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Résumé

Résumé

Face a des changements d’environnements, les bactéries adaptent leur métabolisme en
reprogrammant I'expression de leur répertoire de genes. L'objectif de mon doctorat était
d’approfondir nos connaissances de la régulation de I'expression génique chez les bactéries. Nous
avons concentré nos travaux sur le réle des 5'UTR chez E. coli. Les 5'UTR sont les séquences transcrites
mais non traduites situées aux extrémités 5' des ARNm.

Nous avons développé une approche utilisant des séquences 5'UTR synthétiques pour analyser leur
réle a trois niveaux, que sont la traduction, la transcription et la dégradation de I'ARNm. Nous avons
confirmé la contribution multiniveau des 5'UTR dans le contréle de I'expression génique au niveau de
I'initiation de la traduction, de la transcription et/ou de la stabilité de I'ARNm et montré le degré de
dépendance vis-a-vis de la séquence du géne rapporteur en aval. Ensuite, nous avons joué sur la
régulation de la traduction et montré les conséquences sur la concentration et la stabilité de 'ARNm.
La facon dont les 5'UTR régulent |'expression génique en réponse a des changements
environnementaux n'est encore que partiellement comprise. Nous avons congu et construit une
bangue exhaustive de 2547 5'UTR natives de E. coli fusionnées a un géne rapporteur fluorescent. Le
role des 5'UTR natifs a été exploré en caractérisant cette banque dans différentes conditions
environnementales. Nous avons démontré que les 5'UTR régulent directement et efficacement

I'expression des génes en aval et contribue ainsi a I'adaptation d'E. coli a son adaptation.
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Abstract

Abstract

When facing changing environments, bacteria have to adapt their metabolism by modifying the
expression pattern of their gene repertoire. The goal of my PhD was to provide additional fundamental
insights into gene expression regulation in bacteria. We have focused our work on the role of 5’UTRs
in gene expression regulation in E. coli. 5’"UTRs are the transcribed but untranslated sequences located
in the 5’ends of the mRNAs.

We first developed an approach using synthetic 5’UTR sequences to analyze their role at three levels,
namely translation, transcription, and mRNA degradation. We confirmed the multilevel contribution
of 5’UTRs in the control of gene expression at the level of translation initiation, transcription, and/or
mMRNA stability and showed the degree of dependence on the downstream reporter gene sequence.
Then we played with the 5’"UTR-mediated translation regulation and showed the consequences on
mRNA concentration and stability.

How 5’UTRs regulate gene expression in response to environmental changes is still only partially
understood. We designed and constructed a full-size library of 2547 native 5'UTR sequences from E.
coli fused to a fluorescent reporter gene. The role of native 5’UTRs was explored by challenging the
native 5’UTR library to grow in changing environmental conditions. We demonstrated that the 5’UTRs
directly and efficiently regulate downstream gene expression and thus contribute to the E. coli

adaption to changing environments.
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Introduction

Introduction

When facing changing environments, cells have to adapt their metabolism by modifying the expression
pattern of their gene repertoire. The control of gene expression encompasses a wide range of
regulatory mechanisms that occur at each step of gene expression, from transcription initiation to
post-translational modifications of proteins. However, it is not yet fully understood how this multi-
level process of gene expression is coordinated and how it responds to changing growth conditions.
The goal of my PhD was to provide additional fundamental insights into gene expression regulation in
bacteria. In turn, a better understanding of gene expression regulation will support the development

of molecular tools in biotechnology and synthetic biology.

We have chosen to focus our work on the role of 5’UTRs in gene expression regulation in Escherichia
coli. 5’UTRs are the transcribed but untranslated sequences located in the 5’ends of the mRNAs,
starting from the transcription start site and ending at the first nucleotide of the translational start
codon. The bibliographic review provides an overview of the elements located in the 5’UTR known to
be involved in gene expression regulation in E. coli. It clearly demonstrates that the 5’UTR of an mRNA
is a region rich in regulatory elements of gene expression that contribute to the regulation of

transcription, mRNA stability and/or translation.

Although many studies were conducted to better understand 5’'UTR-mediated regulation of gene
expression in E. coli, integration of the three levels of 5’"UTR-mediated regulation of transcription,
MRNA stability and translation is rarely performed. Therefore, in Chapter 1, we developed an approach
using synthetic 5’UTR sequences to analyze their role in regulating gene expression in E. coli at the
three levels of translation, transcription and mRNA degradation. The 5'UTR-mediated regulation of
translation initiation, transcription and/or mRNA stability is discussed by analyzing the protein
expression level, mRNA concentration and stability of three reporter genes under the control of a set
of synthetic 5’UTRs. The results confirm the multilevel contribution of 5’UTRs in the control of gene
expression at the level of translation initiation, transcription and/or mRNA stability, and show the
degree of dependence on the downstream reporter gene sequence. Furthermore, in Chapter 3, we
played with the 5’UTR-mediated translation regulation and followed the consequences on mRNA

concentration and stability.

In addition, how 5'UTR-mediated gene expression regulations in response to environmental changes
is still only partially understood. Therefore, in Chapter 2, we designed and constructed a full-size library

of native 5’UTR sequences from E. coli fused to a fluorescent reporter gene. The role of native 5’UTRs

—
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Introduction

in regulating gene expression for adaptation of E. coli cells to different growth conditions was explored
by challenging the native 5’UTR library to grow in changing environmental conditions (temperature
and medium composition). The results demonstrate that the 5’UTR-dependent regulation directly and
efficiently alters the downstream gene expression and thus contributes to E. coli adaption to changing

environments.

In the last section of the manuscript, we conclude on the role of 5’UTRs in gene expression regulations
at the three levels of translation initiation, transcription and mRNA stability and in response to
changing growth conditions. These results open perspectives for further experimental work that could
be initiated to understand 5’UTR-mediated regulation further. We also discuss how 5’UTR sequences
identified in our study could be used as new molecular tools to better control the expression of genes

of interest in E. coli for biotechnology applications.
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Bibliographic Review

1 Global regulation of gene expression in E. coli

As one of the most important model organisms, E. coli plays an extremely important role in modern
life science research, especially in the fields of molecular genetics and bioengineering with its clear
genetic background and manipulation superiority (Blount, 2015). This research uses the non-

pathogenic E. coli K-12 MG1655.

Gene expression is the fundamental process of synthesis of functional gene products guided by genetic
information. The products can be protein or non-coding RNA (ncRNA) such as transfer RNA (tRNA) and
ribosomal RNA (rRNA). Through regulation, gene expression is ordered in time and space and can adapt
to a changing environment. Specifically, gene expression regulation encompasses a wide range of
sophisticated mechanisms that are involved at every step of gene expression, from transcription
initiation to post-translational modifications of proteins (Figure 1). The main factors influencing the
expression process of a functional protein can be related to sequence features (e.g. promoter or codon
bias), molecule stability (for mRNA and protein) and molecule-molecule interactions (e.g. DNA and

RNA polymerase, mRNA and ribosomes).

Replication {“‘""“""‘"“’
DNA
RMNA polymerase

- transcription factors
Degradaticm ' Transcrlptlon promoter sequence
features of coding sequence
¥ 1 mRNA
ribosome/tRNA concentration
5°-UTR

. ‘ Trans|ation mRNA sequence/structure
Degradation codon bilas/context
h Protein
folding

RNA-degrading enzymes
‘ Protein )
" processing
maturation

molecular chaperones

Biological

Function

Figure 1. Factors influencing gene expression in E. coli (Kucharova, 2012). Multiple positive and
negative factors regulate each step of gene expression, from DNA to proteins with biological functions.
In terms of the overall picture of gene expression, mMRNA abundance is a key determinant of protein

levels. mMRNA abundance is the result of a balance between its transcription and degradation during
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synthesis and reflects the number of template molecules available for translation. We will show in this
literature review how the 5’UTR (untranslated transcribed region of an mRNA) has been shown to be
as a potential ‘regulatory-hub’ not only for translation of the mRNA molecule but also for its stability

and synthesis.

1.1 Process of transcription in E. coli

1.1.1 RNA polymerase

Transcription is the initial step in gene expression, where genetic information is transferred from DNA
to RNA under the catalysis of RNA polymerase (RNAP). Since the discovery of RNAP in 1960, a wealth
of information about its structure and function has been obtained (Hurwitz, 2005). Contrary to
eukaryotes, only one type of core RNAP exists in bacteria and ensures the transcription of all RNA
species. It is a large molecule (~400 KDa) estimated to be present at about 3600-6000 copies in E. coli
for the transcription of ~ 4453 genes identified in the genome (Sun et al., 2019). The E. coli RNAP core
enzyme (E) is constituted of five subunits (a2BB'w, Figure 2), which can combine with one of the seven
o factors to form a holoenzyme. Although without o factor the RNAP core enzyme still has catalytic
activity, it has no selectivity to identify promoter sequences to initiate correct transcription initiation

(Fredrick & Helmann, 1997).

«-NTD - O NTP ’~ Secondary channel
= O ]
Mg*' IActivesite /
p
(1 >~ Transcription
= L

RNA exit RNA-DNA P
channel hybrid

Nature Reviews | Microbiology

Figure 2. Schematic model of the RNAP during transcription elongation (Santangelo &
Artsimovitch, 2011). The E. coli RNAP core enzyme (composed of an a-dimer, a B-subunit, a B’-subunit
and an w-subunit) is bound to the DNA duplex composed of the template strand (black) and the non-
template stand (blue), and the nascent RNA (red).

The a subunit, encoded by the rpoA gene, is present in the RNAP as a homodimer and is

composed of two structural domains (aNTD and aCTD in the N-terminal and C-terminal parts,
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respectively), which interact for assembling the B and B’ subunits and also interact with transcription
factors to initiate and regulate transcription (Murakami et al., 1997).

The B and B’ subunits are encoded by the rpoB and rpoC genes, respectively (Aboshkiwa et al.,
1992). They are the two largest subunits of the core RNAP (E), accounting for 60 % of the total mass
(Severinov et al., 1997). The B and B’ subunits generate a cleft allowing DNA access to the active site
of the enzyme. The B’ subunit binds the DNA template and opens the double-stranded DNA, while the
B subunit interacts with the incoming nucleotide (Sutherland & Murakami, 2018). Transcription
initiation can be inhibited by rifampicin, which is widely used to study RNA degradation. Crystal
structure and biochemical data suggest that rifampicin activity is due to its binding to the pocket of
RNAP B subunit within the DNA/RNA channel but away from the active site. This spatial occlusion
physically blocks the path of the elongating RNA (Campbell et al., 2001).

The w subunit is encoded by the rpoZ gene, it helps the folding of the B' subunit and assists
RNAP assembly (Patel et al., 2020).

In E. coli, seven o factors have been identified: 67°(or a°), 6®* (or "), 6% (or ¢°), 6*? (or c"), %8
(or of), 0%* (or of), 68 (or ') (Cho et al., 2014). The o factors contain the promoter recognition domains
that trigger specificity to the RNAP core enzyme to bind and initiate transcription at the appropriate
location of the DNA template. After transcription initiation, the o factor dissociates from the
transcription initiation complex (Feklistov et al., 2014). The main o factor o¢’° considered a
housekeeping sigma factor, is involved in the transcription of most genes in exponential growth phase
(Paget & Helmann, 2003). Conversely, the other sigma factors are considered as alternative, engaged
in the transcription of dedicated genes related to stress responses, adaptive responses or particular
processes (Ishihama, 2000). Some of the functions transcribed by alternative sigma factors are

summarized in Table 1.
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Table 1. Components of the RNAP and their functions in E. coli (Bacun-Druzina et al., 2011)

Subunit Gene Function
o rpoA requiljed f.or assem.bly of the- enzyme; interacts with some regulatory
proteins; involved in catalysis

B rpoB involved in catalysis, chain initiation and elongation

B’ rpoC binds to the DNA template

w rpoZ required to restore denatured RNAP in vitro to its fully functional form
o rpoD transcription of most genes during the exponential phase
o>* rpoN nitrogen-regulated gene transcription
o8 rpoS gene expression during the starvation and stationary phases

o 032 rpoH heat-shock gene transcription
o028 rpoF expression of flagellar and chemotaxis genes
o? rpoE response to the extra cytoplasmic and extreme heat stress
o'® fecl regulation of the fec genes for iron dicitrate transport
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1.1.2 Basic processes of transcription

The mechanism of the transcription process has undergone extensive research for a long time. Overall,
the transcription process could be considered as the three sequential stages of initiation, elongation

and termination.

Transcription initiation

The process of transcription begins with a multi-step (Ruff et al., 2015). The RNAP recognizes and binds
to DNA elements within a promoter sequence, which triggers a series of conformational changes
(Browning & Busby, 2004). Therefore, each step on the path from free RNAP and promoter to the final
transcriptionally competent complex is an opportunity to regulate transcription. The currently
recognized mechanism of transcription initiation can be separated in three steps (Chen et al., 2020;
Davis et al., 2007; Glyde et al., 2018).

First, the o factor and the core of multiple subunits (a2Bp'w) assemble into the complete
holoenzyme RNAP, searching and specifically recognizing the double-stranded promoter elements on
the DNA to form an initially closed complex (RPc). This leads to DNA bend, which wraps RNAP and
facilitates DNA melting and its insertion into the active-site cleft of RNAP (Saecker et al., 2011).

In a second step, the initial closed complex shift into an open complex (RPo). This step
undergoes a series of conformational changes. Meanwhile, the DNA unwound to form a transcription
bubble at the nucleotide position around -11 to +3 from the transcription initiation site. The
polymerase ‘clamps’ fully onto the DNA lying in the DNA channel. That would permit the template DNA
strand to access the active site in the cleft of RNAP (Hook-Barnard & Hinton, 2007).

Finally, after the stable open complex (RPo) is completely formed, RNAP starts de novo RNA
synthesis (Mazumder & Kapanidis, 2019). Transcription process turns from initiation to elongation
phase after the process known as promoter escape (Carpousis & Gralla, 1980). However, before
achieving full promoter escape, multiple failed start-up cycles occur named abortive initiations (Hsu,
2009). Abortive initiation is a common transcriptional process that occurs widely in eukaryotes and
prokaryotes, during which RNAP enters a cycle of synthesis and release of short mRNA transcripts (2-
12 ntd in length, although abortive transcripts as long as 15-17 ntd have been reported) (Hsu, 2002).
After the release of short RNA products, RNAP returns to the open complex state, subsequently
reinitiating RNA synthesis. Abortive initiation continues to occur until a 9 to 11 ntd long RNA is
synthesized (Revyakin et al., 2006). If RNAP can successfully escape from the promoter region and the
abortive process, RNAP enters the elongation phase. The promoter clearance depends on an

equilibrium between abortive and efficient transcription initiation but the exact determinants are not
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fully known. The proposed mechanism is based on interaction between RNAP and DNA. The RNAP
remains stationary with respect to the upstream side of DNA during the abortive initiation, while
unwinding downstream DNA provides the energy to disrupt the interaction between RNAP and the
promoter for escape (Hsu, 2002). This equilibrium between abortive and productive transcription
seems to depend on the promoter and the nature of the initially transcribed sequence, i.e., the 5’UTR

sequence for mMRNA (Mazumder & Kapanidis, 2019).

Transcription elongation

The transcription process moves to the elongation phase when RNAP has escaped from the promoter.
The transcription elongation complex oscillates between the pre- and post-translocated states driven
by thermal fluctuations, whereas the growing RNA and incoming NTP substrates direct the assembly
towards forward translocation (Bar-Nahum et al., 2005; Douglas et al., 2020; Vassylyev et al., 2007). E.
coli RNAP is like a powerful molecular motor, transcribing at an average rate of 20-90 ntd/s (Malinen
etal,, 2012). In general, a single elongation cycle can describe as the following three basic states (Figure
3):
a) b) c)

NTP-bound
posttranslocated
state

Pretranslocated
state

Posttranslocated
state

NTP-Mg
—% Gl e

\/ N ;‘ . / / TN

\ S : t
BH) .., BH BH ]
—< NTP binding — <93’ Mg2 NMP — i
——'? —_— . incorporation ____@ Mg-PP; L L1 Nontemplate DNA
— — — —— L1 1 Template DNA
—— = — L1l RNA

Pyrophosphate release and translocation

Figure 3. Schematic overview of the nucleotide addition cycle in transcription elongation
(Belogurov & Artsimovitch, 2015). BH, bridge helix; NMP, nucleoside monophosphate; NTP, nucleoside
triphosphate; PPi, pyrophosphate. a). Post-translocated state. Following the elongation cycle, the
active catalysis site was accessible due to the forward translocation of RNAP. b). NTP-bound post-
translocated state. A template-complementary NTP binds to the RNA-DNA hybrid. Meanwhile,
multiple conformational changes of RNAP components promote nucleoside addition (Hein & Landick,
2010; J. Zhang et al., 2010). Simultaneously, a NMP (from a templated NTP substrate) reacts with the
3’-OH of the growing RNA chain. c). Pre-translocated state. An NMP is added to the growing RNA during
the catalytic reaction, and PPi is released. The active site opens, and the RNAP maintains an 8- to 9-
base pair (bp) RNA-DNA hybrid within the 11- to 12-bp melted DNA bubble; forward movement
translocates into the next elongation cycle.
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Transcriptional pausing

However, transcriptional elongation is not a smooth and continuous process, and some transcription
pauses can occur due to the presence of DNA-binding proteins, lesions in the template strand or
nucleotide misincorporations (Belogurov & Artsimovitch, 2015; Roberts et al., 2008). The speed of
RNAP elongation is highly modulated by accelerations, decelerations, pausing and even complete
terminations due to mRNA sequence features or several general and operon-specific factors
(Kammerer et al., 1986; Malinen et al., 2012; Nickels et al., 2004; Wade & Struhl, 2008). Some studies
have reported that RNAP pauses at various loci can be in the order of tens of seconds or longer (Herbert
et al.,, 2006; Kireeva & Kashlev, 2009). Functionally, pausing can provide time for the elongation
complex to recruit regulatory factors, participate to efficient coupling of transcription and translation
and is an obligatory step in termination (Artsimovitch & Landick, 2002; Landick, 2006; Richardson,
1991). It is widely accepted that sequence-specific interactions of DNA and RNA with RNAP initially
trigger most of the pauses (Landick, 2006; Neuman et al., 2003; Saba et al., 2019; Weixlbaumer et al.,
2013).

