Fig. 2. DNA-protein interactions of bolA promoters and H-NS. (A) Schematic representation of bolA genomic region. The different substrates used in the electro-mobility shift
assays (EMSA) are represented. (B) Representative EMSA of H-NS with 1 nM of the indicated substrates above the respective image. A control reaction without protein ([H-
NS] = 0.0 uM) was performed in all experiments. Binding reactions using an increasing concentration of H-NS (indicated at the top of each lane) were resolved in a 5% non-

denaturing polyacrylamide gel. Free DNA and DNA-protein complexes are indicated.
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phase but the difference is quite lower. H-NS is probably repress-
ing the expression of bolA during late exponential growth simi-
larly to what happens when it regulates the hchA gene [20]. On
the other hand, in stationary phase competes with the higher
o°® levels in the cell, and that is probably why it can not exert
the same level of repression.

Taken together, these results indicate that H-NS downregulates
bolA expression, supporting our hypothesis that H-NS could be a
transcriptional repressor of bolA expression. Moreover, these re-
sults provide another evidence for the key function of H-NS as a
selective silencer of genes that rapidly respond to environmental
changes [15,21,22].

3.2. H-NS binds specifically to bolA promoter(s)

The RT-PCR results indicate that H-NS is involved in the modula-
tion of bolA mRNA levels. However the nature of this regulation re-
mains unknown. H-NS is known to be able to modulate gene
expression in at least two different ways: by directly binding to spe-
cific targets or indirectly through the down-regulation of the c*
transcript [15]. Thus we tested if H-NS could be acting directly over
bolA as a transcriptional regulator. For this purpose, the E. coli H-NS
protein was purified near homogeneity (Figure S1) and the pure pro-
tein was used in gel mobility shift assays with the bolA genomic re-
gion. Four different substrates were used in order to discriminate the
ability of H-NS to bind the bolA upstream region (Fig. 2A). As a pro-
tein that binds DNA with high affinity, H-NS was able to retard the
mobility of all the DNA fragments tested, generating retardation
bands that correspond to DNA-protein complexes (Fig. 2B). How-
ever, some relevant differences were observed among the substrates
tested. The substrate 1, comprising only bolAp2 and bolAp1 is clearly
the preferred H-NS substrate. For this substrate DNA-protein com-
plexes could be observed with only 0.3 pM of H-NS, while at least
a 2-fold excess was needed for the formation of DNA-protein com-
plexes with any of the other substrates. In addition, when using sub-
strate 1 almost all DNA was bound with only 0.9 uM of H-NS,
whereas the amount of protein needed to completely bind the sub-
strate 2 (bolAp2 + bolAp1 + ORF) raised to 1.2 pM. This amount of H-
NS was not even sufficient to completely bind substrate 3 (missing
bolAp2), and at this protein concentration free DNA was still de-
tected. At higher H-NS concentrations, a retarded band of higher
molecular mass could be detected. The appearance of this band
was concomitant with the disappearance of the complex of lower
mass. The higher band probably corresponds to the binding of more
than one molecule per substrate. H-NS is indeed known to form
higher order structure complexes with its targets [23]. With sub-
strate 1, at 1.2 uM almost all DNA molecules seem to be bound by
more than one protein molecule. When using substrate 2 with the
same H-NS concentration, this higher order complex is almost ab-
sent, indicating that the majority of DNA is still bound by only one
H-NS molecule. The substrate missing bolAp2 presents an intermedi-
ate situation since both protein complexes are equally detected.
These experiments show that in vitro the presence of the whole bolA
coding region (substrate 2) or the deletion of bolAp2 (substrate 3)
seems to affect the efficiency of the H-NS binding to bolA. Finally,
H-NS was also able to bind to the substrate which comprises only
the bolA coding region (substrate 4), although with a significantly
lower affinity. Together, these results suggest that H-NS binds pref-
erentially the bolA promoter region (with both promoters). H-NS is
not only sequence but also structure sensitive [21]. Despite bolAp1
and bolAp2 being present in substrate 2, the additional presence of
the bolA ORF may change the conformation of the promoter region
(see below), thus affecting H-NS binding. This likely explains the
partial loss of H-NS binding affinity for the longer substrate.

These experiments clearly show that the efficiency of H-NS bind-
ing is affected by both bolA promoters. Together with the in vivo data
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Fig. 3. Mapping of H-NS binding sites on bolA promoters by DNasel foot-printing.
Electrophoretic separation of a fragment with bolAp2 and bolAp1 after H-NS binding
followed by DNasel digestion. The different lanes correspond to different H-NS
concentrations, as indicated on top. The lanes labeled with A, T, C and G represent
the M13 sequencing reaction. The sites that are protected by H-NS are indicated
with black lines. The numbers indicate nucleotide positions with respect to the
bolAp1 transcription start site.

these results provide strong evidence that H-NS represses bolA tran-
scription through a direct interaction with the entire bolA promoter
region. Our results indicate that the reported co-immunoprecipita-
tion of bolA with H-NS [16] was probably due to a direct interaction
with this bolA region.
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GGTAAGGCAT GTAAATTCAT CATGTTGACG

CCATTCCGTA CATTTAAGTA GTACAACTGC
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Fig. 4. Schematic representation of bolA promoter region. The numbers indicate nucleotide positions with respect to the bolAp1 transcription start site. The sites revealed by
H-NS-mediated DNasel protection are highlighted in gray and the -35 and -10 regions of the promoters are underlined. The transcription start sites (a and b), and the
initiation codon are in bold. The H-NS-binding consensus sequence is indicated above the DNA duplex, and the vertical bars indicate the base match between consensus and
promoter sequence. The region of DNA predicted to have significant curvature is indicated by a curved line immediately above the sequence.