Two classes of pauses have been described (Figure 4). The first one is the backtrack pause, in
which the transcribing RNAP moves backwards along with the template, reversing the translocation
steps that assemble the RNA chain but not depolymerize the chain itself. The second one is the hairpin
pause, in which the formation of a nascent RNA hairpin in the RNA exit channel, wedging open the

clamp in the pre-translocated hairpin pause (Artsimovitch & Landick, 2002).

open
o
V=
-
backtrack frayed
RNA
wedge
Backtrack pause Hairpin pause

Figure 4. Schematic representation of the model for transcriptional pausing (Weixlbaumer
et al., 2013). DNA (blue and brown lines), mRNA (black lines), RNAP (gray clamp), and bridge helix
(red circle). The kinked bridge helix (due to RNAP backtrack or an RNA pause hairpin formed) blocks
template access to the active site, resulting in transcription pausing.
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Transcription termination

The last step in transcription is the termination, consisting in the dissociation of the transcription
complex to release the full-length transcribed RNA and the RNAP from DNA. The two main
transcription termination mechanisms described in E. coli are the Rho-dependent and Rho-

independent terminations (Figure 5).

A. Rho-dependent termination

Rh CACCCACACCCACACACCACACCCACACCCAA
o] GTGGGTGTGGGTGTGTGGTGT! GG C

G

A

G
T AGGGACACGGCGGAATTCCAT
GTGGGTTGTCTCCCTGTGCCGCCTTAAGGTA
ACCCAACA|
CACCCACAGERA CACACEREACCCAC

B. Rho-independent termination

CAAAGCCCGCCGAAAGGCGGGCTTTTCT
GTTTCGGGCGGCTTTCCG G
C T
C A
C TCTGGGCGGTGAGAATTCCAC
GAAAAGACATAGACCCGCCACTCTTAAGGTG
UUUUCUGU
GACGCAGGCCAAA /6
S/
s \/ \\\

Figure 5. Two mechanisms of transcription termination (Park & Roberts, 2006). A) Rho-
dependent termination. B) Rho-independent termination process. See below for a detailed description.

Rho-dependent termination is ensured by the action of the Rho factor, the main actor for
transcription termination (Banerjee et al., 2006). This protein is an ATP-dependent RNA translocase,
which binds to nascent RNA and pulls it out from the transcription complex (Roberts et al., 2008).
Structurally, Rho is a broken homohexameric ring (a “lock washer” structure), which provides a central
cavity for RNA to pass through (Skordalakes & Berger, 2003). Rho protein binds with the RNA transcript
and moves along the RNA polymerase in 5’-3’ direction. When Rho reaches the transcription bubble,
it pulls DNA/RNA hybrid apart by dissociating the hydrogen bounds between the DNA template and
the RNA transcript and releases the transcript from the transcription bubble. Rho terminates
transcription in response to DNA signals transcribed into RNA called the Rho-dependent terminators.
There are two fundamental features of a Rho-dependent terminator: a proximal Rho binding site called
the ‘rut site’ (for Rho utilization) and a distal sequence comprising the termination zone (Banerjee et
al., 2006). The Rho binding site is a highly degenerated region of ~ 70-80 ntd that is rich in cytosine
and lacking secondary structures (Alifano et al., 1991; Bear et al., 1988; Morgan et al., 1985). The rut
sites are highly degenerated and therefore difficult to identify (Gonzalez-Gonzélez et al., 2017). When
Rho scans the RNA, the presence of translating ribosomes on mRNA prevents the Rho-dependent

transcription termination.
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The Rho-independent termination process (also called intrinsic termination) does not require
trans-acting factors and is based on hairpin formation (J. Chen et al., 2019). The intrinsic terminator
has two distinctive fundamental features. One is the presence of a GC-rich dyad repeat for the
formation of a stable GC-rich hairpin located about 8-9 ntd upstream of the RNA release site. Another
feature is a stretch of A’s in the template DNA strand, which encodes an adjacent U-rich segment right
after the hairpin forming region (Belogurov & Artsimovitch, 2015; Peters et al., 2011, 2011). A three-
step model described this transcription termination process: i) The A rich sequence in the template
triggers a pausing of RNAP; ii) The pausing provides time for the hairpin formation which then
destabilizes the transcription complex by shortening the DNA-RNA hybrid and weakening interactions;
and iii) the transcript is pulled out from the transcription complex under the force of hairpin formation,
the transcript is released and the transcription complex dissociates (Roberts, 2019; Roberts et al.,

2008).

1.2 Process of mRNA degradation in E. coli

MRNA degradation involves multiple enzymes and cofactors in all organisms' life activities. mRNA
degradation and associated regulation are considered as a strategy for cells to actively respond to
changing environments by modulating the concentration of individual MRNAs and then reshaping their
transcriptome. For individual mRNAs of E. coli, various studies at the omics-scale have measured a
wide disparity of half-lives (Bernstein et al., 2002; H. Chen et al., 2015; Esquerré et al., 2014). Half-lives
vary from less than 1 minute for the most unstable to more than 30 min for the most stable in extreme
cases, but the vast majority (~80%) of mRNAs have half-lives from 1 to 5 min. Three classes of proteins
are involved in mRNA degradation: the endoribonucleases, which cleave the mRNA inside the molecule;
the exoribonucleases, which degrade mRNA by their extremities; and the oligoribonuclease, which
degrades short mRNA fragments into mononucleotides. Many endo-and exo-ribonucleases have been
characterized in E. coli as well as their mechanisms. Next, we will summarize the main representatives

and their mode of action.

1.2.1 Proteins involved in mRNA degradation

Many proteins are involved in RNA degradation. Table 2 lists endoribonucleases, exoribonucleases,
the oligoribonuclease, scaffold proteins and some chaperones involved in the degradation of mRNA in
E. coli. Degradation of mRNA is not completely blocked by inactivation of a single RNA-degrading

enzyme as many enzymes have redundant activities (Arraiano et al., 2010; Houseley & Tollervey, 2009).
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Table 2. Enzymes and cofactors involved in mRNA degradation in E. coli

Name Gene Mode of action Specificity

monophosphorylated 5’end dependent hydrolase
RNase E rne Endoribonuclease

Degradosome scaffold
RNase I rnc Endoribonuclease Acting on double-stranded structures
RNase G rng Endoribonuclease Homologue of RNase E
RNase LS rniA Endoribonuclease Related to rn/AB TA system

Specifically cleaves a small number of polycistronic operon mRNAs in
RNase P rnpA, rnpB Endoribonuclease

intercistronic regions.

Endoribonuclease/
RNase Z/BN rnz Double functions of endo- and 3’exo-ribonucleases
3’ -5’ exoribonuclease

Hydrolytic cleavage not subjected to stem-loop as long as there is a single-
RNase R rnr 3’ -5’ exoribonuclease

stranded 3‘ end

Phosphorolytic cleavage of diphosphate nucleoside terminal
PNPase pnp 3’ -5’ exoribonuclease

Inhibited by 3’end secondary structure
RNase Il rnb 3’ -5’ exoribonuclease Hydrolase

( |
L )
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Oligoribonuclease

RhIB

RhIE

SrmB

CsdA

RNA diphosphohydrolase
Hfq

Poly(A) polymerase

MazF/ChpBK/PemK

RelE
HicA

MqgsR

YoeB

orn
rhiB

rhlE

srmB

csdA

ropH

hfq

pcnB
mazF/chpBK/
pemK

relE

hicA

mqsR

yoeB

3’ -5’ exoribonuclease
Helicase

Helicase

Helicase

Helicase

Phosphatase
RNA-binding protein

Polymerase

MRNA interferase

MRNA interferase
MRNA interferase

MRNA interferase

MRNA interferase

Inhibited by 3’end secondary structure

Specific for small oligoribonucleotides

Untie the double-stranded structure

Untie the double-stranded structure

Untie the double-stranded structure

Untie the double-stranded structure
Monophosphorylation of 5’end triphosphate

Recruits ncRNA and RNase E complementary pairing mRNA

Polyadenylation of 3’end, destabilizes mRNA

Specific cutting sites: ACA, ACY (Y is U, A or G) and UAH (H is C, A or U)

Ribosome-related factor, promotes mMRNA cleavage at ribosomal A site
Randomly cuts mRNA without any ribosome involvement
GCU specific cutting site

Combines with the 50S subunit in the 70S ribosome and cleaves efficiently

at ribosomal A site

~—~
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Ribonucleases are not only involved in the mRNA degradation process. They are also required for all
processes of RNA metabolism including ribosomal RNA and tRNA maturation, degradation, turnover
and quality control (Bechhofer & Deutscher, 2019; Deutscher, 2015). RNases that contribute to mRNA

degradation are roughly divided into two types: endoribonuclease and exoribonuclease.

1.2.1. A) Endoribonucleases

The main endoribonucleases in E. coli are RNase E, RNase Ill, and RNase G. Others such as RNase P,
RNase LS, and RNase Z have more specific activities related to small number of transcripts or to specific

transcripts, and will not be described here (Table 2).

RNase E, the central ribonuclease in E. coli

As an essential endoribonuclease in E. coli, RNase E is considered the main degradative enzyme, which
triggers the degradation of more than 50%-60% of mRNA during the exponential growth phase
(Bechhofer & Deutscher, 2019; Stead et al., 2011). It was initially discovered that RNase E prefers to
specifically cleave single-stranded mRNA in AU-rich regions (McDowall et al., 1994). The cleavage sites
of RNase E can be found in many positions all along single-stranded mRNA (Belasco, 2017). Analyzes
of the primary sequences and putative secondary structures around 22,033 RNase E potential cleavage
sites show little secondary structure, but an enrichment in AU-rich sequences exists around cleavage
sites (Chao et al., 2017). A minimal 5-nucleotide RNase E consensus cleavage site was found, with
‘RNJ WUU’ as a core motif (with R as G/A, was A/U, and N is any nucleotide) and a strong preference
for uridine at the +2 position (Chao et al., 2017). The cleavage ability of RNase E is also hindered by
physical obstacles between the 5’ end and the cleavage sites, such as bound ribosomes, RNA binding

proteins or small RNAs (Richards & Belasco, 2019).

RNase E: two different pathways

There are two initial pathways for RNase E-mediated mRNA degradation: the 5’ end-dependent
pathway and the direct-access pathway (Figure 6). No matters the pathway, the initiated mRNA
degradation mechanism results in two consequences: i) the fragments lacking the protection of the 3’
end stem-loop are generated and are rapidly degraded by 3 ‘exoribonucleases; ii) the fragments

exposing the monophosphate 5’ end are generated and are further cleaved by endoribonucleases.
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A 5’-end-dependent pathway B Direct entry and bypass pathways
?N\/\/\ﬂ””uuu pPP \Aq\/\/\jUUUUU
RppH Hydrolysis of OR RNase E
5" triphosphate

PPi 4 Wvuuuu PPP \/\/K\/\j uuuuU

RNase E RNase lll
l Primary cleavage l Primary cleavage
P o+ PP NS+
P M/\j (T P\/\/\juuuuu
l Secondary cleavage l Secondary cleavage
er\/\/\ﬁuuuuu @/\/\juuuuu
RNase E RNase E

Figure 6. The two RNase E-mediated mRNA degradation pathways in E. coli (Bouvier &
Carpousis, 2011). RppH (green scissors), RNase E (red scissors), RNase Il (blue scissors), and mRNA
(black lines). See below for a detailed description.

0

% 5’ end-dependent pathway (Figure 6A)

In this pathway, RNA pyrophosphate hydrolase (RppH) is responsible for the
monophosphorylation of the triphosphate 5’ end (Richards & Belasco, 2019). mRNAs with a tri-
phosphorylated 5’end are generated by transcription but tri-phosphorylated 5’ends are poor
substrates for RNase E. By contrast, RNase E activity is increased for 5" mono-phosphorylated ends
(Mackie, 1998). The 5’ end-dependent access requires thus the conversion of the 5’-terminal
triphosphate to monophosphate by RppH (Bandyra et al., 2018). This conversion stimulates RNase E
scanning at the 5° mono-phosphorylated ends and the search along the linear single-stranded of
cleavage sites to initiate the degradation pathway. The cleavage sites are sometimes far downstream
of the 5" mono-phosphorylated end (Figure 7B). The crystal structure of RNase E reveals that the N-
terminal catalytic domain forms a homotetramer (Figure 7A) which organized as a dimer of dimers
(Callaghan, Marcaida, et al., 2005; Callaghan, Redko, et al., 2005). It contains two sites that interact
with the substrate, one is the catalytic center and the other is the ‘pocket’ structure used to bind the
monophosphorylated 5’ end. The ‘mouse-trap’ model has been proposed: after the ‘pocket’ captures
the monophosphorylated 5 end, the dimers clamp down and move on the substrate allowed the

catalytic site to better identify and cut (Bandyra & Luisi, 2018; Koslover et al., 2008; Mackie, 2013).
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Figure 7. lllustration of RNase E initiation of mRNA degradation by 5’ end-dependent
pathway. (A). Interactions of RNase E (purple) with RNA (red) (Bandyra et al., 2018). (B). Scanning and
cleavage of 5’-monophosphorylated RNA by RNase E (Richards & Belasco, 2019).

R/

+» Direct-access pathway (Figure 6B).

Although the 5’ end-dependent pathway has a prominent contribution to the rapid
degradation of mRNA, it has also been found that there is a 5’ end-independent direct-access pathway
to initiate degradation. RNase E can rapidly cleave some transcripts regardless of the phosphorylation
status of the 5’ end (Baker & Mackie, 2003; Hankins et al., 2007; Joyce & Dreyfus, 1998). For instance,
cspA mRNA triphosphate 5’ end is not subject to RppH monophosphorylation, but this mRNA can still
be recognized and cleaved by RNase E (Kime et al., 2009). In addition, epd-phk mRNA cleavage by

RNase E is also an example of a direct-access pathway (Bardey et al., 2005; Kime et al., 2009).

RNase E and the degradosome

From the structural point of view, RNase E can be divided into two domains (Bandyra & Luisi, 2018).
The N-terminal domain (NTD) encompasses the endonucleolytic active site, and the C-terminal domain
(CTD) is used as the scaffold of the degradosome. RNase E contains a membrane anchor domain that
localizes the degradosome at the inner membrane surface by interactions between its alkaline
hydrophobic residues and lipid membrane (Bandyra et al., 2013; Bandyra & Luisi, 2018). The
localization at the membrane surface participates to the regulation of RNA degradation. Detachment
of RNase E from the inner cytoplasmic membrane by deletion of the membrane anchor domain leads
to an overall slowdown of mRNA degradation (Hadjeras et al., 2019).

The degradosome is a supramolecular complex (Figure 8) which plays a vital role in mRNA

degradation and is the leading participant in the post-transcriptional regulation of gene expression in
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E. coli (Tejada-Arranz et al., 2020). RNase E is the core component of the degradosome. Its CTD region
provides a scaffold for the recruitment of other enzymes (Gdérna et al., 2012). The four core
components of the degradosome are RNase E, the 3’exoribonuclease PNPase, the RhIB helicase, and
the glycolytic enzyme enolase (Bernstein et al., 2002). The composition of the degradosome is variable
and may be different under the stationary phase or temperature stress, but it contains at least one
RNA helicase in addition to the RNase E (Hadjeras et al., 2019). The highly flexible assembly of
degradosome is considered as an advantage for better adaptation to different scenarios (Bandyra &
Luisi, 2018; Hadjeras et al., 2019). For example, CsdA has been reported to be associated with the
degradosome during cold shock (Charollais, 2004). A study demonstrated that during the exponential
phase and the stationary phase, there are many other proteins (PAP |, Hfg, SrmB, Hrp A, and RNase R)
observed in the degradosome besides the four core components (Bruce et al., 2018; Carabetta et al.,

2010; Purusharth et al., 2005).

two RNA binding regions

N-terminal ‘ i
ribonuclease %
domain membrane \ m ]
(NTD) anchor o
1-529 (amphipathic e/
! helix) RBD RhiB AR2 enolase PNPase

1021-1061
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565-585 633-662 685-712 839-850 1021-1061
RNase E (coiled coil)
C-terminal scaffolding domain (CTD
< g (CTD) >

intrinsically unstructured (except segments A-D)

Figure 8. Schematic representation of degradosome principle components (Gérna et al.,
2012). The degradation components and the sites on which they bind on RNase E are marked with the
corresponding colors. RNase E (brown), membrane anchoring sequence (pink), two RNA binding
regions (red), RhIB (green), enolase (yellow), and PNPase (blue).
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Other main endoribonucleases

RNase Ill encoded by the rnc gene cleaves double-stranded RNA. It can affect the stability of mRNA by
eliminating potential protective stem-loop structures (Court et al., 2013). For example, RNase Il affects
the synthesis of the exoribonuclease PNPase by cutting the stem-loop structure in the rpsO-pnp
polycistronic operon (Kushner, 2002). RNase Il also contributes to the processing of the double-
stranded stem located in 30S rRNA polycistronic transcripts to release 17S, 25S, and 9S rRNA
precursors, as well as the embedded tRNAs (Court et al., 2013). The involvement of RNase lll in the
degradation of mRNA appears quite limited in E. coli (Court et al., 2013). RNase Ill can be used as a
secondary participant to regulate the stability of approximately 10% of the mRNAs in E. coli (Bechhofer
& Deutscher, 2019).

RNase G is the homologue of RNase E, with an N-terminal structure highly similar to RNase E
but lacks the scaffold C-terminal region of the degradosome (Ait-Bara et al., 2015). Although RNase G
has some functional homology with RNase E, it cannot fully compensate for RNase E activity (Umitsuki
et al., 2001) since E. coli cells lacking RNase E activity are unviable (Hughes, 2016).

The other endoribonucleases, RNase P (Li & Altman, 2003), RNase LS (Otsuka & Yonesaki,
2005), RNase Z (Dutta & Deutscher, 2009) and mRNA interferases (MazF, RelE, MgsR, etc.) show limited

relevant function in mRNA degradation in E. coli.

1.2.1. B) Exoribonucleases

E. coli cells contain several 3’ exoribonucleases but no 5’ exoribonuclease (Bechhofer & Deutscher,
2019; Kushner, 2002; Mathy et al., 2007). The type 3’-exoribonuclease mainly includes PNPase, RNase
Il, RNase R, RNase BN and the oligoribonuclease Orn.

PNPase participates to the degradation of mRNA as its inactivation leads to an increase in
transcript half-life (Mohanty & Kushner, 2003). The level of PNPase is controlled by RNase Il as
described above. In strains lacking RNase Ill, PNPase levels increase tenfold (Portier et al., 1987; Takata
et al., 1987). PNPase cleaves mRNA from the 3’ end, releases the terminal diphosphate nucleoside and
is only active on single-stranded mRNAs because it is strongly inhibited by secondary structures
(Bechhofer & Deutscher, 2019; Cheng & Deutscher, 2005). PNPase can be present in the cell either in
association with the degradosome or in association with the poly(A) polymerase | (PAP I) and the
chaperone Hfg (Mohanty et al., 2004).

Unlike PNPase, RNase Il and RNase R cleave mRNA via a hydrolytic reaction and release the
terminal monophosphate nucleoside (Cheng & Deutscher, 2005; Mohanty & Kushner, 2018). However,
the degradation of mRNAs by RNase R is not affected by the presence of a structured stem-loop as

long as there is a single-stranded 3‘ end (at least a 7-nt long) (Hossain et al., 2016). Therefore, it has




Bibliographic Review

been suggested that RNase R can be used as both exoribonuclease and helicase-like to resolve
secondary structures (Awano et al., 2010; Hossain et al., 2016). The level of RNase Il is regulated by
PNPase, RNase Ill and RNase E: PNPase regulates by degrading rnb mRNA (gene encoding RNase Il)
(Zilhdo et al., 1996); RNase lll indirectly regulates by controlling the level of PNPase (Nicholson, 2014);
and RNase E is directly involved in the degradation of the rnb mRNA (Arraiano et al., 2010). In addition,
there is the 3’ exoribonuclease RNase BN (also called RNase Z) (Dutta & Deutscher, 2009). RNase BN is
a ribonuclease that has both functions of endo- and 3’ exonucleases on model RNAs. After the mRNA
is cleaved by the above exoribonucleases to short oligonucleotides of 2~4 ntd in length, the
oligoribonuclease activity encoded by the orn gene continues the degradation of these fragments into

mononucleotides (Ghosh & Deutscher, 1999; Zhang et al., 1998).

1.2.1. C) Other components related to mRNA degradation

Helicases

mRNA is a single-stranded molecular structure, but secondary structures with double-stranded regions
are present (Ding et al., 2014; Rouskin et al., 2014; Wan et al., 2014). These structures can modify
mMRNA degradation by hindering access and/or activities of RNases. Helicases are a family of ATPase-
dependent proteins that remodel RNA and RNA-protein complexes by unfolding the mRNA molecule
to facilitate ribonuclease access (Jarmoskaite & Russell, 2014). Four DEAD-box RNA helicase paralogs
(RhIB, RhIE, SrmB, and CsdA) identified in E. coli are relevant to the mRNA degradation pathway
(Bhaskaran & Russell, 2007; Mohanty & Kushner, 2018). They have two identical core domains and
flanked by variable regions (Worrall et al., 2008). There is evidence that the unwinding of folded mRNA
by RhIB promotes cleavages by RNase E and PNPase (Bandyra et al., 2018; Khemici et al., 2005). RhIE,
SrmB, and CsdA can also bind to RNase E but at different binding sites than RhIB (Charollais, 2004;
Proux et al., 2011; Trubetskoy et al., 2009).

Chaperone Hfg and nhcRNA

Hfq is an important chaperone involved in the regulation of RNA degradation. This protein can
associate with regulatory small RNAs, facilitate their interaction with the target mRNA, and then
facilitate the degradation of the target mRNA by RNase E. As an example, Hfq interacts with the small
RNA ryhB to downregulate a set of iron-storage and iron-using protein expressions (Figure 9). The Hfg-

sRNA association stimulates the base pairing with the target mRNA (Bandyra et al., 2012; Tsai et al.,
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2012; Valentin-Hansen et al., 2004). Note that the binding of Hfg to RNase E does not depend on ncRNA,
but the ncRNA triggers the binding of the complex to the target mRNA (T. Morita et al., 2006).

sRNA-mediated
mRNA degradation

. RBS ;
5 3" mRNA
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: sRNA

sRMNA-Hig complex
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Inhibition of 305
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recruitment
Degradation by endo-
s and exoribonucleases
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Figure 9. mRNA degradation by the RNase E-Hfg-RyhB complex (Bandyra & Luisi, 2018). First,
SRNA (Ryhb) combined with Hfq to form a complex. Hfq protects sSRNA from RNase E degradation prior
to target pairing, and as a cofactor recruit functional proteins for target regulation (top branch). The
sRNA-Hfg complex recognizes and binds a complementary sequence in the translation initiation region
of mRNA, which prevents ribosome access to the mRNA (left branch). Thus, the naked mRNA is
degraded by endo and exoribonucleases. The sRNA-Hfq complex can also bind with the coding region
of mRNA, recruiting RNase E for degradation (right branch).

Poly(A) polymerase

For a long time, it was widely accepted that polyadenylation was merely related to eukaryotic mRNA.
However, poly(A) tails have been identified on some bacterial RNAs, and experimental results have
demonstrated that polyadenylation plays a role in the stability of E. coli mMRNA (Cohen, 1995; Kushner,
2002; Xu & Cohen, 1995). Compared to polyadenylation in eukaryotes, the mechanism of
polyadenylation in E. coli does not require the presence of a specific sequence in the mRNA (Sarkar,
1997). The activity of poly(A) polymerase (PAP |, encoded by pcnB) is to add A-tails at the 3’end of
transcripts (Maes et al., 2016). Transcriptomic analyses of the wild-type strain and pcnB deletion
mutant show that more than 90% of E. coli transcripts have undergone a certain degree of adenylation
by PAP | during the exponential growth leading to an increase in mRNA stability in the pcnB mutant
(Mohanty & Kushner, 2006).

The addition of A-tails by PAP | at the 3’ end of the transcripts makes them better substrates
for degradation by the 3’ exoribonucleases (Figure 10). Transcripts with Rho-independent termination
have a stem-loop structure at their 3’ end, which strongly inhibits the degradation ability of 3’

exoribonucleases. PAP |, by adding the poly(A) tail to the 3’ end, provides a binding handle, which
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ensures the degradation efficiency by 3’ exoribonucleases (Maes et al., 2016; Mohanty & Kushner,
1999; O’Hara et al., 1995; Yehudai-Resheff & Schuster, 2000). However, this pathway is much weaker

and slower than the above described two RNase E access pathways.
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Figure 10. The PAP I-dependent degradation of structured RNAs in E. coli (Hajnsdorf &
Kaberdin, 2018). Stable stem—loop structures at the 3’end of transcripts are resistant to the action of
major exoribonucleases, but their degradation can be facilitated by polyadenylation. Repeated cycles
of polyadenylation and subsequent 3’ -5 degradation of the polyadenylated species by
exoribonucleases and the oligoribonuclease (oligoRNase) yield mononucleotides.

MRNA interferase

mMRNA interferases (part of the Toxin-Antitoxin systems) are endoribonucleases which can specifically
cleave mRNAs. Several mRNA interferases have been found in E. coli such as MazF, RelE, MgsR, YoeB,
HicA... (Mohanty & Kushner, 2018; Yamaguchi et al., 2009; Y. Zhang et al., 2005). Their specific cleavage
sites are described in Table 1. As an example, the mechanism of MazF action in the Toxin-Antitoxin

system (MazE-MazF) is described in Figure 11.
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Figure 11. Mode of action of the MazF mRNA interferase ((Al-Hinai et al., 2012). In the MazE-
MazF system, the toxin MazF and the antitoxin MazE are encoded by the same operon. The operon is
either negatively autoregulated by MazE or a MazE-MazF complex. Generally, MazF and MazE are co-
transcribed in an operon and neutralize toxicity through protein-protein interaction, but MazE is far
less stable than MazF. Therefore, any effect that disrupts the toxin-antitoxin equilibrium will release
the MazF in the cell. MazF then cleaves the target mRNA at ACA sequences, leading to growth arrest,
followed by cell death.

1.2.2 mRNA degradation is a complex cellular process

Overall, the previous sections showed that the mRNA degradation is a complex process in E. coli that
implies many partners. To summarize, Figure 12 describes the generally accepted pathways (Arraiano
et al.,, 2010; Hui et al.,, 2014; Mohanty & Kushner, 2018). Under most circumstances, mRNA
degradation is initiated from internal cleavage by RNase E, but this is not absolute (Arraiano et al.,
2010; Baker & Mackie, 2003). There are also internal cleavages determined by RNase P, RNase Z/ BN,
and RNase Ill, of which RNase Il is responsible for internal cleavage of the mRNA structured part (stem-
loop) to initiate degradation (Mohanty & Kushner, 2018). After initiation of degradation, ribonucleases,
degradosome, and mRNA interferases further cleave the fragments or undergo other auxiliary
functions (such as polyadenylation, unwinding) before cutting. The full-length mRNA is cleaved into
oligoribonucleotides after these series of actions. Eventually, it is completely degraded into

mononucleotides by the oligoribonuclease (Ghosh & Deutscher, 1999; Zhang et al., 1998).
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Figure 12. Schematic representation of mRNA degradation pathways in E. coli. The overall
MRNA degradation mechanism is depicted. The enzymes involved and the sites on which they act on
mMRNA are annotated. Under most circumstances, mRNA degradation is initiated from internal cleavage
and results in two consequences: i) the fragments lacking the protection of the 3’ end stem-loop are
generated and are rapidly degraded by 3’ exoribonucleases; ii) the fragments exposing the
monophosphate 5’ end are generated and are further cleaved by endoribonucleases. The details have
been described in previous sections.

—

]
25 |



Bibliographic Review

1.3 Process of translation in E. coli

1.3.1 Ribosome

Translation is the last step of gene expression. Ribosomes translate the genetic information contained
in mRNA into the amino acid sequence of proteins. Ribosome biogenesis per se and recycling is a
complex series of processes involving mRNA, tRNAs and a number of translation factors. Structurally,
E. coli ribosome sediment as 70S particles formed by two subunits, 30S and 50S. The 30S subunit
consists of 16S rRNA (1542 ntd) and 21 proteins (Ghosh & Joseph, 2005). The 50S subunit consists of
23S rRNA (2904 ntd), 5S rRNA (120 ntd) and 36 proteins (Graf et al., 2017). The ribosome is a dynamic
molecular machine with constantly changing conformation, and its proteins undergo diverse

rearrangements during the translation steps (Bock et al., 2018; Schmeing & Ramakrishnan, 2009).

1.3.2 Basic processes of translation

Like transcription, translation also can be roughly divided into three stages: translation initiation,

elongation, and termination.

Translation initiation

Translation initiation is the rate-limiting and highly regulated step of translation. It ensures the first

codon-anticodon interaction into the peptidyl (P) site of the small ribosomal subunit (Gao et al., 2003)

(Figure 13).
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Figure 13. lllustration of the translation initiation (adapted from Laursen et al., 2005; Simonetti
et al., 2009). See details as below.
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The 30S ribosomal subunit, three initiation factors (IF1-3), and the aminoacylated and
formylated initiator tRNA (fMet-tRNA™¢!) are assembled with the mRNA in a standby position to form
the 30S pre-initiation complex (30S PIC). The anti-SD sequence of 16S rRNA and the SD sequence of
the mRNA are base-paired to fix the 30S ribosomal subunit on the mRNA. IF1 and IF3 play a role in
stabilizing the 30S ribosomal subunit. GTP-dependent IF2 brings fMet-tRNA™¢t to the 30S PIC in a
codon-independent manner. With the rate-limiting conformation changes of 30S PIC, the start codon
and fMet-tRNA™et adjust the mRNA to the appropriate site through codon-anticodon interaction to
form a more stable mature 30S initiation complex (30S IC). IF1 and IF3 are released from the complex.
IF2 stimulates the 50S ribosomal subunit to associate with the 30S ribosomal subunit and subsequently
also released from the complex, while the GTP bound to IF2 is hydrolyzed. The final formation of the
70S initiation complex (70S IC) is assembled, and the ribosome is ready to enter the elongation phase

of translation (Laursen et al., 2005; Simonetti et al., 2009; Vimberg et al., 2007).

Translation elongation

The assembly of the large and the small subunits creates three sites in the ribosomes involved in
peptidyl chain synthesis. The aminoacyl site A is the receptor for the tRNA that loads specific amino
acids, the peptidyl site P loads amino acids onto the growing peptide chain, and the exit site E releases

deacylated tRNA (Marquez et al., 2002) (Figure 14).
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Figure 14. lllustration of three tRNA binding sites on the ribosome during translation
elongation (adapted from Burkhardt et al., 1998). The chart depicted the relative positions of a tRNA
and A/P/E-sites in the 70S ribosome. A) tRNA carrying the amino acid enters the A site. B) The ribosome
moves one ntd forward on the mRNA, and the peptide chain extends one amino acid. The previous
tRNA exits the P site and enters the E site, and the newly entered tRNA moves from the A site to the P
site. C) The E site tRNA dissociates from the elongation complex, and the vacant A site awaits the arrival
of the newly tRNA carrying amino acid for the next elongation cycle.

Translation elongation is facilitated by three elongation factors: EF-Tu functions with GTP and

mediates the entry of the aminoacyl tRNA into a free site of the ribosome (Burnett et al., 2014); EF-G
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catalyzes the translocation of the tRNA and mRNA from the ribosome at the end of each round of
polypeptide elongation (Liu et al., 2014); and EF-Ts catalyzes the release of GDP from EF-Tu, allowing
EF-Tu to bind to a new GTP molecule (Wieden et al., 2002). The translation elongation involves
repetitive cycles of decoding, peptide bond formation, and translocation (Ramakrishnan, 2002).
Decoding ensures that the correct aa-tRNA is selected at the A-site. Peptide bond formation means
that the peptidyl-tRNA at the P site and the aa-tRNA at the A site react to form a peptide bond. As the
translation process progresses, 70S moves on the mRNA in the 5'-3' direction. Simultaneous, the
nascent polypeptide chain is switched from the A site to the P site in 70S, and then the deacetylated
tRNA is transferred from the P site to the E site and is released from the ribosome. This elongation

process repeats the cycle until the stop codon is encountered and translation stops.

Translation termination

Translation termination occurs when a stop codon (UAA, UAG, or UGA) on the mRNA enters the A-site
(Rodnina, 2012). Two release factors RF1 and RF2 recognize the stop codon: RF1 terminates with stop
codons UAA and UAG, while RF2 terminates with UAA and UGA (Scolnick et al., 1968). In addition, the
release factor RF3 accelerates the dissociation of RF1 and RF2 from the ribosome after RF1 and RF2
trigger the hydrolysis of the peptidyl-tRNA at the P site (Freistroffer et al., 1997). This also allows the

ribosome to recycle into subunits for the next round of protein synthesis (Graf et al., 2018).

2 5’UTR and gene expression regulation

2.1 Presentation of the 5’UTR region

The 5’ UTR (also known as the leader sequence or leader RNA) (Figure 15) is the transcribed but
untranslated sequence located in the initial part of the mRNA, starting from the transcription start site
and ending at the nucleotide preceding the start codon. With a length ranging from 0 to 700 ntd, the
most frequent length is between 25 and 35 bp in E. coli (Kim et al., 2012). It should be noted that some
mRNAs have no 5’UTR at all or have only a very short 5’UTR and they are therefore called leaderless
mMRNAs (Beck & Moll, 2018). We can also note that the 5’ UTR is included in the translation initiation

region (TIR) which additionally contains the proximal 5’ coding sequence of the mRNA (Figure 15).
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Figure 15. Key 5’ UTR elements of E. coli mRNA. Regulatory elements in the 5’UTR are shown
independently, marked with different colors. See the next section for a detailed description of each
5’UTR element.

Initially, 5’"UTR was associated with translation initiation through the Shine-Dalgarno (SD) sequence
(this SD sequence - with or not some adjacent nucleotides - is also called RBS for ribosome binding
site). As progress has been made in deciphering the regulatory mechanism related to the 5'UTR, more
and more cis-acting elements and trans-acting factors related to the 5'UTR have been identified as
being involved in the regulation of translation but also of transcription and mRNA degradation. In the
following sections, we will review how some 5’UTR-related elements regulate translation, transcription

and/or mRNA degradation.
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2.2 Regulatory elements in the 5’UTR

2.2.1 Shine-Dalgarno (SD) sequence

The 5’UTR contains part or the entire UAAGGAGGU sequence known as Shine-Dalgarno sequence,
which is complementary to the region (anti-SD or aSD sequence) at the 3’end of 16S rRNA (Shine &
Dalgarno, 1974). Recruitment of ribosomes through complementary pairing of the SD sequence with
the 3’end of the 16S rRNA initiates translation. Most of E. coli SD sequences are between 4 to 8 ntd in
length (the complementarity of mRNA / rRNA is not interrupted by unpaired bases) (Shultzaberger et
al., 2001). The results of free energy calculations for all upstream regions of 1,159 E. coli genes that
possibly form a duplex structure with the 16S rRNA indicate that the average length of SD: aSD is 6.3
ntd (Schurr et al., 1993).