3.3. DNA curvature of bolA promoter region

DNA curvature analysis bioinformatics tool was used to calculate
the bending region(s) to evaluate if 3D structure of the bolA promot-
ers could influence H-NS binding. The double helix of a DNA frag-
ment containing both bolA promoters displayed an accentuated
curvature, possibly favoring the interaction with H-NS (Figure S2).
However, when a DNA fragment lacking bolAp2 was analyzed (such
as substrate 3), the curvature is close to null. Hence, the DNA curva-
ture seems to be directly dependent on the bolAp2 region. Since the
DNA structure is an important factor for the proper H-NS binding
specificity, this could be one reason for the variations observed
above (in the gel retardation assays).

3.4. Mapping of H-NS interaction sites

To pursue our studies and clearly identify the region(s) of inter-
action between H-NS and the bolA promoters we have performed
DNasel foot-printing assays to map the H-NS binding sites to the
bolA promoters. We used a DNA fragment containing both bolAp2
and bolAp1 (substrate 1 - Fig. 2) and protection zones were identi-
fied (Fig. 3). The interaction regions were evenly distributed
through the entire region analyzed, which demonstrates that
H-NS can bind to several sites covering both bolA promoters. Se-
quence analysis demonstrated that the largest protection site
was detected in the gearbox promoter bolAp1 (Fig. 4). A narrower
protection zone was found upstream of the -35 box of this pro-
moter. Two other main interaction regions were mapped around
bolAp2. The last protection zone corresponds only to a 3 bps se-
quence and it may not be significant. Even though H-NS was con-
sidered a non-sequence specific binding protein, recent studies

defined that this global regulatory protein interacts with AT-rich
regions commonly found in bacterial gene promoters [21]. A con-
sensus region, and a consensus structure (DNA curvature) for pro-
tein-DNA interaction has also been identified [21,24,25]. In these
experiments, the regions of interaction were confirmed to be
AT-rich, matching the characteristics of the high affinity H-NS
interaction zones and, all the main interaction zones identified
share a partial similarity with the 10bp described consensus
(TCGTTAAATT) [21] (see Fig. 4). Altogether, our results support
H-NS ability to bind simultaneously to several sites within the en-
tire regulatory region of bolA, and form higher order structures
originating a repressive nucleoprotein complex that modulates
the activity of bolAp1 and bolAp2.

In this report we showed that the pleiotropic histone-like pro-
tein H-NS is a new transcription regulator of bolA and we have
characterized its mode of action. We demonstrated that H-NS is di-
rectly repressing bolA expression by binding to different locations
along its entire promoter regions. Four major interaction zones
were identified encompassing both bolAp2 and bolAp1 promoters.
Moreover, the binding sites are confined to a curved DNA region,
acknowledged to be the H-NS preferred consensus structure.

BolA has been shown to be a pleiotropic protein that affects sev-
eral cellular functions. It has been described as a transcription fac-
tor, as well as a morphogene [2,4,26]. It was also shown to be
important for cell survival [7]. In this context, a fine tuned regula-
tion of this gene may be essential for the cell. This work adds a new
regulator, H-NS, to the already complex network of BolA modula-
tors. H-NS is known to be involved in flagella biosynthesis [27].
Additionally, in E. coli, bacterial motility influence biofilms archi-
tecture [28]. We have previously shown that bolA can induce bio-
film formation [6], therefore H-NS and BolA may be involved in
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the molecular mechanisms that control the link between motility
and biofilm development.
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Abstract

The BolA protein homologues are widely distributed
in nature. In this report, we have studied for the first
time YrbA, the only BolA homologue present in E.
coli, which we have renamed as ibaG. We have
constructed single and multiple ibaG mutants, and
overexpression plasmid in order to characterize this
gene. IbaG phenotypes are different from the bolA
associated round morphologies or growth profiles.
Interestingly, the ibaG and bolA single and double
deletion mutants grow faster and have higher
viabilities, in rich medium, while the overexpression
strains are significantly growth impaired. However
the mutant strains have lower viabilities than the wild
type in late stationary phase, indicating that both bolA
and ibaG are important for survival in difficult growth
conditions. In this work, ibaG was also demonstrated
not to interact with DNA fragments differing from the
BolA transcriptional factor, but to change its mRNA
expression pattern in response to acidic stress. 1baG
may represent a new gene involved in cell resistance
against acid stress.
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Introduction

The BolA protein homologues are widely distributed
in nature with exception of Gram-positive bacteria.
Moreover some organisms have several genome
copies. Although their cellular role is still an open
field to research, these proteins seem to be involved in
protection from stress and cell proliferation or cell-
cycle regulation [15]. The overall topology of a mouse
BolA-like protein is similar to the class II KH fold [1].
Interestingly, all the conserved residues in the BolA-
like proteins are assembled in one side of the protein
[14]. E. coli BolA acknowledged amongst several
transcriptional factors [20]. It exhibits an helix-turn-
helix motif that may correspond to a DNA-binding
domain, through which it can eventually interact and
transcriptionally regulate different genes [1]. In
agreement, BolA was shown to repress the actin-like
E. coli protein MreB [9] and to induce the DD-
carboxypeptidases PBP5 and PBP6 [12, 29]. When bolA
is overexpressed, the cells reduce size and present a
spherical morphology [3, 28, 29]. The rod to sphere
shape modulation occurs from exponentially growing
to stationary phase cells, in a FtsZ dependent manner
[3, 16]. Moreover, bolA overexpression induces biofilm

formation [30], and alters the outer membrane



Table 1. Bacterial Strains and Plasmids

Strains Description Reference or source
BL21(DE3) Novagen commercial strain
DH5a+pCP20 (thermosensitive plasmid expressing recA, to RFFP excise the antibiotic
BT340 (Cherepanov and Wackernagel, 1995)
cassette inserted in the genome)
CMA10 MG1693 + pMAKS80 (strain with plasmid overexpressing bolA) Santos et al., 1999
CMAS50 BL21 (DE3) + pPFAO02 (plasmid over-expressing (His)6—BolA) (Freire et al., 2009)
BL21+p363 (plasmid encoding for GFP after Multi Cloning Site to evaluate transcription
CMAG63 (Freire et al., 2009; Miksch et al., 2005)
levels of the genes after the promoters inserted)
CMAS83 MG1693 + pBr325 (Gibco Brl commercial plasmid) (this study)
CMAS84 MG1693 + pBGAO1 (plasmid overexpressing yrbA[ibaG)) (this study)
CMASBS MG1693 AibaG::Kan® (yrbA[ibaG] deletion mutant  Keio derived) (this study)
CMAS86 MG1693 Abold::Kan' (bolA deletion mutant (Keio derived) (this study)
CMAS87 MG1693 AbolA (bolA deletion mutant without the Kanamycin resistance cassette) (this study)
CMASS MG1693 AbolAAibaG:Kan® (double bold & yrbA[ibaG) deletion mutant) (this study)
CMAS89 MG1693+pRMAO02 (plasmid expressing GFP downstream the 17bA(ibaG) promoter) (this study)
CMA90 MG1693AbolA:: Kan+pRMAO02 (this study)
BL21 (DE3) + pPFA02+pRMAO02 (CMAS0 with plasmid expressing GFP downstream .
CMA91 (this study)
the yrbA(ibaG) promoter)
JW3157  MG1655AibaG::Kan' (Keio collection mutant for yrbA[ibaG]) (Baba et al., 2006)
JWS060 MG1655AbolA::Kan' (Keio collection mutant for bol4) (Baba et al., 2006)
thyA715 (background strain)
MG1693 Bachmann and Low, 1980
properties namely accessibility and sensitivity = oxidative, osmotic and glucose depletion) [3, 28]. At
towards detergents and antibiotics [10]. Those the post-transcriptional level, BolA is indirectly
biochemical and physiological alterations may  modulated by Ribonuclease III that increases rpoS

depend on the role of BolA regulation over inner
membrane proteins [1].

The bolA gene is preceded by two promoters: bolA2p
and bolAlp. The upstream promoter bolA2p is weak,
constitutive, and dependent on o”°. The bolAlp
expression is driven by oS and is a gearbox promoter,
showing an activity inversely dependent on the
growth rate [1-3]. BolA transcription increases
substantially in the transition to stationary phase [1].

The bolAlp promoter is also induced in exponential

phase in response to several stresses (heat, acid,

mRNA and o° protein levels [8, 26]. Polyadenylation
also reduces o proteolysis, and consequently affects
bolA [27]. Since this gene is strongly expressed under
stress and quite promptly repressed when growth
conditions become favourable, bolA is suggested to be
involved in  promoting  general resistance
mechanisms. In agreement, the bolA yeast homologue
is a UV-inducible gene which accelerates spore
formation, decreases proliferation rate, enhances cell
confers UV resistance and

size, is eventually



responsible for the control of cell division, especially
on resumption from cell cycle arrest [15].

Given the importance of BolA in several challenging
environments in silico analysis (protein BLAST) was
performed and a BolA homologue protein (YrbA) was
found in E. coli. YrbA has 23% of amino acid overall
identity, 58% of similarity at the BolA/YrbA domain,
and over 70% of the amino acid residues of both BolA
and YrbA proteins can be aligned. Similarly to BolA,
YrbA has a helix-turn-helix motif, usually responsible
for protein-DNA interaction.

In this work we have constructed a single isogenic
yrbA mutant and double bolA/yrbA mutant to evaluate
in reference to the bolA mutant and wild type strain.
YrbA overexpression and characterization upon
several growth conditions was also performed, and
the results have shown that this gene is responsive to
acid stress, therefore we have proposed a new name

for yrbA: influenced by acid gene, ibaG.

Materials and Methods

Bacterial Strains and Plasmids

The strains and plasmids used in this study are
described in Table 1. MG1693 chromosomal DNA was
used as template for ibaG and surrounding regions
PCR using Pfu DNA polymerase (Fermentas) and the
primer pair pCLON1/pCLON2 (Table S1). DNA
template was prepared using the genomic DNA
purification kit from PUREGENE™DNA Cell &
Tissue Kit Purification System from Gentra Systems.
Both pBR325 and the portion of genome amplified

contained the Aatl and PtsI restriction sites that were

separately digested. The 5319 bp plasmid fragment
and the PCR fragment digestion were purified with
the illustra™ GFX™ PCR DNA and Gel Band
Purification Kit from GE Healthcare. Overnight
ligation was performed with T4 DNA ligase (Roche)
to produce the pBGAO1 plasmid.

The bolA and ibaG deletions were transferred from the
Keio collection deletant strains to the MG1693 strain.
The Keio collection deletant strains were kindly
provided by Keio University [4]. All deletion
constructs from Keio were performed inserting a
kanamycin resistance cassette while removing the
genes with exception of the first and last few base
pairs. This prevented frameshift and downstream
genes expression to be affected in the case of operon
co-expressed genes. In this case, the ibaG (previously
designated yrbA) gene was removed maintaining the
upstream promoter region and the downstream
essential gene expression unperturbed [4]. Gene
transfer was achieved by Pl-mediated transduction
according to the method previously described [22].
For construction of the double deletion mutant the
kanamycin resistance cassette (introduced to delete
the bolA gene) was eliminated before the second
transduction. The FRT (FLP recombination target)
sites flanking the antibiotic resistance cassette were
eliminated by recombination by the FLP recombinase
encoded in the pCP20 plasmid that was transformed
and then temperature cured, following the published
protocol [7].