Unlike eukaryotes, bacterial mMRNAs can be polycistronic. Thus, making the correct recognition
of any potential translation initiation site along the mRNA by the ribosome is particularly critical for
bacterial gene expression regulation. As mentioned above, the SD sequence facilitates the ribosome
binding with mRNA to initiate the translation. Particularly, stronger SD sequences improve translation
efficiency when the start codon is not an AUG, or when the start site is masked by secondary structure
(Olsthoorn et al., 1995; Weyens et al., 1988). Numerous studies have demonstrated that modifications
of the SD and its adjacent sequences are responsible for over 1000-fold changes in protein expression
(Ringquist et al., 1992). Studies have shown that experimentally lengthening the SD sequence does not
improve the translation efficiency, or even decreases it. In E. coli, a six-nucleotide SD (AGGAGG) has a
higher initiation efficiency than shorter or longer sequences at 37°C (Vimberg et al., 2007). The lower
translation initiation efficiency of the relatively short SD sequence is assumed to be due to the weaker
SD:aSD binding affinity. In contrast, the relatively long SD sequence likely results in redundant SD:aSD
affinity, which causes ribosome stalling at the translation initiation phase. Furthermore, the optimal
SD sequences for high translation initiation efficiency are temperature dependent rather than growth

rate dependent. The shortest SD sequence (GGAGG) is preferred at lower temperature (20°C).

2.2.2 Aligned spacing

The aligned spacing defines the sequence between SD and the start codon and it is also a regulatory
parameter of gene expression through the control of translation initiation efficiency. The optimal
length of the aligned spacing in E. coli is 5-9 ntd (Hartz et al., 1991; E. S. Komarova et al., 2020;
Osterman et al., 2013). Toeprinting experiments suggest that each specific SD sequence has an optimal
aligned spacing adapted to itself for optimal mRNA-tRNA-ribosome interaction. Indeed, lengthening

the aligned spacing inhibits ribosomal translocation (Wakabayashi et al., 2020). Conversely, an aligned
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spacing of less than 4 ntd prevents the formation of a stable pre-translocation complex (Devaraj &
Fredrick, 2010). Furthermore, a study using aligned spacing libraries reveals that many efficiently
translated mRNAs have A-rich sequences with U residues in the spacer region, e.g, with AAAU, AAUA,
AUAA, AUAU sequence variants (E. S. Komarova et al., 2020), despite the fact that AU-rich enhancers
are generally considered to be located upstream of SD sequences. One explanation for the efficiently
translated mRNAs which adenosine preference of the aligned spacing is that AU-rich sequences
enhance the interaction with the ribosome. Although the aligned spacing does not participate in base
pairing with the 16S rRNA, it is presumed that it can form a specific structure with the ribosome

(Hussain et al., 2016).

2.2.3 Initiation transcription sequence (ITS) and promoter-like sequence

The ITS corresponds to the 20 first nucleotides of the 5’UTR. It can affect the transcription initiation
process by influencing the efficiency with which RNAP escapes from the promoter and continues
elongation (Heyduk & Heyduk, 2018). Transcription initiation is a multistep process that begins when
RNAP recognizes and binds to DNA elements within a promoter sequence and ends when RNAP
escapes from the promoter and continues through elongation. This process involves multiple cycles of
failed start of synthesis and release of short (2-15 ntd) transcripts called abortive initiation until
promoter release by RNAP (Hsu, 2002; Wade & Struhl, 2008). The transcription process moves from
the initiation to the extension phase only if a threshold length of 9 to 11 ntd RNA is synthesized and
the promoter escape is successfully completed (Mazumder & Kapanidis, 2019; Saecker et al., 2011).
The composition (especially positions +1 and +2) and structuration of the first 10 nucleotides of ITS
influences promoter escape the most. In addition, sequences similar to the -10 promoter element
(TATAAT) in 5’UTRs can induce a o70-dependent transcription pause after the promoter escape

(Brodolin et al., 2004; Hatoum & Roberts, 2008; Nickels et al., 2004) and thus reduced transcription.

2.2.4 Standby-site and S1 ribosomal protein

The 30S ribosomal complex will first land non-specifically on the mRNA backbone prior to the SD:aSD
interaction (Espah Borujeni et al., 2014). The initial landing platform upstream of the SD sequence in
5'UTR is referred to as the standby-site (de Smit & van Duin, 2003). The standby-site is usually
structured, so the 30S ribosomal complex unfolding the mRNA is critical. Studies have shown that a
variety of ribosomal proteins, and in particular the S1 ribosomal protein, exert RNA helicase activity
when the 30S ribosome docks with the mRNA (Qu et al., 2012; Takyar et al., 2005; Yusupova et al.,

2006). Cryo-EM analysis indicates that S1 might bind 11 nucleotides upstream of the SD sequence
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(Sengupta et al., 2001). S1 provides RNA-melting activity to the exit site of the 30S decoding channel
and confers some plasticity on the ribosome to initiate mRNA translation, which is essential for docking
and unfolding standby-site of mRNA (Duval et al., 2013).

In terms of gene expression regulation, S1 is essential for translation of many mRNAs (Lauber
et al., 2012; Sgrensen et al., 1998; Studer & Joseph, 2006; Subramanian, 1983). The binding of S1 to
the standby-site is particularly vital for translation of mRNAs lacking or with weak SD sequences
(Komarova et al., 2005; Tzareva et al., 1994). In contrast, S1 is nonessential for mRNAs with optimal SD
sequence and weakly structured RBS (Duval et al., 2013). Studies have shown that AU-rich sequences
in the standby-site can increase translation efficiency by an order of magnitude in E. coli (Osterman et
al., 2013). S1 also contributes in the regulation of mRNA stability. The insertion of an AU-rich standby-
site can increase mRNA stability (Komarova et al., 2005), although AU-rich sequences are also potential
cleavage targets for RNase E (Lin-Chao et al., 1994; McDowall et al., 1994). One explanation is that S1
wins the competition with RNase E for binding to the AU-rich site. Another possibility is that the
facilitation of translation initiation by AU-rich standby-site results in greater ribosomal occupancy of

the mRNA, thereby protecting the transcript from RNases attack.

2.2.5 Modified 5’UTR end

In the standard de novo transcription initiation, RNAP uses a nucleoside triphosphate (NTP) as a
substrate, resulting in a stable triphosphate structure at the 5' end of the RNA (Barvik et al., 2017).
Non-canonical substrates can compete with NTPs for transcription initiation by RNAP, such as

nanoRNAs and non-canonical initiating nucleotides leading to modified 5’UTR end.

NanoRNAs

NanoRNAs (2-4 ntd long oligoribonucleotides) are mainly derived from the degradation of mRNA by
the oligoribonuclease Orn (Liao et al., 2018). When a nanoRNA acts as a primer for transcription
initiation, it introduces a 5’-terminal hydroxyl or 5’-terminal monophosphate into the nascent RNA. It
has been shown that nanoRNA-mediated transcription initiation is especially prevalent in the
stationary phase of E. coli growth (Vvedenskaya et al., 2012).

With respect to gene expression regulation, how nanoRNA-mediated transcription initiation
affects gene expression is still unknown. One hypothesis is that this mechanism alters the
phosphorylation status of the mRNA 5’end, thus regulating transcript stability (Nickels, 2012). Another
hypothesis is that the introduction of nanoRNAs leads to a shift in the position of the transcription

initiation site, which affects promoter function and regulates transcription (Nickels & Dove, 2011).
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Non-canonical initiating nucleotides

In vitro experiments have demonstrated that nicotinamide adenine dinucleotide (NAD*), NADH and
dephosphorylated coenzyme A (dp-CoA), flavin adenine dinucleotide (FAD), UDP-glucose, and UDP-N-
acetylglucosamine can be used as non-canonical initiating nucleotides and thus capping the RNA 5’end
(Cahova et al., 2015, 2015; Julius & Yuzenkova, 2019; Luciano & Belasco, 2015). Besides, multiple
unmethylated, monomethylated and dimethylated forms of dinucleoside polyphosphates (NpnNs)-
RNA caps were identified in RNAs isolated from E. coli (Benoni et al., 2020). The use of non-canonical
initiating nucleotides was proposed to depend on sigma factors and promoters (Skalenko et al., 2021).

In terms of gene expression regulation, capping of the 5'end of the mRNA contributes to the
regulation of its stability and transcription efficiency. For instance, it was observed that NAD-modified
RNA 5’-capping strongly stabilized RNAs against 5'-processing by RppH and against endonucleolytic
cleavage by RNase E (Cahova et al., 2015). In vitro studies have shown that E. coli RNAP appears to
prefer dinucleoside tetraphosphates (NpsNs) to NTPs for initiating transcription, i.e. it uses Np4A up to
nine times more efficiently than ATP (Luciano et al., 2019; Luciano & Belasco, 2020). The physiological
roles of using non-canonical initiating nucleotides for transcription initiation in E. coli still need to be

further explored.

2.2.6 Structured 5’UTR: RNA thermometer (RNAT) and Riboswitch

Due to the single-stranded structure of the mRNA, the 5’UTR potentially tends to be highly structured.
The RNA can fold back on itself to form hairpins composed of spirals covered by loops, which known
as secondary structure (Garst et al., 2011). The structured motifs of the SD, aligned spacing and
standby-site determine translation initiation efficiency and mRNA quantity through their impact on
the accessibility of ribosomes and RNases to mRNA. However, the secondary structure of RNA has an
intrinsic propensity to fold dynamically (Chiaruttini & Guillier, 2020). Dynamic folding of 5’UTR can act
as cis-acting elements in the regulation of gene expression in response to environmental stimuli. RNAT
and riboswitch are two cis-acting elements related to secondary structures located in the 5'UTR
(Chowdhury et al., 2006). The main difference between the two is that RNAT senses physical signals

whereas riboswitch senses chemical signals and relies on interaction with their ligands.
RNAT

In terms of gene expression regulation, the secondary structures of RNAT rapidly respond to
temperature changes by folding or exposing RBS, thereby, influencing the accessibility of ribosomes to

mRNA and determining gene expression or repression. One of the well-studied RNATs in E. coli is the
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5’UTR upstream coding sequence of the heat-shock alternative sigma factor RpoH (Morita et al., 1999).
As illustrated in the following (Figure 16), the disruption of secondary structure by high temperature

exposes the ribosome binding site and, thereby allows the synthesis of heat shock proteins.

low temperature high temperature high temperature

translation "off”
—
RBS O RBS

Figure 16. Mechanism of translation initiation control by heat-sensitive RNAT (Chiaruttini &
Guillier, 2020). This scheme described the dynamic equilibrium between translation “off” and “on”.
(Left) At low temperature, the RBS is occluded by the folded secondary structure and the 30S ribosome
(in light gray) cannot bind the mRNA, translation is “off”. (Middle and right) While the temperature
rises, the fold gradually melts open and the RBS is exposed. The accessibility of the 30S ribosome
increases and allows it to bind with the 50S ribosome to form the complete translation initiation
complex, then translation is “on”.




Bibliographic Review

Conversely, an example of RNAT sensitive to low temperatures in E. coli is the expression of the cold

shock protein CspA with an increase in gene expression under cold shock (Figure 17).
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Figure 17. Mechanism of translation initiation control by cold-sensitive RNAT (Breaker, 2010;
Giuliodori et al., 2010). (Left) At an optimal growth temperature around 37°C, nascent transcripts of
cspA form a 160 ntd stem-loop spanning the entire 5’UTR and the front 60 ntd coding sequence. This
structurally isolates the SD sequence from the start codon and obscures the RBS. (Right) While at 10°C,
the mRNA undergoes structural rearrangement, with the SD sequence and start codon AUG
sequestered into separate weakly hairpins, respectively. Therefore, the RBS is accessible for the
ribosome to initiate translation.

Riboswitch

Riboswitch consists of two domains: the aptamer domain and the expression platform (Tucker &
Breaker, 2005). The aptamer domain acts as the receptor that specifically binds the ligand. Ligand
binding enables riboswitch to switch between two different secondary structures in response to
regulatory signals. To date, a wide variety of native riboswitches have been identified in E. coli in
response to different ligands: FMN (Pedrolli et al., 2015), guanidinium (Sherlock et al., 2017),
adenosylcobalamin (Gallo et al., 2008), molybdopterin (Regulski et al., 2008), thiamine diphosphate
(Serganov et al., 2006), Mn?* (Dambach et al., 2015), spermidine (Yoshida et al., 1999), etc.

Although the sequence, structure and ligand of these riboswitches differ considerably, they
are all involved in gene expression regulation mainly at the two levels of transcription termination and
translation initiation (Sharma et al., 2022). For transcription regulation, riboswitch secondary structure
may create an intrinsic transcription terminator, resulting in intrinsic transcription termination in
response to environmental “signal”. For translation regulation, a model below illustrates the

mechanism of riboswitch-mediated translation initiation control (Figure 18).




Bibliographic Review

(a) aptamer
domain
—

translation “on”

expression
platform

o ligand

translation “off”

Translational switch-off

domain

translation “off”

expression ligand
) platform

translation “off” translation “on”

AN

Translational switch-on

Figure 18. Mechanism of riboswitch-mediated control of translation initiation (Chiaruttini &
Guillier, 2020). (a) Translation switch-off. In the absence of ligand, the anti-RBS sequence (red) is
obscured in the secondary structure of the aptamer domain, and the RBS in the expression platform is
accessible for the 30S ribosome. With the ligand (blue sphere) binding to the aptamer domain, the
riboswitch stabilizes into another conformation. The anti-RBS sequence, originally located in the
aptamer domain, is released and pairs with the RBS in the expression platform resulting in the RBS
being inaccessible to the 30S ribosome. (b) Translation switch-off. In the absence of ligand, the RBS is
trapped in the stem-loop by the anti-RBS sequence (red), and the mRNA is inaccessible to the 30S
ribosome. With the ligand binding to the aptamer domain, the conformational change releases the
RBS resulting in the RBS being accessible to the 30S ribosome.
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2.2.7 5’UTR binding factors: small non-coding RNAs (sRNAs) and RNA-binding proteins

5’UTR can be the target of trans-acting factors such as sSRNAs and RNA-binding proteins involved in the

regulation of gene expression.

sRNAs and sRNA chaperones

Regulatory sRNAs that act as trans-acting factor are either transcribed independently or processed
from the non-target mRNAs (Villa et al.,, 2018). Hundreds of sRNA-encoding genes have been
annotated in E. coli (Barquist & Vogel, 2015; Hor et al., 2020). To date, most of these characterized
sRNAs are independently transcribed, but some are also processed from the 5’UTR and 3’UTR of the
mRNAs (Adams & Storz, 2020). It has been suggested that RNA fragments produced after RNase
cleavages or premature transcription termination can also function as regulatory sRNAs (Adams et al.,
2021).

The sRNAs can pair with the “seed region” in the 5’UTR with complete or incomplete
complementarity, and perform a variety of gene expression regulations at the levels of translation,
mRNA degradation and transcription. Many, but not all, SRNAs require the assistance of chaperone
proteins to function properly. The three major broad-spectrum sRNA chaperones in E. coli are Hfq,
CsrA and ProQ. Analysis of hundreds of SRNA in E. coli showed that about 25% of them rely on Hfq to
carry on their functions (Vogel & Luisi, 2011; Zhang et al., 2013). Hfq protects sRNA from RNase
degradation prior to target pairing and facilitates the annealing of SRNA-mRNA duplexes (Holmqvist &
Vogel, 2013). As regulators of gene expression, sRNAs can bind to the RBS to obstruct ribosome access,
or structurally modify the 5’UTR to facilitate ribosome assembly and translation (Figure 19C and D)
(Lease et al., 1998; Morita et al., 2006). Second, sRNAs can recruit RNase E to promote 5’end-
dependent degradation or recruit chaperone proteins to obstacle RNase E scanning and cleavage from
the 5' end and thereby extend the life of the mRNA (Figure 19B) (Prévost et al., 2011; Richards &
Belasco, 2019). Third, sRNA in association (with or without Hfg) can mediate anti-termination
transcription by suppressing Rho-dependent premature transcription termination at the 5’UTR (Rabhi

et al., 2011; Sedlyarova et al., 2016).
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Figure 19. The 5’UTR-related regulatory mechanism of Hfq (Fu et al., 2021).

A. Hfg binds directly to the mRNA 5’UTR and rearranges its second structure to form a stem-loop block
ribosome access, thus causing mRNA rapid degradation by RNase E in the 5’'end-dependent pathway

(J. Chen & Gottesman, 2017; Ellis et al., 2015; Vytvytska et al., 2000).

B. Hfqg facilitates the mRNA-sRNA hybrid and recruit RNase E to target mRNAs of sRNAs, resulting in

them simultaneously rapid degradation (lkeda et al., 2011).

C. Hfq facilitates the mRNA binding to the SD sequence of mRNA, thus obstacle the accessibility of

ribosome to mRNA and inhibit the downstream translation process (Desnoyers & Massé, 2012).

D. Hfq facilitates annealing of SRNA-mRNA upstream of the SD sequence, leading to stem-loop unfold
within the 5'UTR, thereby activating the RBS accessibility for the ribosome to initiate translation

(Kawamoto et al., 2006).
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Action of 5’UTR binding proteins independently of sSRNAs

Binding of Hfqg directly to the 5' UTR of mRNA can inhibit translation initiation through structural
rearrangements of the ribosome binding site and lead to mRNA cleavage by RNase E (Figure 19A)
(Salvail et al., 2013). Similarly, binding of CsrA to the 5' UTR mRNA can inhibit translation initiation by
competing with the ribosome, activate translation initiation in the case of a riboswitch, and stabilize

the mRNA by preventing cleavage by RNase E (Figure 20) (Vakulskas et al., 2015).
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Figure 20. Models for repression and activation by CsrA (Vakulskas et al., 2015).

A. Inhibition of translation by competition with the ribosome (case of g/gC regulation). In the presence
of CsrA (+CsrA), the protein binds to two recognition sites of varying low affinity. Binding results in
sequestration of the SD sequence and prevents ribosome attachment. In the absence of CsrA (-CsrA),
translation proceeds normally.

B. Mechanism of stabilization of flhDC. In the presence of CsrA (+CsrA), the protein binds to two
recognition sites preventing recognition of the phosphorylated 5'-end by RNase E. In the absence of
CsrA (-CsrA), RNase E degrades the mRNA.

C. Activation of moaA translation by riboswitch binding. In the presence of CsrA (+CsrA), the protein
binds to the riboswitch resulting in the SD sequence being accessible to ribosomes. In the absence of
CsrA (-CsrA), the SD sequence remains sequestered in the riboswitch.
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2.3 Summary of the role of 5’UTR elements in gene expression regulation

In this section, we have tried to group the regulatory elements of the 5'UTR according to the targeted

process, translation, transcription or mRNA degradation.

2.3.1 5'UTR elements involved in the regulation of translation

In Table 3, we have summarized the elements of the 5'UTR acting on translation regulation, as

described in Section 2.2. We can observe that most of the elements discussed in the previous section

(except the ITS and the use of non-canonical substrates for transcription) participate in the regulation

of translation by controlling the initiation rate.

Table 3: 5'UTR elements involved in translation regulation.

5’UTR element

Translation

SD

Translation initiation: affects complementarity with
the anti-SD sequence on the 16S rRNA

Aligned spacing

Translation initiation: affects ribosome
translocation on the mRNA before finding the
correct start codon

Standby-site and S1 ribosomal protein

Translation initiation: facilitates the recognition of
anti-SD by the SD sequence

RNAT, Riboswitch,
chaperones

sRNAs and

SRNA

Translation initiation: affect ribosome accessibility
by exposing or occluding the RBS

5’UTR binding proteins independent of SRNAs

Translation initiation: with the

ribosome

competition

Currently, several tools have been developed for predicting translation initiation rates based on the

5’UTR features like RBS Calculator (Salis et al., 2009), RBS Designer (Na & Lee, 2010) and UTR Designer

(Seo et al., 2013). These algorithms are established on different statistical thermodynamic models that

estimate the translation initiation rate.

—
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2.3.2 5'UTR elements involved in the regulation of transcription

The 5' UTR elements acting on transcription regulation, as described in Section 2.2, are listed in Table

4. Five elements participate in transcription regulation at the initiation and termination levels.

Table 4: 5'UTR elements involved in transcription regulation.

5’UTR element Transcription

ITS and promoter-like sequence Transcription initiation: affect how RNAP escapes
from the promoter or RNAP pausing

nanoRNAs Transcription initiation: shift of transcription start
codon

Non-canonical initiating nucleotides Transcription initiation: competition with NTP

Riboswitch Transcription termination: create an intrinsic

transcription terminator

sRNAs and sRNA chaperones Transcription termination: anti-termination by
competition with the Rho protein

2.3.3 5'UTR elements involved in the regulation of mRNA degradation

The 5' UTR elements involve in mRNA degradation regulation are listed in Table 5. They contribute to
both protection and destabilization of the transcript. It can be noted that some 5'UTR elements could
be indirectly involved in mRNA degradation regulation. For instance, secondary structures such as
RNAT and riboswitch can promote or block ribosome binding and thereby indirectly affect transcript
stability by altering ribosome protection. This indirect effect on mRNA degradation related to ribosome

protection could be present for all 5' UTR elements acting on translation regulation.

Table 5: 5'UTR elements involved in mRNA degradation regulation.

5’UTR element mRNA degradation

Standby-site and S1 ribosomal protein Protection by competition with RNase E or by an
increase in ribosome density

NanoRNAs, Protection from 5’end-dependent RNase E attack

Non-canonical initiating nucleotides

sRNAs and sRNA chaperones Destabilization by RNase E recruitment or protection
by sRNA chaperone binding

5’UTR binding proteins independent of sSRNAs | Protection by masking RNase E cleavage site




Bibliographic Review

In conclusion, this literature review has clearly demonstrated that the 5’UTR of an mRNA is a region
rich in regulatory elements of gene expression. These 5'UTR elements are related to primary sequence,
5'end capping, secondary structure, and accessibility for intermolecular interactions with ribosomes,
sRNAs and proteins. 5'UTR regulatory elements influence gene expression in all three processes of
translation, transcription or mRNA degradation. We can notice that one element can be a regulator of

more than one process (for example, sSRNAs regulate the three processes).

3 Objectives of the PhD work

The bibliography review clearly demonstrates that 5’UTRs are important elements in mRNA lifestyle to
regulate gene expression. It also shows that most of the current research on 5’'UTR-mediated
regulations merely focuses on one dimension alone (e.g., modifying a 5’UTR to explore its regulation
of translation initiation efficiency). However, it is known that protein expression level can be
determined by translation efficiency, but also by mRNA concentration, which itself results from the
balance between transcription and mRNA degradation. Many researches on 5'UTR-mediated
translation regulation often overlook changes in other cellular parameters such as mRNA
concentration, transcription and mRNA stability. Therefore, it is necessary to integrate the regulations
mediated by 5’UTR in the three dimensions of transcription, mRNA stability, and translation.

My PhD work is fully in line with this perspective. We will better characterize the link between
5’UTR-mediated regulations of translation initiation, and the mRNA concentration and stability. First,
we will develop a synthetic approach based on a set of 5’UTRs homogenous in length but not in
sequence, that cover the whole range of theoretical translation initiation rate. Fused to three different
reporter genes, the aim will be to measure different parameters such as protein expression, mRNA
concentration and mRNA stability. These data will be integrated to identify how, and at which level,
the 5’UTRs regulate gene expression: do 5’UTRs act on translation, transcription and/or stability of the
mRNA? Do these regulations depend on the downstream gene or not? Second, | will modulate the
5’UTR-mediated translation regulation and follow the effects on mRNA concentration and stability.
This work will be part of a more global project of the team dealing with the interplay between
translation, transcription and degradation of mRNAs.

The literature review also clearly demonstrates that most of the elements located in the 5’UTR
respond to environmental changes. However, the full role of 5’UTRs in adaptation is not clearly
understood. To address this issue, we will develop an original approach using an exhaustive library of
native E. coli 5’UTRs cultured in different growth environments. We will design and construct a library

that will contain all the regulatory elements (already functionally defined or not) of the native 5’UTRs.

—
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The library will be challenged under different growth conditions to identify the 5’UTRs that regulate
gene expression in response to the environment and 5’UTR elements that may be related to adaptation.

Overall, my PhD work will aim at investigating if 5’UTRs are “regulatory-hubs” of gene
expression in E. coli by acting as “multiple controllers” of gene expression and responding to constantly
changing environment. This work should lead to a better understanding of the role of 5’UTRs in gene
expression regulation in E. coli and provide new perspectives for the development of molecular tools

in the fields of biotechnology and synthetic biology.
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Summary

To better understand the role of 5’UTRs in gene expression regulation in E. coli, we generated a set of
synthetic 5’"UTRs and analyzed their contribution in regulating translation, transcription, and mRNA
stability of different reporter genes. Forty-one synthesized 5’UTRs, homogenous in size but with
different theoretical translation initiation rates (corresponding to a wide range of RBS index calculated
by the RBS Calculator algorithm), were placed under the transcriptional control of the same inducible
promoter to control the expression of the reporter gene lacZ. At the protein level, we observed large
changes in B-galactosidase activity between strains. Globally, high protein levels were associated with
5’UTRs of high RBS index. These results confirmed that translation initiation is a regulatory factor of
protein level. However, the theoretical translation initiation rates did not correlate exactly with the
measured protein level. This suggests that the RBS index is only an estimator of the translation
initiation rate as it does not take into account additional constraints linked for instance to mRNA
synthesis (transcription) and transcript half-life time (stability). At the mRNA level, since the same
concentration of transcription inducer was applied to all constructions, it was expected to obtain the
same mRNA concentrations between strains. Nevertheless, we measured a large variation in mRNA
concentrations. These differences suggest that 5’UTRs modify either transcription and/or mRNA
stability. We validated that these conclusions were still true for two other reporter genes when
replacing the lacZ gene with the txAbF gene (encoding an a-L-arabinofuranosidase) and the msfGFP
gene (encoding a fluorescent protein) on a selection of eight representative synthetic 5’UTRs. To
quantify the contribution of regulation of transcript stability in mRNA concentration variation, we
measured the mRNA half-life time for each combination of the three reporter genes and the 8 5’UTRs.
Analysis of changes in mRNA half-life showed that 5’UTRs strongly affected mRNA stability and that
this effect was dependent on the downstream gene coding sequence. Using the regulatory coefficient
theory, which correlates variation in mRNA concentration to variation in transcription and/or
transcript stability, we showed that mRNA concentration of the reported gene could be controlled
mainly by transcription or stability regulation, or by a shared control between transcription and
degradation depending on the 5’UTR-reporter combination. In conclusion, this study confirms the
multilevel contribution of 5'UTRs in the control of gene expression. We have identified the regulations
mediated by the 5'UTRs at the level of translation initiation, transcription, and/or mRNA stability and

showed their degree of dependence on the reporter gene sequence.
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Introduction

When facing changing environments, E. coli cells have to adapt their metabolism by modifying the
expression pattern of their gene repertoire. The control of gene expression encompasses a wide range
of regulatory mechanisms that occur at each step of gene expression, from transcription initiation to
post-translational modifications of proteins. mRNA is a central molecule of gene expression control.
The 5'UTR, untranslated transcribed region of the mRNA emerged as potential “regulatory-hubs” for
translation, mRNA stability, and synthesis (transcription).

As well known, 5’UTR is crucial for efficient translation. It is generally considered that the
important features are the SD sequence (Shine & Dalgarno, 1974) and A/U richness, which helps to
minimize the formation of strong secondary structures of ribosome binding site (Berg et al., 2012;
Kozak, 2005; Simonetti et al., 2009). A well-positioned SD/Anti-SD pairing and reduced secondary
structure in sequences flanking the start codon and SD are the hallmarks of highly expressed genes in
E. coli (Abolbaghaei et al., 2017; Prabhakaran et al., 2015). In addition, the regions upstream of the SD
sequence and the distance between the SD sequence with the initiation codon are also critical, they
can be considered as the “reinforce elements” (Abolbaghaei et al.,, 2017; Viegas et al., 2018;
Wakabayashi et al., 2020). Many studies in bacteria have also shown that 5’UTR associated diverse
“signals" to tune protein expression levels, such as the presence of ligands, regulatory proteins, or
small RNAs. They bind to relevant sites on the 5'UTR, e.g. riboswitch (Kang et al., 2014; Kirchner et al.,
2017), and block or facilitate ribosome recruitment to mRNA (Malina et al., 2005; Storz et al., 2004). In
bacteria, the two prominent examples of such global RBPs are CsrA and Hfq (Chiaruttini & Guillier,
2020; Romeo et al., 1993) involved in post-transcriptional regulation of up to 25% and 20% of all
mMRNAs in E. coli, respectively (Holmqgvist & Vogel, 2018).

Moreover, numerous studies have also shown that 5’UTRs contribute to transcript stability.
Some researchers suggested that the effect of 5’UTR on translation indirectly alters the stability of
MRNA (lost & Dreyfus, 1995; Komarova et al., 2005). High ribosomal occupancy protects the mRNA
from rapid degradation. In particular, mutations in the ribosome binding site (RBS) which reduce
translation initiation efficiency, and hence the efficiency of the overall translation, accelerate mRNA
degradation (lost & Dreyfus, 1995; McCormick et al., 1994; Yarchuk et al., 1991, 1992). The first
cleavage of mRNA by endoribonucleases is generally considered as the rate-limiting step of mRNA
turnover, and therefore elements such as stem-loop structures in the 5'UTR are considered to be
important for mRNA stability by protecting from RNase entry at the 5’ end (Berg et al., 2012; Condon,
2007; Picard et al., 2009).

Furthermore, it has been shown that 5’UTRs can also influence transcription. The initially

transcribed sequence (ITS) corresponding to the 20 first nucleotides of the 5’UTR was reported to
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affect transcription initiation (Heyduk & Heyduk, 2018). Transcription initiation is a multistep process
that begins when RNAP recognizes and binds to DNA elements within a promoter sequence and ends
when RNAP escapes from the promoter and continues through elongation. Using a library of ITS
variants, ITS was shown to increase or slow RNAP promoter escape and thus to participate to the level
of transcription (Heyduk & Heyduk, 2018). The composition (especially positions +1 and +2) and
structuration of the first 10 nucleotides of ITS influence the most the promoter escape. Also, sequences
similar to the -10 promoter element (TATAAT) within the 5’"UTRs have been demonstrated to induce
a 070-dependent transcription pause after the promoter escape (Brodolin et al., 2004; Hatoum &
Roberts, 2008; Nickels et al., 2004), and thus reduced transcription.

To better understand the role of 5’UTRs in gene expression regulation in E. coli, we
investigated their contribution in regulating translation, transcription, and mRNA stability, respectively.
We generated a set of synthetic 5’UTRs covering a large range of theoretical translation initiation rates
fused to three different reporter genes. We confirmed for all reporters the control of gene expression
by 5’UTR-dependent regulation of translation initiation. In addition, we showed that 5’UTRs were also
involved in the regulation of the level of transcription and/or the stability of the transcript in a manner
dependent on the sequence of the downstream reporter gene. Overall, these results suggest that the

5'UTRs are capable of acting as the "regulatory-hubs" of gene expression.
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Materials and Method

1. Ribosome Binding Site calculators

The software RBS Calculator (http://voigtlab.ucsf.edu/software) was used for synthetic 5’UTRs design.

RBS Calculator uses a statistical thermodynamic model considering Gibbs free energies for key
molecular interactions in translation initiation to give an estimation of translation initiation rate. RBS
Calculator can be used in two ways: first, to predict the translation initiation rate of each start codon
on an mRNA sequence (reverse engineering); second, to design synthetic 5’UTR sequences (containing
a RBS) to rationally control the translation initiation rate (forward engineering). We used this second
function for the design of synthetic 5’UTRs. RBS Calculator designs 5’'UTRs with theoretical RBS index
from 0.1 to 100000 arbitrary units. A second software, UTR  Designer

(https://sbi.postech.ac.kr/utr _designer) has been developed for similar purposes. UTR Designer uses

a very similar model as RBS Calculator, considering the changes in Gibbs free energy before and after
30S ribosome binding to mRNA transcript. In addition, UTR Designer subdivides the state transition of
the 30S binds to mRNA into two scenarios, i.e., the 30S ribosome can either locate directly to the
transcription initiation region (TIR) on the mRNA or slides into the TIR through a multi-step process.

UTR Designer calculates the RBS index from 1 to 1 000 000 arbitrary units.

2. Design of synthetic 5’UTRs

We designed a large set of synthetic 5’UTRs to be compared with a reference 5’UTR. The reference
5’UTR is originated from the pBAD-/acZ control plasmid from the Invitrogen expression system pBAD-
his/myc used for the production of heterologous proteins in E. coli. This reference 5’UTR is 33 nt long
and has an efficient SD sequence (AGGAGG) and an RBS index of 33 000. To cover the large range of
RBS indexes (0.1 to 100 000 arbitrary units) designed by RBS Calculator, we selected 10 targeted RBS
indexes (100, 250, 500, 1000, 1500, 2500, 5000, 33 000, 66 000 and 100 000 arb. unit). The design of
5’UTR was performed considering the 150 first nucleotides of the lacZ coding sequence. For each target
RBS index, 200 unique 5’UTR sequences of 33 nt long were generated by RBS Calculator. In each RBS
index class, 4 sequences were manually selected, two with high GC% and two with low GC%, without
strong folding within the 5’"UTR sequence or at the beginning of the lacZ coding sequence. Including
the reference, this led to a set of 41 synthetic 5’UTR sequences covering a wide range of RBS indexes

(Table S1).
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3. Plasmid construction and reporter replacement

Synthetic 5’UTRs were introduced in place of the reference 5’UTR in the pBAD-/acZ plasmid by PCR.
For each 5’UTR, a pair of primers was designed, which contains half of the sequence of the 5’UTR to
be cloned and extended with a sequence able to hybridize with the recipient plasmid. The full plasmid
was amplified by PCR using Phusion polymerase (New England Biolabs). Amplicons were gel-purified,
5’ends were phosphorylated with T4 polynucleotide kinase (30 min, 37°C, New England Biolabs), and
self-ligated with T4 DNA ligase (overnight, 16°C). The ligation mix was used to transform E. coli DH5a
(New England Biolabs). Primers used for 5’UTR cloning are listed in Table $S2. Plasmid DNA was isolated

using the QlAprep Miniprep kit (Qiagen) and constructs were verified by sequencing (Eurofins).

For gene reporter replacement, the CDS from msfGFP (encoding the monomeric super-folder green
fluorescent protein) and txAbF (encoding an a-L-arabinofuranosidase) were PCR amplified. The whole
plasmid backbones containing the 8 selected 5'UTRs fused to lacZ were PCR amplified from the end of
the lacZ coding sequence to the 5’UTR. Amplicons were gel purified, the msfGFP or txAbF CDS inserts
were phosphorylated, ligated with the backbones, and transferred in E. coli DH5a. Correct fusions
between the 5’UTRs and the reporters were verified by sequencing. The primers used are listed in

Table S2.