The plasmid pRMA2 was constructed encoding the

gfp gene (for green fluorescent protein) under the



control of ibaG promoters, using the vector p363 [21].
To do so, the ibaG promoter was PCR amplified using
the primers yrFw and yrRev (see Table S1). The result
fragment was digested with Clal (Fermentas) and
ligated to the p363 fragment digested with the same
restriction enzyme. When necessary, strains were
transformed with plasmid pCP20 (commercial
plasmid), pBR325 (commercial plasmid), pBGAO1
(this study), pMAKS580 [3], or pRMAQ2 (this study).
Transformations were carried out as previously
described [25]. All plasmids and deletion mutants
were confirmed by DNA sequencing at STAB Vida,

Portugal.
Media, growth conditions, and viability

evaluation

Luria broth (LB), M9, and Luria agar (LA)
compositions were prepared as previously described
[22]. When required, the media were supplemented
with 0.4 mM thymine, 50 mg/ml chloramphenicol, 50
mg/ml kanamycin, 0.04% glucose (w/v), (all from
Sigma) and 1 mM IPTG (from Apollo Scientifics). For
acid and osmotic challenge experiments, strains were
grown in LB. Overnight grown cultures were diluted
to an ODe20nm of 0.08 and allowed to grow until an OD
of about 0.5. At such moment all cultures were
centrifuged at 5500 g for 15 minutes at 4 °C, to change
media into a buffered LB at different pH or ionic
strengths. Tests were performed at pH3, 4, and 5 in LB
buffered with sodium citrate and LB plus citric acid,
or LB with 87.5 mM, 175 mM, and 350 mM NaCl,
according to previous description

[17]. Optical

densities were measured in an Amersham Biosciences

Ultrospec®500/1100pro spectrophotometer at 620nm,
using 10 mm light path cuvettes. The ODs were
determined according to the Lambert-Beer law’s
limits of direct proportionality between OD and
sample concentration (dilutions were made in LB so
that density values would be read between 0.02 and
0.6); the phases of growth analyzed were determined
according to the growth curves. Batch cultures were
either launched from 16h overnight inoculi at 30°C
(for mild growth) or 37 °C and 100 rpm, which were
diluted to an optical density of 0.08 measured at 620
nm (ODe2onm). Cultures were grown aerobically at 37
°C and 120 rpm. For nutritional stress evaluation cells
were grown in M9 supplemented with glucose until
an ODeonm of 0.35 - corresponding to exponential
phase (M9 Exp), washed twice in M9 without glucose
and resumed growth in the same glucose depleted
media for 60 minutes — corresponding to starvation
(Starv 1h). After one hour of glucose starvation
cultures were re-added with glucose for some
additional 15 minutes — corresponding to reversion
(Rev 15 min). For evaluation of viability, the samples
were processed in LB serial dilutions, and plated in
LA. The number of colony forming units (cfu) was
counted and viability was determined according to
the equation: Number of dividing cells per ml = cfu x

10dilution % 1000/100.
Microscope preparations

To observe the effect of IbaG (YrbA) on cells
morphology, planktonic cells were harvested from

cultures growing in LB, at the time points

corresponding to log, early exponential, late



exponential, early stationary and late stationary
phases, or from cultures growing in M9 at exponential
phase (M9 Exp), after one hour of starvation (Starv
1h), and after 15 minutes of reversion (Rev 15 min).
Cells were fixed with 0.75% (v/v) formaldehyde and
stored at 4 °C. For the Differential Interference
Contrast (DIC) microscopy photographs, 20 ul of the
samples were observed in slides coated with a thin
1.5% (w/v) agarose film, and enclosed with nr.1 cover
glass. Images were obtained using a DMRA

microscope (Leica) under Nomarski optics coupled to

a CCD camera, with Metamorph software.

Overexpression and purification of BolA

protein

BolA overexpression using the pPFA02 plasmid and
sequential purification was performed according to
previous description [12]. The plasmid used for
expression of BolA was a pET28a derived pPFAOQ2 [9]
transformed into a Novagen E. coli BL21 (DE3) strain
(Table 1). Purification of BolA was performed by
histidine affinity chromatography using His Trap
Chelating HP columns (GE Healthcare) and AKTA
fast protein liquid chromatography system (GE
Healthcare). Proteins were eluted with a continuous
imidazol gradient (until 100 mM) and buffer was
exchanged to 20mM Sodium Phosphate pH7.4 and
50mM NaCl buffer. Protein concentration was
determined by spectrophotometry using a Nanodrop
device and measuring the OD at 280 nm. 10ul of
purified protein fractions were applied to a 15% SDS-
PAGE and visualized by Coomassie blue staining to

assess protein purity (data not shown).

Surface Plasmon Resonance (SPR) Analysis

The SPR analysis was performed in a BLACORE 2000
instrument. Purified BolA protein was immobilized in
a CMS5 sensor chip by amine coupling immobilization
method according to the manufacturer’s instructions
(GE Healthcare). The same immobilization procedure
was performed with the same molarity of BSA control
protein in a reference flow cell, used to correct for
refractive index changes and non-specific binding
[12]. The ibaG promoter and open reading frame
(ORF) were amplified by PCR using primers
yrFw/YrRev and 3/5 primers, respectively (see Table
S1). To create a fragment containing the ORF
exclusively, the second PCR product was digested
with Ncol, and purified with the Nucleic Acid and
Protein Purification kit: NucleoSpin®Extract II, from
Macherey-Nagel. The promoter sequence of the
mreBCD operon was used as a positive control, and
the bolA open reading frame (ORF) DNA encoding
fragment as a negative control, as previously
described [9]. The assays were run at 25 °C in 20 mM
Sodium Phosphate pH7.4, 1 mM dithiothreitol, and
500mM NaCl buffer as previously described [12].
Equilibrium constants were determined using the BIA
Evaluation 3.0 software package, according to the
fitting model 1:1 Langmuir Binding, and y2 statistics

were used to evaluate the fitness of the model to the

data.
RNA extraction and probe preparation

Culture samples were taken at the desired time points
along the growth curve — ODs2onm= 0.4, 1.7, and 5 - or

after imposition of osmotic or acidic stresses: 350 mM



NaCl [23] or 30% HCI, lowering the pH at 7.2 to 4.4 [5]
both at time 0 and 60 minutes. Total RNA was
extracted as described [26]. In all experiments 1 ul of
the RNA samples was quantified by UV spectrometry
with NANODROP and integrity was verified. The
probes used for bolA and ibaG, in Northern blot
experiments spanned the entire transcriptional units
and were obtained by PCR, using Taq polymerase
(Fermentas) and respectively the primers P2/X9 and
3/5, in the case of DNA probes, or P2/X9_T7 and
3/5_T7, in the case of RNA probes (see Table S1). 3 ul
of pUC Mix Marker 8 (Fermentas) were labeled with
[y-32P] ATP using PNK and 100 times diluted into the
RNA loading buffer. 7.5 pl of labeled pUC 8 were run
simultaneously with the samples to determine their
molecular weight. All radioactive labels were cleaned

in G-50 columns from GE healthcare.
Reverse Transcription PCRs (RT-PCR)