4. Bacterial strains, growth and induction conditions

All cloning steps were performed using NEB 5-a (New England Biolabs) E. coli strain and cultures were
grown in LB or LB-agar. For characterization, all constructs were transferred in our reference strain
(MET 346), a derivative strain of DLT 2202 (MG 1655 AaraFGH, Qpcp18::araE533) in which the
chromosomal copy of lacZ was deleted (Ah-Seng et al., 2013; Nouaille et al., 2017). In this strain, the
pBAD promoter is proportionally induced by the concentration of arabinose, without heterogeneity

between cells for the induction level.

All the strains were routinely grown in M9 minimal medium (Esquerré et al., 2014) supplemented with
ampicillin 100 pg/ml at 37°C, 150 rpm except for other statements. Cultures were inoculated from

overnight cultures at an initial ODgoonm Of 0.1.

For evaluation of induction levels, arabinose was added in exponentially growing cultures (ODgoo=0.6)
with serial dilutions for final concentration from 0.00001% to 0.1% arabinose. For physiological

characterizations, strains carrying lacZ and txAbF were induced with 0.001% arabinose, and strains
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carrying msfGFP induced with 0.01% arabinose. Samplings were performed 30 min after arabinose

induction.

5. Protein level determination

Measurements of B-galactosidase and a-L-arabinofuranosidase activity. Strains carrying the lacZ
gene were grown as described above. 3 mg of cells (dry weight) were collected and immediately kept
on ice. Cells were harvested and washed twice with cold 0.2% KCl, resuspended in 1 ml of breaking
buffer (15 mM Tris tris 400 mM/ tricarballylate 1, 4.5% Glycerol, 0.9 mM MgClI2, 0.2 mM DTT; pH=7.2),
transferred in screw capped tube containing 0.1 g glass beads. Cells were disrupted with FAST PREP by
6 cycles (6.5 m/s, 30 s) with 1 min on ice between each cycle. After centrifugation (13200 rpm, 15 min),
supernatants containing soluble proteins were used for quantification. All measurements were carried

out on 3 biological and technical replicates.

Total protein was assayed using the Bradford method with bovine serum albumin as the protein

standard (Bradford, 1976).

The B-Galactosidase activity was determined by the colorimetric method using o-nitrophenyl-B-D-

galactopyranoside (ONPG) as a substrate (Held, 2007).

The a-L-arabinofuranosidase activity assay was modified from the colorimetric method of the
discontinuous assay (Bissaro et al.,, 2014). The determination uses 4-Nitrophenyl-a-L-
arabinofuranoside (pNP-Araf, colorless), which is hydrolyzed by a-L-arabinofuranosidase to release p-
nitrophenyl (pNP, yellow). 100 uL samples diluted in sodium phosphate (100 mM) were placed in the
96-well microplate. The assay was initiated by the addition of 100 ul of 2X assay buffer. Assay buffer
(1X) consists of 100 mM sodium phosphate, pH=7; 1 mM MgCl,; 50 mM B-mercaptoethanol and 10
mM pNP-Araf. All absorbance determinations were performed at 401 nm using a microplate reader
(SpectraMax Plus 384). After the assay was initiated by the addition of the 2X assay buffer, kinetic
readings were initiated immediately with absorbance determinations made every 20 seconds for a
total of 30 minutes at 45°C. The unit of a-L-arabinofuranosidase activity is defined by the catalysis of

1 umol of pNP per minute.

Fluorescence measurements. Specific fluorescence was defined as the relative fluorescence unit
divided by the corresponding ODesoonm (GFP/ODsoo) and determined by the end-point quantification

method. Strains carrying the msfGFP gene were grown and inducted as described above. 100 pL
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cultures were serially diluted 1:2 with cold M9 medium four times on a microplate (final volume 300
pL) onice, and both ODegoonm and fluorescence were quantified. Fluorescence and cell density (OD600)
were measured on Bio TeK Synergy H1 microplate reader (BioTek, Winooski, USA). The reference strain
MET 346 (5'UTR_33k 31) was used as the negative control and its fluorescence intensity was
subtracted as background. The excitation and emission wavelengths of GFP are 475 and 510 nm.

Measurements were carried out on 3 biological and technical replicates.

6. mRNA concentration and half-life determination

Sampling. Cultures were grown and transcription induced as described above for 30 min. 3 mg of cells
(dry weight) were harvested and flash frozen in liquid nitrogen. These samples are reference points
(TO) for the half-life determination procedure. To arrest transcription initiation, rifampicin (500 mg/I)
was added and cells (3 mg dry weight) were harvested at 0.3,0.6,1, 1.5, 2, 3,4,5,6,7.5, 10, 12.5 and
15 min after and flash frozen in liquid nitrogen. Samples were stored at -80°C until mRNA extraction.
For stability measurements, samples corresponding to TO plus 5 points after rifampicin addition were

extracted.

mRNA extraction and quality control. All mMRNA extractions were performed using the RNeasy Mini
extraction kit (Qiagen) following the recommendations of the manufacturer. Briefly, after thawing on
ice, the culture sample was centrifuged (10 min, 5000 rmp, 4°C). The cell pellet was resuspended in
500 ul of buffer RLT supplemented with 0.01% B-mercaptoethanol (Sigma) and the mixture was
transferred into a tube containing 0.1 glass beads. Cells were disrupted at 4°C by 3 cycles of 30 s with
a FastPrep-24 instrument (MP Biomedicals) and centrifuged for 10 min at 13200 g at 4°C. Total RNA
concentration was quantified a Nanodrop spectrophotometer (Thermo Fisher Scientific). Potential
DNA contamination co-purified with RNA, was eliminated using the TURBO DNA-freeTM Kit (Ambion)
on 50 pg total RNA in a final volume of 100 uL according to the manufacturer’s recommendations.
RNAs were quantified using a Nanodrop spectrophotometer and their integrity was certified with
Bioanalyzer 2100 (Agilent) with the RNA 6000 Nano LabChip kit (Agilent). RNAs were stored at -80°C

until required.

cDNA synthesis. 5 pg of total RNA were mixed with 1 pul of random primers (500 ng/ul; Life
Technologies), and sterile water to a final volume of 24 ul. The mixture was heated at 70°C for 5 min
and then immediately cooled to 4°C. Then 300 units SuperScript Il reverse transcriptase were added
with 0.5 M DTT, 15 mM dNTP Mix and 5x first strand buffer (Life Technologies) in a total volume of 50

pl. After 10 min incubation at 25°C, reverse transcription was performed at 42°C for 1h followed by an
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inactivation step at 70°C for 15 min. The RNA-cDNA hybrids were then degraded by addition of 1 pl
RNase H (2 units, 20 min, 37°C; Life Technologies). cDNAs were further purified via Illustra Microspin

G-25 columns (GE Healthcare) according to the manufacturer’s instructions.

Primer design and validation. Primers for qPCR were designed using Vector NTI advance v11 (Life
Technologies) with as constraints a melting temperature of 59-61°C, a length of 20-22 bp and 50-67%
GC content and leading to amplicon sizes ranging from 75 to 148 bp. The reaction efficiency of each
pair of primers was tested as a single amplicon on serial dilutions of lacZ, txAbF, msfGFP containing
plasmid as a matrix, depending on the primer pairs analyzed. Primer pairs were validated if the PCR
was quantified between 90 and 110% efficiency over the dilution range tested. For each reporter gene
(lacz, txAbF, and msfGFP), three primer pairs were designed and distributed equally along the CDSs
(beginning, middle, and end of the sequence). Housekeeping ihfB gene (integration host factor -

subunit) was used as the internal normalization control.

Real-time quantitative PCR. The cDNAs were 1:10 serially diluted and the qRT-PCR was performed
using SYBR Green Supermix (Bio-Rad) on a LightCycler 480 Il thermal cycler system (Roche, Mannheim,
Germany). qRT-PCR was performed using the following temperature program: 5 min at 95°C for pre-
incubation; then 45 PCR cycles of 10 s at 95°C for denaturation, 10 s at 60°C for annealing, and 10 s at
72°C for elongation. The melting curve analysis consisted of 1 min at 65°C followed by heating to 95°C
with a ramp rate of 1°C/9s. For mRNA stability measurements, the gRT-PCR was done using Fluidigm
High-throughput method (Biomark) at the Gentiane platform (Clermont Ferrand, INRAE). To determine
the mRNA concentration and half-lives, 3 technical replicates and 3 biological replicates were

performed for each primer pair.

7. Data analysis and statistical treatment

mRNA concentration and half-life. For mRNA concentration quantifications by gRT-PCR, the Pfaffl
analysis method was applied (Pfaffl, 2001). After normalization by fold change of the ihfB normalization
gene, results were expressed as differences (n-fold) between the tested strain and the reference strain
(MET 346, 5’UTR_33k_31). Results are expressed as means of n-folds with a standard deviation of the
mean.

mRNA half-life was determined by gRT-PCR in different conditions (lacZ, txAbF, or msfGFP
fused with 8 selected 5'UTRs respectively) with one biological replicate and 3 technical replicates of
three primer pairs. The cycle threshold (Ct) values were plotted as a function of time after rifampicin

addition. Hereafter, the linear regression coefficient (k) of Ct versus time were calculated for each
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MRNA species. Since the Ct values were very sensitive to small changes in concentration, we estimated
that it was not possible to accurately estimate any delay in transcript degradation after rifampicin
addition. Therefore, the mRNA half-life (ti/2) was calculated from the linear regression coefficient k
corresponding to the degradation rate constant as a function of time with the relation t;,= 1/k. Only

slopes with R?>0.9 were considered.

Degradational regulation coefficient. The degradational regulation coefficient (pD) is defined as the
contribution of stability regulation in the control of an mRNA concentration (Esquerré et al., 2014).
The calculation of pD between two strains with different mRNA concentrations shows if the variation
of mRNA concentration is due to a modification of stability. Assuming that a steady state was
established, the pD between two strains (the strain of interest and the reference strain) can be
calculated as the negative value of the slope of the double-logarithmic plot of the degradation rate

constant k against the initial mRNA concentration (before rifampicin treatment) in the two compared

dink

——— where dink and dIin[mRNA] are respectively the
din[mRNA]

strains. The function is as follows: pD = —

variations of the logarithmic degradation rate constant k and the mRNA concentration between the
strain of interest and the reference strain. Three classes of regulatory control of the mRNA
concentration have been defined depending on the pD value: pD<0.4, class |, low pD value indicates
that stability regulation does not significantly contribute to variation in mRNA concentration. In this
case, variation of mRNA concentration is mainly due to regulation of transcription so class |
corresponds to a mainly transcriptional control of the mRNA concentration; 0.4<pD<0.6, class I,
stability regulation contributes to variation in mRNA concentration but at the similar level than
transcription regulation. Class Il corresponds to a shared control of the mRNA concentration between
transcription and degradation; pD>0.6, class lll, high pD value indicates that stability regulation is the
primary contribution to variation in mRNA concentration. Therefore, class |1l corresponds to a mainly

degradational control of the mRNA concentration.
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Results

1. Analysis of 5’UTR effect on B-galactosidase protein level

We first determined the effect of the synthetic 5’UTRs fused to the /acZ gene on the production of
B-galactosidase. To do this, we measured the specific B-galactosidase activity of the 41 strains
developed in this work. Since all 41 constructs are identical except for the 5’UTR, one can assume that
transcription and concentration of lacZ mRNA will be similar between strains and thus any changes in
specific B-galactosidase activity between strains should be due to changes in translation. The
quantification of the B-galactosidase activity for the 41 strains (Figure 1) showed many differences in
protein production between strains. For instance, the specific B-galactosidase activity varies by a factor
of 100 between the highest value (12.1+1.4 umol/min/mg of protein) and one of the lowest value
(0.1840.03 umol/min/mg of protein). In addition, some strains did not produce
B-galactosidase at all, or at a level under the detection limits. The large differences in B-galactosidase
expression between strains were expected by the different RBS indexes we imposed with the design.
Globally, we can observe a tendency of increased protein expression with an increased RBS index. The
top 10 5’UTR that mediated the B-galactosidase highly expressed (5'UTR_100k_41, 5'UTR_66k_37,
5'UTR_33k_32, 5'UTR 33k 31, 5'UTR_66k 36, 5'UTR_5k 25, 5'UTR_100k 40, 5'UTR_100k_ 39,
5'UTR_66k_34) generally had higher theoretical translation initiation rates (RBS index = 5 000 arb. unit).
However, we found that measured protein levels did not exactly correspond to RBS indexes. Some
5’UTRs with a high RBS index resulted in low levels of protein, and inversely. Furthermore, 5’"UTRs with
the same theoretical translation initiation rate resulted in different protein levels. For example,
constructs with RBS indexes around 33 000 arb. unit 5'UTR_33k_32 (9.29+1.3 pumol/min/mg per
protein) and 5'UTR_33k_26 (0.32+0.02 pumol/min/mg per protein) showed a difference in protein
levels of about 25-fold. Therefore, these results indicate that the RBS indexes of the 5'UTRs that

estimate the theoretical translation initiation rates, correlated only partially with the protein levels.
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Figure 1. Activity of B-galactosidase of 41 synthetic 5’UTRs ranged by RBS index from 100-100 000
arb. unit. Each cluster of columns with the same color refers to a specific RBS index. The reference
(5’UTR_33k_31) were highlighted with red box. Error bars represent standard deviation (n=3).

2. Prediction of the theoretical translation initiation rate

The fact that protein levels did not fully correlate with the RBS index estimated by RBS Calculator may
be due to incorrect or inaccurate determination of the theoretical translation initiation rate by this
software. To investigate this possibility, another translation initiation rate predicting software, UTR
Designer was used. We plotted the experimentally measured B-galactosidase activity as a function of
the RBS indexes of the 41 synthetic 5’UTRs given by the two software (Fig 2). Similar to RBS Calculator,
the 5’'UTRs predicted by UTR Designer to have high RBS indexes correlated with high protein
expressions although the RBS indexes provided by the two software for one specific 5’UTR can be very
different. For instance, for 5’UTR_100k_41 which corresponds to the highest experimentally measured
B-galactosidase activity, RBS Calculator predicts a top-ranked RBS index, while UTR Designer predicts
an RBS index ranked only 32. Globally, Figure 2 shows that the correlation between predictions of RBS
index and measurements of protein level is better with RBS Calculator than with UTR designer. We
cannot exclude that if we had used a larger number of 5’"UTRs with more differences in composition,
such as length, GC%, potential secondary structures, the RBS index predictions given by either software

could have been more correlated to the protein level.
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However, these software estimate the theoretical translation initiation rate based on
statistical thermodynamic models on mRNA molecule itself and in interactions with the ribosome but
they do not consider other cellular parameters such as transcription, stability, and mRNA
concentration. Numerous researches have reported that the 5’UTRs can influence mRNA stability, with
an impact on mRNA concentration into the cell (Cetnar & Salis, 2021; Hui et al., 2014; Jia et al., 2020;
Tuller & Zur, 2015). Because the 5’UTRs of the synthetic library were designed only based on the
theoretical translation initiation rate, we cannot rule out the possibility that the modifications of the

5’UTR sequences also resulted in changes in mRNA levels in addition to changes in translation initiation.

16
@ RBS Calculator
A UTR Designer
14
12 5'UTR_100k_41
10
8

Specific B-galactosidase activity
(rmol/min/mg of protein)

2
o® 1 g ° A
4 !Aﬁ‘é 4 “he A
0 o o (18 A
1.00E+01 1.00E+03 1.00E+05 1.00E+07

RBS index (arb. unit)

Figure 2. Correlation of the protein level of the 41 constructs with the RBS index. The experimental
protein level (specific B-galactosidase activity) is plotted as a function of the theoretical translation
initiation rate (RBS index) calculated using RBS Calculator (black circles) and UTR Designer (red
triangles). Error bars represent standard deviation of B-galactosidase activity (n=3).
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3. Effect of 5’UTRs on /acZ mRNA level and mRNA-protein

correlation

To investigate whether the different 5’UTRs in our synthetic library could also lead to changes in mRNA
levels, we measured the lacZ mRNA concentration of the 41 strains with different synthetic 5’UTRs (Fig
3). We observed a large variation in mRNA concentrations. For instance, the highest mRNA
concentration (5'UTR_66k_34) was over 40-fold higher than one of the lowest (5'UTR_1500_13).
Moreover, some mRNA concentrations (e.g. 5’UTR_250_4, 5’'UTR_1000_10) were extremely low. It
was not expected to observe such large variations in lacZ mRNA levels because all constructs used the
same promoter induced with the same concentration of arabinose. These results allow us to conclude
that 5’UTRs themselves can have a significant effect on the final mMRNA concentration.

More precisely, nine 5’UTRs (5’UTR_5k_25, 5’UTR_33k 28, 5’UTR_33k 30, 5'UTR_33k_32,
5’UTR_66k_34, 5’'UTR_66k_36, 5’UTR_66k 37, 5’'UTR_100k 40, 5’'UTR_100k 41) led to an increase in
lacZ mRNA concentrations and 31 displayed a reduced concentration compared to the reference
(5’UTR_33k_31). We can note that eight of the nine 5’UTRs with increased mRNA concentration have
an RBS index similar to or above the RBS index of the reference 5’UTR (33k arb. unit) indicating a global
trend of higher mRNA concentrations for higher RBS indexes. However, we did not find a clear
correlation between mRNA concentration and RBS index. For instance, the 5’"UTRs with RBS indexes
around 33 000 arb. unit displayed a large range of lacZ mRNA concentrations (Figure 3). Within this
group, up to 8-fold difference in mRNA concentration was observed (5’"UTR_33k_32 vs 5’UTR_33k_26).
When we took into account the corresponding B-galactosidase activities (Figure 1), we observed that
within this group, 5’UTR_33K_32 had the highest mRNA concentration (2.27+0.46 fold) and also the
highest protein level (9.29+1.3 umol/min/mg of protein). But this relationship between mRNA level
and protein level was not valid for all constructs: the mRNA concentration of 5’UTR_33k 29 (0.31+0.1
fold) was 25% that of 5’UTR_33k_28 (1.18+0.1 fold), but the protein level of 5’UTR_33k_29 (3.26+0.3
pmol/min/mg of protein) increased 2-fold compared to 5’UTR_33k_28 (1.58+0.2 pmol/min/mg of

protein).
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Figure 3. The lacZ mRNA concentration of 41 synthetic 5’UTRs ranged by RBS index from 100-100
000 arb. unit. The /acZ mRNA concentration measured in each strain is represented as Fold change
compared to the reference (5’UTR_33k_ 31, highlighted with red box). Strains are clustered by RBS
index (10 ranges from 100 to 100 000 arb. unit) with color code below the values. On the horizontal
coordinate, the 41 constructs with different 5’UTRs are ranged according to the RBS index. Error bars
represent standard deviation (n=3).

To provide a more comprehensive picture, we plotted the specific -galactosidase activity versus the
lacZ mRNA concentration for all the 41 constructs (Fig 4). We observed a moderate linear correlation
between protein levels and lacZ mRNA concentrations (coefficient of determination R?=0.47). A
correlation was expected because the more concentrated an mRNA is, the more protein can be
synthesized. However, the low level of correlation indicates that some variations in B-galactosidase
activity cannot be attributed to changes in mRNA concentration. We can find constructs that have
similar mRNA levels but different levels of protein. In this case, variation in protein levels can be
associated with variations in the translation initiation mediated by the different 5’UTRs. On the other
hand, some strains displayed variations in mRNA concentrations but a constant protein level. This
situation could be explained by antagonist effects of variation in mRNA concentration and translation
initiation efficiency.

In conclusion, analyses of variations in mRNA concentration and protein level show that 5’UTRs
impact gene expression not only at the translational level but also at the level of mMRNA concentration.
The variations in mRNA concentration could be associated with modifications of either transcription

or stability of the mRNA. This point has been investigated an presented in the next sections.
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Figure 4. Correlation of specific B-galactosidase activity with JlacZ mRNA concentration for all the 41
constructs. The mRNA concentration is expressed as Fold change compared to the reference strain
(5’UTR_33k_31, highlighted in yellow). Circles of the same color represent constructs with the same
RBS index given by RBS Calculator (the colors are the same as in figure 3). Red dashed line represents
the regression line with the corresponding R? determination coefficient. Error bars represent standard
deviations (n=3).
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4. Effect of 5’UTRs on stability and transcription of JacZ mRNA

Since all 41 constructs are under control of the same promoter induced with the same level of inducer
(0.001% arabinose), we expected that all constructs have the same transcription initiation. Thus,
changes in lacZ mRNA concentrations between constructs are likely due to regulations related to the
different 5’UTR sequences. Knowing that mRNA concentration in cells results from a balance between
transcription and mRNA degradation, we focus our analyses on mRNA degradation to explore whether
changes in lacZ mRNA stability could be responsible for changes in lacZ mRNA concentration observed
when using different 5’UTRs. We selected 8 representative synthetic constructs among the 41 initially
studied. They were selected to cover the ranges of variation in B-galactosidase activity and mRNA
concentration and to be positioned near the linear correlation between protein level and mRNA
concentration (R?=0.91) (Figure 5A). We selected these 5’UTRs with a strong correlation between B-
galactosidase expression and lacZ mRNA concentration because in this case, their role in regulating -
galactosidase expression is primarily in the regulation of mRNA concentration and much less in the
regulation of translation initiation. The eight selected constructs are 5’UTR_500_07, 5'UTR_1500 14,
5’UTR_500_09, 5’UTR_1500_15, 5’UTR_2500 16, 5’UTR_33k_29, 5’UTR_66k_35, and 5’UTR_33K_31
renamed for better comprehension as by 5’'UTR1 to 5'UTR8 respectively.

We measured lacZ mRNA stability by quantification of its concentration decay over time after
blocking transcription initiation by rifampicin addition. We observed differences in lacZ mRNA half-life
between the 8 constructs, with half-lives varying from 2.3+£0.1 min to 0.4+0.1 min (Figure 5C). This 5-
fold variation confirmed that 5’UTRs have an effect on the stability of the transcript to which they
belong. Except for 5’'UTR7 and 5'UTR8, the six other constructs displayed all similar and short half-lives
of approximately 0.5 min. We can note that the two constructs with the highest half-lives had also the
highest mRNA concentrations (Figure 5B). Between strains, some variations in mRNA concentration
could be related to variations in its stability. For instance, the lacZ mRNA half-life of 5’UTR8 is 3.8 times
higher than that of 5’UTR6, while its concentration is 3.2 times higher. This suggests that mRNA
stability modification could explain variation in mRNA concentration between these two strains. 5’UTR
involvement in mRNA stability regulation was already described in literature: 5’UTR can protect or
destabilize mRNAs by recruiting or preventing RNase E binding (Prévost et al., 2011; Richards & Belasco,
2019) or indirectly when ribosome protection is altered (lost & Dreyfus, 1995). Nevertheless, the effect
of 5’UTR on mRNA stability was not the only parameter responsible of variation in mRNA concentration.
For instance, 5’UTR1 and 5’UTR6 showed similar lacZ mRNA half-lives, but their mRNA concentrations
had a 7.6-fold difference. For the 6 constructs with similar lacZ mRNA half-lives, variation in mRNA
stability cannot explain the observed variations in mRNA concentration. In these cases, the more

probable explanation is that the 5’UTR could have also an effect on transcription. 5’UTR involvement
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in regulation of transcription initiation and termination is already described in literature, for example
via the initiation transcription sequence, ITS (Heyduk & Heyduk, 2018) or the binding of sRNAs (Rabhi
et al., 2011; Sedlyarova et al., 2016).

Taken together, our results show that changing the 5’UTR can have an effect on mRNA
concentration, stability, or both. In addition, for some 5’UTRs, the variation in mRNA concentration
could not be due to a variation in stability, meaning that the 5’UTR had to have a direct effect on the
level of transcription. In the next section, we analyzed whether the effects of the 5’UTR on both

stability and mRNA concentration are dependent or not on the downstream reporter gene.
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Figure 5. Concentration and stability of the JlacZ mRNA of the 8 selected constructs and level of the
corresponding B-galactosidase protein. a) Correlation of B-galactosidase activity and /acZ mRNA
concentration. Numbers 1-8 represent the constructs with 5’UTR 1 to 8, respectively. lacZ mRNA
concentration is expressed as fold change compared to the reference strain 5’"UTR8. The blue dashed
line represents the linear regression curve and the coefficient of determination is indicated (R?=0.91);
b) lacZ mRNA concentration as fold change compared to the reference strain 5’UTR8; c) Half-life of
lacZ mRNA in min for the 8 constructs. For all, error bars represent standard deviation (n= 3).

5. Reporter gene replacement

We next analyzed whether the modifications of mRNA stability and concentration observed with lacZ
as reporter gene are somewhat dependent on the reporter, meaning that the reporter sequence
participates in the regulations, or independent, suggesting that modifications are fully accountable to
the 5’UTRs. To address these questions, we replaced the lacZ gene with two other unrelated reporters:
the txAbF gene encoding an a-L-arabinofuranosidase and msfGFP gene encoding a fluorescent protein
for the 8 different 5’UTRs previously analyzed. For all constructs, we measured the protein level, mRNA

concentration, and mRNA stability (Figure 6).
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Figure 6. Protein levels and mRNA concentration of the constructs with 8 different 5’UTRs and 3
different reporters (laczZ, txAbF and msfGFP). For Fig 6A, B, C and D related to /acZ, the values are
those shown previously in Fig 5A, B and C. A) Specific B-galactosidase activity. B) lacZ mRNA
concentration as a fold change relative to 5’UTR8-lacZ. C) Correlation between lacZ mRNA
concentration and B-galactosidase activity. D) lacZ mRNA half-life. E) Specific a-L-arabinofuranosidase
activity. F) txAbF mRNA concentration as a fold change relative to 5’UTR8-txAbF. G) Correlation
between txAbF mRNA concentration and a-L-arabinofuranosidase activity. H) txAbF mRNA half-life. 1)
msfGFP fluorescence/OD. J) msfGFP mRNA concentration as a fold change relative to 5’UTR8-msfGFP.
K) Correlation between msfGFP mRNA concentration and GFP fluorescence/OD. L) msfGFP mRNA half-
life. For C, G, K, the blue dashed line represents the linear regression and the coefficient of
determination (R?) is indicated on the graph. For all, error bars represent standard deviation: n=3 for
MRNA concentration and half-life determinations, n=9 (biological triplicates and technical triplicates)
for B-galactosidase, TxAbF and GFP activity.
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Reporter replacement affects the 5’UTR-mediated regulation of protein level
For all constructs, we determined the level of the corresponding protein. Similar to what we observed
with the B-galactosidase (Figure 6A), the protein levels of TxAbF (Figure 6E) and msfGFP (Figure 6l)
were different between strains with different 5’UTRs. Furthermore, the effect of a given 5’UTR on the
protein level differed with the reporter. When comparing the three reporters, the 5’UTRs leading to
the highest and lowest protein levels were not the same. The highest B-galactosidase and TxAbF
protein levels were obtained with 5’UTR8 while for msfGFP it was with 5’"UTR6. The lowest TXAbF level
was measured for 5’UTR2 while it was for 5’UTR1 for the B-galactosidase and msfGFP. Some 5’UTR
leading to middle-level expression of B-galactosidase led to nearly undetectable levels of TxAbF
(5’UTR1-2-4-7).

Taken together, these results strongly suggest that the 5’UTR effect on protein level is
somehow dependent on the combination of the 5’UTR sequence and the downstream gene coding

sequence.

Reporter replacement affects the 5’UTR-mediated regulation of mRNA level

We compared the mRNA concentration for all constructs of 5’UTRs fused to lacZ, txAbF and msfGFP
genes (Figure 6B, 6F, 6J). Similar to what was observed with lacZ (Figure 6B), the concentrations of
tXAbF (Figure 6F) and msfGFP (Figure 6J) mRNAs were different between strains with different 5’UTRs
(although all constructs were under the same transcriptional control of the inducible promoter). When
comparing the three reporters, the 5’UTRs corresponding to the highest and lowest mRNA
concentrations were not the same. The highest mRNA concentration was found with 5’UTR8 for lacZ
and txAbF but with 5’"UTR6 for msfGFP. The lowest mRNA concentration was obtained with 5’UTR1 for
lacZ but with 5’UTR4 for txAbF and 5’UTR2 for msfGFP. Globally, we can notice that for each 5'UTR,
the level of mRNA is dependent on the reporter gene. This suggests that the control of the mRNA
concentration depends on the combination of the 5’UTR sequence and the downstream gene coding

sequence

Reporter replacement maintains the correlation between protein and mRNA levels

When we compared the correlation between protein level and mRNA concentration for the three
reporters (Figure 6C, 6G, 6K), we always found a good correlation between the two parameters. For
the 3 reporters and 5’UTR, the mRNA concentration remained the major parameter to control protein
expression. In other words, 5’UTRs selected for regulating mRNA concentration rather translation in

the case of lacZ, have the same behavior in the case of the two other reporters txAbF and msfGFP.

Reporter replacement affects the 5’UTR-mediated regulation of mRNA stability
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For all constructs, we analyzed the mRNA stability. Similar to what was observed with lacZ (Figure 6D),
the mRNA half-life of txAbF (Figure 6H) and msfGFP (Figure 6L) were different between strains with
different 5’UTRs. The 5’UTR associated with the highest half-life of each reporter mRNA was the same
5’UTRS, but for the second longest, it was with 5’UTR7 for lacZ instead of 5’UTR6 for txAbF and msfGFP.
We can note also that the amplitude between the most and the least stable mRNA constructs was
different depending on the reporter, with 5-fold for lacZ, 6-fold for txAbF, and 2.5-fold for msfGFP.
Similar to what was observed for lacZ, the variation of mRNA stability can explain to some
extent the variations of mMRNA concentrations for txAbF and msfGFP. This point will be analyzed in

more detail in next section.

6. Effects of 5’UTRs on transcription and/or stability to regulate

MRNA level depend on the reporter gene

To study the degree of involvement of mRNA stability regulation in mRNA concentration changes, we
compared the variations in mRNA half-life and concentration. First, we graphically observe how
differences in 5’UTR can affect the transcription process and/or the stability of mRNA, and in turn
MRNA concentration (Figure 7). Three cases can be described: (i) a variation in concentration is related
to a variation in stability (Figure 7G; red). For example, the half-life of 5’UTR8-/acZ is higher than
5’UTR4-lacZ (Figure 7A), and it is associated with a higher mRNA concentration of 5’UTR8-/acZ than of
5’UTR4-lacZ (Figure 7B); (ii), the mRNA concentration variation is not related to modification of
stability but is under the control of transcription (Figure 7G; blue). For example, the half-lives of
5’UTR3-txAbF and 5’UTR1-txAbF are similar (Figure 7 C) while the mRNA concentration is increased
with 5’UTR3-txAbF. This means that transcription of 5’UTR3-txAbF was higher than that of 5’UTR1-
txAbF (Figure 7D); and (iii) both variations in mRNA stability and transcription are responsible for
variation in mRNA concentration (Figure 7G; green). For example, the half-life of 5’UTR8-msfGFP is
higher than that of 5’UTR7-msfGFP (Figure 7E), but their mRNA concentrations are similar (Figure 7F).
In this situation, transcription of 5’UTR8-msfGFP must have been lower than that of 5’UTR7-msfGFP to
counteract the effect of an increase in mRNA stability and to result in similar mRNA concentrations of
5’UTR8-msfGFP and 5'UTR7-msfGFP. In this case, variation in mRNA concentrations results from both

variation in mRNA stability and transcription.
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Figure 7. Graphical interpretation of the effects of 5’UTRs on mRNA stability and concentration. The
data of mRNA half-lives (A, C and E) and concentrations (B, D and F) of 24 combinations of 8 5’UTRs
(5’'UTR1-8) and 3 reporters (lacZ, txAbF and msfGFP) are those shown in Figure 6. The standard
deviation is marked with red error bars (n=3). G) Scheme of the dynamic relationship between the
stability and concentration of an mRNA. For all the graphs, the red arrow exemplifies a case where
mMRNA concentration is regulated by stability, a blue arrow a case where mRNA concentration is
regulated by transcription, and a green arrow a case where mRNA concentration is regulated by a
shared control of stability and transcription.

Second, to quantify more precisely how variations in mRNA concentration depend on variation
in transcription and/or stability, we calculated the degradational regulation cofficient (pD) defined as
the contribution of stability regulation in the control of an mRNA concentration. For a given reporter
gene, pD is calculated using the equation given in the Material and Methods from the measured
variations in mRNA concentrations and half-lives between two strains and we arbitrarily chose 5’"UTR6

as the reference for the comparisons (Table 1).
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Table 3. Degradational regulation coefficient pD of constructs with 8 different 5’UTRs and 3

different reporters.

Reporter 5’UTR1 5’UTR2 5’UTR3 5'UTR4 5’UTR5 5'UTR6 5’UTR7 5'UTRS8
lacz pD 0.13 0.13 0.37 0.08 0.03 - 2.6 1.13
txAbF pD 0.44 0.37 1.08 0.33 0.48 - 0.44 1.61
msfGFP pD 0.54 0.23 0.56 0.31 0.46 - 1.39 0.31

For pD<0.4 (blue), variation in mRNA concentration is mainly due to regulation of transcription relative
to the reference (5’UTR6);

For 0.4<pD<0.6 (green), variation in mRNA concentration is due to a shared control by transcription
and degradation regulations relative to the reference (5’UTR6);

For pD>0.6 (red), variation in mRNA concentration is mainly due to regulation of degradation relative

to the reference (5’UTR6).

From the pD values, we classified each combination of 5’UTR-reporter in one of the three regulatory
types: mainly controlled by transcription or stability, or by a shared control. We found that for a given
reporter gene, different 5’UTRs can result in various types of regulation. For example, for txAbF with
5’UTR2, 5’UTR3 and 5’UTRS5, variations in mRNA concentration were mainly regulated by transcription,
mainly regulated by degradation and under a shared control, respectively. In addition, a given 5’UTR
can result in similar or different types of regulation depending on the reporter gene. 5’UTR2 and
5’UTR4 were always associated with variations of mRNA concentration under a transcriptional control,
regardless of the downstream reporter. This suggests that 5’UTR2 and 5’UTR4 did not have an
important effect on the stability of the mRNA. In contrast, 5’"UTR3 was associated with the three types
of control, transcriptional, degradational, and shared control depending on the reporter gene. In this
case, the effect of the 5’UTR3 seems to depend on the downstream reporter gene. We can note that

we did not identify a 5’UTR that was associated with a degradational control for all reporters.
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Conclusion and perspectives

In this research, we confirmed that mRNA concentration and translation initiation are regulatory
factors of protein level. We provided evidence that 5’UTRs play a key role in regulating gene expression
in E. coli at the level of translation but also at the levels of transcription and mRNA degradation.
Multilevel regulations mediated by 5’UTRs were also reported in the literature: for example, variation
in transcript production and translational level in a study on the heterologous protein expression
controlled by different Pseudomonas putida Pm 5’'UTR variants (Berg et al., 2012) and variation in
translation yield, mRNA concentration and half-life in a study of lacZ expression using 5’UTRs with AU-
rich sequences inserted upstream of the SD sequence (Komarova et al., 2005).