Reverse transcription-PCRs (RT-PCRs) were carried
out with 50 ng of total RNA, with the OneStep RT-
PCR kit (Qiagen), according to the supplier’s
instructions, using the oligonucleotides RNMO017 and
5 (see Table S1). As an independent control, the 16S
rRNA-specific primers 16sF and 16sR were used. Prior
to RT-PCR, all RNA samples were treated with
TURBO DNA-free™  Kit

(Ambion).  Control

experiments, run in the absence of reverse

transcriptase reactions, yielded no product.
Northern blot and hybridization

Samples containing 15 upg of total RNA were
dissolved in 90% formamide, 0.01 M EDTA pH7.0, 1

mg/ml xylene cyanol, 1 mg/ml bromophenol blue

buffer [25], heated for 5 min at 100°C for denaturation,
and incubated for 10 min on ice. Total RNA samples
were electrophoresis run on a 6% denaturing
polyacrylamide gel and transferred to a nylon
membrane (Amersham Hybond™-N+ nitrocellulose)
according to the procedure described by Fitzwater et
al. (1987). The RNA was then fixed to the membrane
by UV light and hybridized with the PCR probe
radiolabelled  with  [«x-32P]-dCTP, wusing the
Multiprime DNA labelling system from Amersham or
with [a-32P]-rUTP, using the Promega labeling system
Probe with

for  riboprobes. hybridization

PerfectHyb™Plus Hybridization Buffer 1x, was
carried out at 42°C for DNA probes and 68°C for RNA
probes. Amersham Hybond™-N* nitrocellulose
membranes optimized for nucleic acid transfer from
GE Healthcare were hybridized and washed as
described by Sambrook ef al. (1989). The results were
visualized using the Phospholmager System from

Molecular Dynamics.

Transcription evaluation using GFP as

reporter

Transcription evaluation was analyzed with gfp as
reporter gene using the p363-derived vector [21]
PRMAQ2 (see Bacterial strains, plasmids and genetic
manipulations). BL21 + pPFA02 + pRMA(2 was grown
at 37°C, 120 rpm until ODs2onm = 0.5 when the culture
was split in two. Half the culture was added with
1mM IPTG (to induce bolA expression) and the other
with 0.04% glucose (to repress bolA expression). In a
parallel experiment MG1693 and the isogenic bolA

deletant were grown until OD 1.7 (the mid



exponential transcripts evaluation time point). Total
protein was extracted using Bugbuster reagent
(Novagen) and GFP fluorescence was quantified in a
Varian-Eclipse Spectrofluorimeter. SDS-PAGE gels
and Western-blots were performed as described
before [9]. Results were normalized and are shown in
percentage (%) as ratio of fluorescence / EF-Tu
quantified in the Western-blots. Final data represents

the average plus standard deviation of fluorescence

per cell, from at least three independent experiments.
Primer extension analysis

Total RNA was extracted as described above. The

primer PExtYrbA was end-labelled wusing T4
polynucleotide kinase (Fermentas) and [y-*2P] ATP.
Unincorporated [y-32P] ATP was discarded using a
MicroSpinTM G-25 Column (GE Healthcare). A total

of 2 pmol of primer was annealed to 10 mg of RNA

and cDNA was synthesized using 200U of Superscript
III RT from Invitrogen. M13 sequencing reaction was
performed with Sequenase Version 2.0 sequencing kit
according to the instructions manual. The primer
extension products were separated in parallel with the
M13 sequencing reaction on a 6% polyacrylamide
sequencing gel containing 8M urea. The gel was
exposed and signals were visualized in a

Phosphorlmager (Storm Gel and Blot Imaging system,

Amersham Bioscience).

Results & Discussion

IbaG is the only BolA homologue in E. coli

NCBI public resources were used to search for
potential homologues of bolA and an uncharacterized
gene was found to have a strong protein similarity

with BolA, particularly considering the shared

(a) _
71.84 71.86 71.88 71.90 71.92 71.94Min| (b)
(Cs)
4 4 d A
d 4
yrbA
Kb 3334.0 33350 333p.0 3337.0 3338.0
ibaG
5’ end m%_bw'bﬂfbﬁ H murA e 3" el 165 RNA :
PYThAFW RNMO17 —
pEx_tYrbA pMurARev

Figure la. ibaG and adjacent Escherichia coli genes (adapted from Ecogene public server); below are
represented the primers used to evaluate ibaG transcript levels. 1b. ibaG is co-transcribed with murd. RT-
PCR amplification of ibaG transcript from total RNA of E. coli in exponential phase (1 hour after OD 0.5)
and mutant 4ibaG as a negative control. Control experiments performed with 16s tRNA specific primers
indicated that there were no significant differences in the amounts of RNA in each sample.



bolA/yrbA domain. ibaG gene is at the 71.87 minutes of
the E. coli genome, downstream of an operon of five
(Fig.

Nevertheless ibaG is not predicted to be co-expressed

genes  co-directionally  expressed 1A).
with the upstream operon, but from its own ¢7 single
promoter region as evaluated by the REGULON DB
6.7: Gene Form [11]. The upstream genes mlaBCDEF
(plus mlaA) compose the Mla pathway, an ABC
transport system whose function seems to prevent
phospholipidic accumulation in the outer leaflet of
Gram-negative bacteria, thus contributing to the
preservation of the outer membrane lipid asymmetry
[18]. The essential murA gene, is encoded downstream
to ibaG. This vital gene encodes for the UDP-N-
acetylglucosamine enolpyruvyl transferase, which
synthesizes peptidoglycan precursors after N-
acetylglucosamine acid and phosphoenoylpyruvate
[6, 13, 19]. All of these seven proteins are predicted to
occur or be function related to the outer membrane
and are either essential or significantly affect the
ability to resist against external injuries. The genes
that occur in the proximity of ibaG, as well as the
sequence homology that this gene has with bolA,
determined the importance of its evaluation.

In order to characterize the ibaG transcriptional unit,
Neural Network Promoter Prediction [24] software
was also used to search putative promoters upstream
of ibaG ORF. One putative promoter region with a 0.7
score was found matching the ATG start codon
already described in different databases. Primer

extension reaction was performed in order to map the

transcription start site of baG mRNA. The +1

T C G ibaG 1

= & 5’...crTecTcTAAGATGTTTCGCTGGTTTAT
e TAACTGATGATTGAAGATCCCATGGAA... 3
. -

. m s

e 20 |mRNAS-end

Figure 2. 5’-end mapping of ibaG transcriptional unit. Reverse
transcription with gene specific primer was performed to extend the 5°
region of ibaG mRNA. The first nucleotide of the transeript (+1) was
identified with aid of an M13 sequencing reaction and is represented in the
above sequence.

nucleotide was determined and identified 15 bp
before the start codon of the ibaG mRNA (Fig 2). For
the transcription end, a putative terminator is
described in REGULON DB 6.7: Gene Form[11].
Interestingly, this transcription terminator is
overlapping with the downstream murA gene. As a
result, Reverse Transcription PCR (RT-PCR) was used
to confirm if ibaG is present exclusively as a single
transcriptional unit or if it can be co-transcribed with
the murA gene. We observed that ibaG is in fact
transcribed in an operon transcriptional unit with the
murA essential gene (Fig. 1B). This relates ibaG with

the metabolism of the murein precursors and might

suggest a role for this gene in that process.

ibaG is not an essential gene and both single
and double bolA/ibaG deletions improve E.

coli growth

Similarly to what happens with bolA, the single
deletion of ibaG is not lethal [4]. Moreover, if ibaG
could complement any essential bolA functions or
vice-versa, the double deletion AbolAAibaG would be
expected to be lethal. However, the double mutant
also viable. Growth, and

strain is viability,



morphological analysis were performed to check the
phenotypical effects due to the absence of these
proteins. In the optimal growth conditions used, and
contrarily to what had been anticipated, the deletion
mutants grew similarly or better than the wild type
(wt) strain MG1693. Both AibaG and AbolAAibaG
deletion mutants grew about 20% times faster
(evaluated by the exponential phase rate of growth)
and reach higher OD than the wild type (Fig. 3A).
These results were confirmed by the number of
colony forming units obtained for the lag, early
exponential, mid exponential, and late
exponential/early stationary phases of growth (Fig.
3B). The wt MG1693 strain forms about half or even
less colonies than any of the deletion mutants, with
the exception of late stationary phase. In the
beginning of the growth curve, and until early
stationary phase, all cultures reveal a viability

increment. However, there is a transitory decrease in

the viabilities of the AbolA strain at mid exponential
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phase, perhaps when the stimulus for bolA expression
is occurring. It is also possible to distinguish the
deletion strains based on the colony forming units
(cfu). The cfu are increasingly higher from the AbolA
to the AibaG. Moreover, the AbolAAibaG cell counts are
higher even compared to the single mutants. The wt
viabilities are quite stable along the entire growth
curve. Contrasting, the deletion strains largely reduce
their cell counts in late stationary phase,
strengthening the idea that these genes may be
important for survival in difficult growth conditions.
Given that all deletion strains significantly increase
their cell counts until late stationary phase, the
survival or tolerance that these genes provide at such
phase seems to occur at the expense of previous
growth, as occurs in several other stress response
genes. It seems to reflect the trade-off between growth
and resistance related to the 07 versus 0% expression

pattern. Eventually, the decrease in growth potential

due to the presence of both genes in the wild type

(b)
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Figure 3. Growth curves and viabilities depending on the absence of bold, ibaG, or both genes. (a) MG1693, MG1693AbolA,
MG1693AibaG and MG1693AboldAibaG optical density measurements at 620 nm, for determination of growth curves in LB
medium at 37°C and 120 rpm. (b) Viability evaluated by number of colony forming units in properly supplemented LA plates for the

same strains and conditions.
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phase and 15 minutes of
nutritional stress reversion
by re-addition of glucose.
The results did not diverge
according to strains (Fig. 4B).
Not only the proteins, but
AliolAsiba also the growth behavior of

the deletion strains was very

similar.

Morphologies are not
altered by an increase

in ibaG copy number

The deletion of bolA does not
significantly ~ affect  the
morphology of the cells

during growth in LB.

Figure 4. Differential Interference Contrast microscopy photographs, obtained using a DMRA microscope
(Leica) for the strains MG1693, MG1693Abol4, MG1693AibaG, and MG1693AbolAAibaG. (a) Evaluation
at time points 210 and 1420 min of the LB growth; (b) Evaluation at exponential phase, one hour after
induced starvation, and fifteen minutes after reversion, in M9 minimal medium. The dark bar represents 5
um.

exponential phase may reduce the exhaustion of
important resources or prevent some catabolites from
being produced and released to the media, thus
favoring the population maintenance in late
stationary phase (Fig. 3B).

Morphology assessment was made for wt and all
deletion strains at the same time points where
viability was evaluated. All strains evolved similarly
(Fig. 4A). Given that bolA and ibaG may be involved in
the cell protection against stresses, morphologies were

also analyzed in poor or nutritional stress conditions:

M9 minimal media growth, one hour of glucose

Nevertheless, when it is

overexpressed, bolA does

change the cells shape from

rod to spheres [3]. To further pursue the

characterization of ibaG we have cloned it into a
pBR325 derived plasmid preceded by the respective
promoter Growth viabilities

(pBGAO01). curves,

assessment and morphological studies were
performed. The MG1693 strain transformed with
pBR325 was used as an additional control or wt strain
when evaluating the effects of the plasmids pMAK580
(overexpressing bolA) and pBGAQ1 (overexpressing
and MG1693

yrbA). The growth of MG1693

transformed with pBR325 did not depend on the
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Figure 5. Growth curves and viabilities induced by the excess of bol4, and
ibaG, or the control plasmid. (a) MG1693, MG1693+pMAKS580,
MG1693+pBGAO01 and MG1693+pBR325 optical density measurements at
620 nm for determination of the growth curves, in LB medium at 37° C and
120 rpm. (b) Viability evaluated by number of colony forming units in
properly supplemented LA plates for the same strains and conditions.

starter culture (Fig. 5A). In contrast, MG1693
transformed with pMAKS580 strongly depends on the
conditions cultures were exposed before inoculum
was diluted in new media [12]. The overexpression of
ibaG from pBGAO1l showed a deleterious effect as
evaluated in the growth curve (Fig. 5A); nevertheless
the outcome was significantly less notable than
PMAKGS580 effect under the same conditions (Guinote
et al., unpublished results). The viabilities were
assessed in the different strains (Fig. 5B). The presence
of pBR325 does not change viability results except at
mid exponential phase. The number of dividing cells
is similar to MG1693 wt strain for all the other time
points analyzed. Similarly to what was observed in
the growth curves, viability results show that

overexpression of ibaG by pBGAOl1 plasmid was in

general detrimental, with the sole exception of the

transition to stationary phase; this plasmid
significantly reduces colony counts. Also in pMAKS580
transformed strain, the viabilities were always quite
low and constant (Fig. 5B).

Furthermore, in Escherichia coli, when the bolA
morphogene is overexpressed not only cell division is
affected but cells become rounder. Therefore we have
evaluated the morphological phenotype caused by the
presence of the plasmid pBGAQ1. Conversely to what
happens with bolA no morphological changes were
observed in the presence of ibaG overexpression (data
not shown). Carbon depletion stress was also tested,
however, only pMAKS580 transformed strain showed
spherical morphologies; the pBGAO1 transformed
strain behaved similarly to the wild type MG1693.
Therefore the increased copy number of ibaG does not
reduce the viabilities through a mechanism that
involves morphological changes and thus cannot be

monitored in that way - unlike bolA, ibaG is not a

morphogene.
ibaG is not regulated by BolA but seems to

require its presence for regular transcription

According to the previous results ibaG and bolA seem

Table 2.
ka AG?
kd (1/s) KA @/nM) KD @mM) Chi2
(1/Ms) (KJ/mol)
ibaG prom 285 1,00E-05 0,028 3520 0,59 42,54
ibaG ORF 616 1,04E-05 0,059 16,90 0,96 -44,36

Table 2. BolA binding affinity for ibaG promoter (ibaG prom) and coding
region (ibaG ORF). Equilibrium constants (Kp) were determined by Surface
Plasmon Resonance using BIACORE2000 and according to the 1:1 Langmuir
Binding Model. k, is the association rate constant, k4 the dissociation rate
constant, and Kp, the equilibrium dissociation constant of the reaction. x* was
the statistics used to measure the fitness of the model to the data. AG® values
were determined according to the van't Hoff equation: AG°= RTInK},, where R
and T are the universal gas constant and absolute temperature.



to concur in distinct pathways. Since BolA was shown
to interact with the promoter regions of mreB, dacA
and dacC, by Surface Plasmon Resonance (SPR), the
same methodology was used to test the ability of BolA
to recognize and interact with the ibaG promoter and
open reading frame (ORF) regions. The results
indicate similar weak binding affinities of BolA to
both nucleic sequences (Table 2). Thus, under these
conditions, BolA is established not to act as a direct
transcriptional regulator for ibaG. Nevertheless, any
indirect influence on transcriptional change cannot be
detected by such experiment. Therefore ibaG
transcription dynamics according to BolA levels was
evaluated by using a GFP reporter gene fused with
ibaG promoter region. The pRMAOQ2 plasmid was
constructed with gfp being expressed according to the
ibaG upstream promoter activity. In this methodology,
transcription activity of the cloned promoter(s) is
measured by determination of GFP fluorescence per
cell. Cells were transformed with pRMAO02 and
pPFAQ02 [9] (bolA overexpression plasmid) and GFP
fluorescence was measured. Transcription from ibaG
promoter did not reveal significant variations due to
increased BolA levels. However, transcription levels
of ibaG, measured by fluorescent GFP, were halved
when bolA was not induced (Fig. 6A). Hence, BolA
seems to be required for the correct transcriptional
activity of ibaG promoter. In order to confirm this
hypothesis wt and bolA deletion isogenic strains were
also transformed with pRMAQ2 plasmid and the

transcription activity of ibaG promoter was evaluated

in both backgrounds (Fig. 6B). The transcription

(b)MMG1693+pRMA02
o OMG1693AbolA+pRMAO2

(a) OBL21+pPFAD2+pRMAD2+IPTG
EBL21+pPFA02+pRMA02+Glu
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Figure 6. ibaG transcription evaluation (a) Measurements on the bold
inducible strain BL21+pPFA02+pRMA02, at 0 (OD 0.5), 30 and 60
minutes after addition of either glucose (repressing bold leakage
expression) or IPTG (inducing bold). (b) Measurements on
MG1693+pRMA02 and isogenic bold deletant strain, at mid
exponential and late stationary phase. The averages of GFP
fluorescence per cell (by EF-Tu quantification) were determined as a
percentage of the exhibited at exponential fase (OD 0.4).

activity of ibaG promoter in bolA mutant decreased
30% in mid exponential phase and 70% in stationary
phase. When bolA is physiologically expressed at
lower levels, the difference of ibaG transcription
between the wild type and the bolA deletion strain is
much lower than in stationary phase, when the
expression of bolA is physiologically more significant.
BolA is therefore shown to be necessary to maintain
regular ibaG transcriptional levels, with a strong
emphasis in stationary phase of growth, when BolA is

normally present in increased concentration.

ibaG mRNA expression responds to acid

stress

Both bolA and ibaG patterns of expression along the
growth curve and upon stresses imposition were
evaluated by Northern blot. The holA mRNA levels
were only increased in the strain transformed with
PMAKS580, the bolA overexpression plasmid. The
transcript was absent in the deletion strain, as

expected and the levels of bolA mRNA in the wild



type strain, the single ibaG deletant mutant, the strain
with the control vector pBR325, and in the strain with
the ibaG overexpressing pBGAOl plasmid were
approximately the same. As a result, we could
conclude that increased IbaG levels did not influence
the regulation of bolA gene (Fig. 7A).

When we used an ibaG probe for equivalent
membranes, it could not be detected (data not shown).
Nevertheless, the expression of the ibaG gene was
possible to evaluate in the strain transformed with
pBGAO1 plasmid, where the gene is still controlled by
its own promoter but in higher copy number (Fig. 7B).
This plasmid was constructed with the ibaG gene plus

the 305 bp region that follows to prevent regulatory
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Figure 7. Northern Blot transcriptional analysis of bol4 and
ibaG according to the presence and levels of the homologue
proteins, growth phases and imposed stresses. (a) bold
mRNA in MG1693Abold (negative control), MG1693,
MG1693AibaG, MG1693+pBr325, MG1693+pMAKS580,
and MG1693+pBGAO01, respectively, at OD 0.5, 1 hour after
OD 0.5 ~ 1.7, and 5, corresponding to early exponential,
mid exponential, and stationary phases. (b) ibaG mRNA at
early exponential phase (OD 0.5), mid exponential phase (1
hour after OD 0.5 ~ 1.7), one hour of acid stress (HCI), one
hour after osmotic stress (NaCl), and stationary phase (OD
5), respectively. This transcript only be detected in the ibaG
overexpression strain, MG1693+pBGAO1.

regions of the RNA to be cut. The ibaG gene should be
of about 320 bp in size. The presence of an additional
band of about 625 bp in the pBGAO1 plasmid
transformed strain further confirmed the co-
transcription of ibaG and murA. Since it is derived
from pBR325, this plasmid is present until five times
more in stationary phase. The levels of ibaG
transcripts were nevertheless the lowest in stationary
phase, which means that the gene is almost absent at
this growth phase. The highest expression of this gene
occurs at mid exponential phase, when bolA mRNA
levels start increasing.

Two different stresses were checked, the osmotic and
acid stress. When osmotic stress is imposed ibaG
expression is not shut down, but the mRNA seems to
be present in significant lower levels compared to the
standard growth or acidic conditions. When cells are
challenged with hydrochloric acid stress, ibaG levels
shift and a different mRNA pattern can be observed
(Fig. 7b). Since ibaG mRNA expression responds so
strongly to acid stress, we decided to rename this
gene, formerly yrbA, as ibaG for “influenced by acid
gene”.

ibaG favours growth in acidic conditions

After the transcriptional analysis results, ibaG was
postulated to be involved in the survival or growth
enhancement in acid conditions. The strains growths
were monitored upon acid and osmotic challenge. As
expected, no differences were acknowledged between
genotypes when different osmotic pressures were
applied (data not shown). The evaluation for acid

challenge also did not differ for pH 3 and 4 — in those



extreme acid conditions all the E. coli strains stopped
growing (data not shown). All the same, when neutral
cultures were switched to LB at pH5, the strain
overexpressing ibaG grew better than the wild type
and, conversely, the deletion strain was more
sensitive to acid stress (Fig. 8). Between 180 and 240
minutes after the stress challenge, the strains ODs
basically over imposed and gradually diverged from
that time point on with inverted pattern to what
happened at neutral pH in LB. The strain
overexpressing ibaG grows significantly better than
the mutant or even wild type. Therefore, ibaG is
shown to be involved in tolerance against mild acid
environments (pHS5). [baG mRNA is increased in
exponential phase, upon acid stress imposition, and

was shown to contribute to E. coli tolerance against

acid stress.
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Figure 8. Growth Dbehavior of MG1693,

MG1693AibaG, and MG1693+pBGAO1, determined
for pHS5 acid stress challenge induced after OD 0.4/0.5
was reached by all cultures. MG1696+pBr325 strain
grew similarly to the deletion strain (data not shown).

Final Remarks

In this report, we have shown that IbaG (former
YrbA) is a BolA homologue protein in Escherichia coli,
with significant amino acid sequence similarity. The
initial hypothesis that this homologue could replace
bolA in a single deletion mutant was discarded. Both
bolA and ibaG were confirmed not to be essential
genes. The single ibaG (as the double) deletion mutant
grow better than the wild type and, in turn, the
increased ibaG copy number strain presents decreased
growth and viabilities, in rich neutral medium. Cells
growing with this plasmid do not produce the
morphology phenotypes related to increased bolA
levels. IbaG levels do not affect bolA transcript levels.
Reversely BolA seems to be crucial for ibaG to be
properly transcribed. While most of the bolA known
phenotypes are not reproduced by ibaG, this gene is
responsive to acid stress, and was thus named ibaG,
“induced by acid gene”. Upon pH5 acid challenge,
the ibaG overexpression strain grew better than the wt
and the ibaG deletion strain, indicating that this gene
is involved in resistance and survival against acid

stress.
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