We observed that the B-galactosidase expression level was globally correlated with the
theoretical translation initiation rates (RBS index) of our synthetic 5’UTRs but within a group of a similar
RBS index, discrepancy in protein level was measured. Therefore, the theoretical translation initiation
rate (given by the softwares RBS Calculator and 5'UTR Designer) cannot be used alone to accurately
predict the real protein expression level. Our results demonstrated that additional 5’UTR-related
effects influence the protein level. We measured 5'UTR-related effects on mRNA concentration as
shown by the large variation in reporter mRNA concentrations for different 5’UTRs at the same
concentration of transcription inducer. More precisely, we showed that 5’UTRs could regulate mRNA
concentration by changing its stability. The observed overall tendency of mRNA concentration
increasing with increased RBS index supported the assumption of an indirect effect of 5’UTRs on mRNA
stability. 5’UTRs related to efficient translation initiation rates (RBS Index) may recruit more ribosomes
on mRNA, and the high ribosome occupancy may in turn protect the transcript from rapid degradation
by RNases, thereby increasing the mRNA concentration (lost & Dreyfus, 1995). However, we cannot
exclude a more direct effect of the 5'UTR sequence on transcript stability that could modulate the
accessibility of cleavage sites to RNases. We also showed that 5'UTRs can regulate mRNA
concentration by changing its transcription. A possible mechanism could be that 5’UTR regulates
transcription by acting on the process of promoter escape (Heyduk & Heyduk, 2018). Additional
analysis of the nucleotide composition and structure of the ITS present in our synthetic 5’UTRs needs
to be performed to validate this assumption. Changing the reporter sequence led to the conclusion
that 5’UTR-mediated effects on transcription, mRNA degradation and translation depend on the
combination of the 5’UTR and the gene coding sequence. The context dependency of 5’UTR element
was already reported: a prokaryotic ribosome binding site that initiates translation for one gene coding
sequence might not function at all with another coding sequence (Mutalik et al., 2013; Salis et al., 2009;

Zwick et al., 2013). The context dependency of regulatory elements is a big challenge for synthetic
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biology that wishes to make the various standardized regulatory parts truly plug-and-play whatever
the context (downstream and upstream sequences, bacterial host).

A limitation of this study is that transcription regulation was estimated indirectly (by measuring
changes in mRNA concentration and half-life), but not quantified directly experimentally. We therefore
plan to measure the transcription rate in vitro for combinations of 5’UTR-reporter. This will give us
information on the effect of each 5’UTR on transcription only, without the cumulative effect of
degradation like in vivo. A second possibility will be to use a (stable) tRNA positioned at the 3’end of
the mRNA molecule as a marker of the level of transcription in vivo (lost & Dreyfus, 1995).

From this study, we cannot yet edit precise and general rules of mRNA concentration and
protein synthesis regulation by 5’UTRs. It would be useful to increase the number of constructs and
select 5'UTRs representative of specific regulations: only translational regulation (i.e. 5’UTRs leading
to similar mRNA concentration but different protein expression), regulation of mRNA concentration
mainly due to stability regulation (i.e. 5’UTRs related to degradational control) or mainly due to
transcription regulation (i.e. 5’UTRs related to transcriptional control regulation). Analysis of their
sequence and structural characteristics might help us to better understand the underlying molecular
mechanisms of each process. However, transcription, mRNA degradation, and translation are
spatiotemporally interactive, and any changes to either may trigger a domino effect (Dahan et al.,
2011). The possibility that an initial regulation of the 5'UTR on transcript concentration (via
transcription or mRNA stability, independently) or on translation may have a subsequent potential
impact on other processes complicating a systemic understanding of the overall effect of the 5’UTR on

the regulation of gene expression.
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Supplementary data

Table S4. Sequence and RBS index of the 41 synthetic 5’UTR

Oligo Name RBS index DNA Sequence (-33 nt) Note
(au)
5'UTR_100_01 TCTTTCCTTGTCCTCATCCATAGATAAAGGATA
5'UTR_100_02 100 ACGTCCGCCCGCAGCGTAGCTTGGCGGATAACC
5'UTR_100_03 TGTTCCGGTCTCCTTCGCTCCTTCTACCTTTCT
5'UTR_250_04 CAACTACAAAACGACTTTCTTTGTTCCGAAGTA
5'UTR_250_05 250 CGACTCGACCCGCCTGTTGTCATCGGGACAGCG
5'UTR_250_06 TAGACCAGTCTCCTCAAGACCTTGCTGTACACC
5’UTR_500_07 CAAAACTCCGCTCTCATAGGAGCGAACGGATAA Same to
5'UTR,
5'UTR_500_08 500 CTTAACCCATTGGTTAAATAATTCTGTAAATCT
5'UTR_500_09 CGAGCTGTCCGGGGGCCAGTAAGGAGTAACCAG Same to
5'UTRs
5'UTR_1000_10 TTACGAAGTTAGCCCTGACAATTAGAGCCCGAC
5'UTR_1000_11 1000 | GGCCACTCTGGAGCTGAAAAAGGACGGGGCAAC
5'UTR_1000_12 TGAAACCTCAAAACGTTAACAAATATATTCATC
5'UTR_1500_13 CCAAAGAGCAGACGACCACAAAGACTATCACTC
5'UTR_1500_14 CCTTCTAGACCTCCCCGTCAGGAGCCACGGTTC Same to
1500 5'UTR,
5’UTR_1500_15 CAATATCGCCCATACAAGAAGTAAAAATAGTCT Same to
5'UTR,
5’UTR_2500_16 GACCAATTGGCCCGCCCAGAAGGAGGCTGGCAT Same to
5'UTRs
5'UTR_2500_17 2500 | GAGAATATCAAACTTAATATTGAGAATCCCTGT
5'UTR_2500_18 CATTGCTGCTAGTCTAGAGCCCGAGGAGTATAT
5'UTR_5k_19 CCTCGTCCTCCATATAAAAGGGGAGGAGTCAAG
5'UTR_5k_20 TAACCCTAATAGAAAATTATTAAGCTATATATA
5'UTR 5k 21 5000 | ATAGCGGACACTCCGCAAGACCTACGAGGAACC
5'UTR 5k 22 CAACAACATAAAATAATCTAAAGCTAATTTTAA
5'UTR S5k 23 AGTATCGATAAGAGCTAAGGAAACCCCTTCAAA

—
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5'UTR_5k_24 GCACTACCCCTACAAATTTCGCTAGAGAGTAAC
5'UTR_5k_25 ACCAAGACGATAAATTAAGGGAGGACAAGAATC
5'UTR 33k 26 CAATCGCCCCCAACAAGAAGATAAGGAGGCGCC
5'UTR 33k 27 TGACGGAGGTCGCAAGATCAGGGAGGGACGAAG
5'UTR 33k 28 CAACGAAGGTATTAAAAATAAGATAGGAATAAA
5’UTR_33k_29 TGAAAAAAACTATATAGATTTATAAGGGGTAAC Same to
33000 5'UTRs
5'UTR_33k_30 TGGGGAACTTTCATTTTTAAGGTATAGGTCAGT
5'UTR_33k_31 ACCCGTTTTTTGGGCTAACAGGAGGAATTAACC Same to
5'UTRs
5'UTR 33k 32 AGAACGCGTCAACAAACATTAAAGAGGTCAATC
5'UTR 66k 33 CATTCAAATTAAAACTTATATAAGAAGGTAGAA
5'UTR 66k 34 GTAAGCTATCCCATCAAGTAATAAGGAGTTCCA
S'UTR_66k 35 | . 0 | CACCCGACTACCCCCAAGAATTAAGGAGGCGAG Same to
5'UTR,
5'UTR_66k_36 GGACTCGCACGAGTCAGAACAGGAGGAGGATAA
5'UTR_66k_37 ATAAGATAAATCAAAAAAGTAAGGATAAAAACC
5'UTR_100k_38 CCTTCGCGAAGAGCGACAAAATAAGGAGGGCTT
5'UTR_100k_39 TTTCAAGATTAAGAGAAATAAGGAAAGGTAAAA
5'UTR_100k_40 100000 G TAATCCGCGAATAAAAAGGAGGAGGAAAC
5'UTR_100k 41 TAACCCTATTCATTTAAGGAGGTAACCTAAACC

Table S2. Primers used in this study

Pri
rimer Sequence 5’-3’ Function Description
number
Forward primer for cloning 5’UTR into
1 ATGGATCCACTAGTAACGGCCGCC
Psap-LacZ
5 TATCCTTTATCTATGGATGAGGACAAGGAAAGA Reverse primer to c|0ning 5'UTR_100_01
ATGGAGAAACAGTAGAGAGTTGCG into Pgap-LacZ
3 GGTTATCCGCCAAGCTACGCTGCGGGCGGACGT Reverse primer for C|oning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_100_02 into Pgap-LacZ
4 AGAAAGGTAGAAGGAGCGAAGGAGACCGGAACA | Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_100_03 into Pgap-LacZ

—
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TACTTCGGAACAAAGAAAGTCGTTTTGTAGTTG

5 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_250_04 into Pgap-LacZ

6 CGCTGTCCCGATGACAACAGGCGGGTCGAGTCG Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_250_05 into Pgap-LacZ

7 GGTGTACAGCAAGGTCTTGAGGAGACTGGTCT Reverse primer for cloning
AATGGAGAAACAGTAGAGAGTTGCG 5’UTR_250_06 into Pgap-LacZ

8 TTATCCGTTCGCTCCTATGAGAGCGGAGTTTTG Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_500_07 into Pgap-LacZ

9 AGATTTACAGAATTATTTAACCAATGGGTTAAG Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_500_08 into Pgap-LacZ

10 CTGGTTACTCCTTACTGGCCCCCGGACAGCTCG Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_500_09 into Pgap-LacZ
GTCGGGCTCTAATTGTCAGGGCTAACTTCGTAA . .

11 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_1000_10 into Psap-LacZ
GTTGCCCCGTCCTTTTTCAGCTCCAGAGTGGCC . .

12 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_1000_11 into Pgap-LacZ
GATGAATATATTTGTTAACGTTTTGAGGTTTCA . .

13 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_1000_12 into Psap-LacZ
GAGTGATAGTCTTTGTGGTCGTCTGCTCTTTGG . .

14 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_1500_13 into Pgap-LacZ
GAACCGTGGCTCCTGACGGGGAGGTCTAGAAGG . .

15 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_1500_14 into Psap-LacZ
AGACTATTTTTACTTCTTGTATGGGCGATATTG . .

16 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_1500_15 into Pgap-LacZ
ATGCCAGCCTCCTTCTGGGCGGGCCAATTGGTC . .

17 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_2500_16 into Psap-LacZ
ACAGGGATTCTCAATATTAAGTTTGATATTCTC . .

18 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_2500_17 into Pgap-LacZ
ATATACTCCTCGGGCTCTAGACTAGCAGCAATG . .

19 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_2500_18 into Psap-LacZ
CTTGACTCCTCCCCTTTTATATGGAGGACGAGG . . ,

20 Reverse primer for cloning 5’UTR_5k_19

ATGGAGAAACAGTAGAGAGTTGCG

into Pgap-LacZ

—
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TATATATAGCTTAATAATTTTCTATTAGGGTTA

21 Reverse primer for cloning 5’UTR_5k_20
ATGGAGAAACAGTAGAGAGTTGCG into Psap-LacZ
GGTTCCTCGTAGGTCTTGCGGAGTGTCCGCTAT . . ,

22 Reverse primer for cloning 5’UTR_5k_21
ATGGAGAAACAGTAGAGAGTTGCG into Pgap-LacZ
TTAAAATTAGCTTTAGATTATTTTATGTTGTTG . .

23 Reverse primer for cloning 5’UTR_5k_22
ATGGAGAAACAGTAGAGAGTTGCG into Psap-LacZ
AGTATCGATAAGAGCTAAGGAAACCCCTTCAAA . . ,

24 Reverse primer for cloning 5’UTR_5k_23
ATGGAGAAACAGTAGAGAGTTGCG into Pgap-LacZ
GCACTACCCCTACAAATTTCGCTAGAGAGTAAC . .

25 Reverse primer for cloning 5’UTR_5k_24
ATGGAGAAACAGTAGAGAGTTGCG into Psap-LacZ
ACCAAGACGATAAATTAAGGGAGGACAAGAATC . .

26 Reverse primer for cloning 5’UTR_5k_25
ATGGAGAAACAGTAGAGAGTTGCG into Pgap-LacZ
GGCGCCTCCTTATCTTCTTGTTGGGGGCGATTG . .

57 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_33k_26 into Psap-LacZ
CTTCGTCCCTCCCTGATCTTGCGACCTCCGTCA . .

)8 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5'UTR_33k_27 into Pgap-LacZ
TTTATTCCTATCTTATTTTITAATACCTTCGTTG . .

59 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_33k_28 into Psap-LacZ
GTTACCCCTTATAAATCTATATAGTTTITITCA . .

30 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_33k_29 into Pgap-LacZ
TGGGGAACTTTCATTTTTAAGGTATAGGTCAGT . .

31 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_33k_30 into Psap-LacZ
ACCCGTTTTTTGGGCTAACAGGAGGAATTAACC . .

37 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_33k_31 into Pgap-LacZ
AGAACGCGTCAACAAACATTAAAGAGGTCAATC . .

33 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_33k_32 into Psap-LacZ
TTCTACCTTCTTATATAAGTTTTAATTTGAATG . .

34 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_66k_33 into Pgap-LacZ
GTAAGCTATCCCATCAAGTAATAAGGAGTTCCA . .

35 Reverse primer for cloning

ATGGAGAAACAGTAGAGAGTTGCG

5'UTR_66k_34 into Psap-LacZ

—
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CTCGCCTCCTTAATTCTTGGGGGTAGTCGGGTG

Reverse primer for cloning

36
ATGGAGAAACAGTAGAGAGTTGCG 5'UTR_66k_35 into Pgap-LacZ
TTATCCTCCTCCTGTTCTGACTCGTGCGAGTCC . .

37 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_66k_36 into Pgap-LacZ
GGTTTTTATCCTTACTTTTTTGATTTATCTTAT . .

38 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5'UTR_66k_37 into Pgap-LacZ
AAGCCCTCCTTATTTTGTCGCTCTTCGCGAAGG . .

39 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_100k_38 into Pgap-LacZ
TTTTACCTTTCCTTATTTCTCTTAATCTTGAAA . .

40 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_100k_39 into Pgap-LacZ
GTTTCCTCCTCCTTTTTATTCGCGGATTACGCG . .

a1 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_100k_40 into Pgap-LacZ
TAACCCTATTCATTTAAGGAGGTAACCTAAACC . .

42 Reverse primer for cloning
ATGGAGAAACAGTAGAGAGTTGCG 5’UTR_100k_41 into Pgap-LacZ

43 | ATGAACGTGGCAAGCCGGGTAGTCGT Forward primer for amplifying the CDS

of TXAbF

Reverse primer for amplifying the CDS of
44 TCAGTGGTGGTGGTGGTGGTGCTCG

TxAbF

45 | ATGAGCAAAGGAGAAGAACTTTTCACTGGAG Forward primer for amplifying the CDS

of msfGFP

46 | TTATTTGTAGAGCTCATCCATGCCATGTGTAATC | Reverse primer for amplifying the CDS of

msfGFP

47 GTTTAAACGGTCTCCAGCTTGGE Forwa.rd primer for amplifying the

plasmid backbone for CDS replacement
TTATCCGTTCGCTCCTATGAGAGCGGAGTTTTG | heverse primer for amplifying the

48 plasmid backbone from 5'UTR; for CDS

ATGGAGAAACAGTAGAGAGTTGCG
replacement
GAACCGTGGCTCCTGACGGGGAGGTCTAGAAGG | Reverse primer for amplifying the
49 plasmid backbone from 5'UTR; for CDS
ATGGAGAAACAGTAGAGAGTTGCG
replacement
CTGGTTACTCCTTACTGGCCCCCGGACAGCTCG | Reverse primer for amplifying the
50 plasmid backbone from 5'UTR; for CDS

ATGGAGAAACAGTAGAGAGTTGCG

replacement

—
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AGACTATTTTTACTTCTTGTATGGGCGATATTG

Reverse primer for amplifying the

51 plasmid backbone from 5'UTR, for CDS
ATGGAGAAACAGTAGAGAGTTGCG
replacement
ATGCCAGCCTCCTTCTGGGCGGGCCAATTGGTC | Reverse primer for amplifying the
52 plasmid backbone from 5'UTRs for CDS
ATGGAGAAACAGTAGAGAGTTGCG
replacement
GTTACCCCTTATAAATCTATATAGTTTTTTTCA Reverse primer for amplifying the
53 plasmid backbone from 5'UTRs for CDS
ATGGAGAAACAGTAGAGAGTTGCG replacement
CTCGCCTCCTTAATTCTTGGGGGTAGTCGGGTG | Reverse primer for amplifying the
54 plasmid backbone from 5'UTR; for CDS
ATGGAGAAACAGTAGAGAGTTGCG replacement
ACCCGTTTTTTGGGCTAACAGGAGGAATTAACC | Reverse primer for amplifying the
55 plasmid backbone from 5'UTRg for CDS
ATGGAGAAACAGTAGAGAGTTGCG
replacement
56 GTCGTGACTGGGAAAACCCTGE Forward.prllmer for gRT-PCR analysis of
lacZ beginning part
57 AACTGTTGGGAAGGGCGATCE Reverse .prlrnerfor gRT-PCR analysis of
lacZ beginning part
cg AACAACTITAACGCOGTGEGET Forwar-d primer for gRT-PCR analysis of
lacZ middle part
5g CACCATGCCGTGGGTTTCAATA Revers.e primer for gRT-PCR analysis of
lacZ middle part
Forward primer for qRT-PCR analysis of
60 CAGCTGGCGCAGGTAGCAGAG
lacZ end part
Reverse primer for qRT-PCR analysis of
61 GGCAGATCCCAGCGGTCAAA
lacZ end part
62 CGTAAACGCCGACAGGGTGAA Forward p.rlm.erfor gRT-PCR analysis of
txAbF beginning part
63 CGGAATCGGCGAATCTTCTCE Reverse p.rlm.er for gRT-PCR analysis of
txAbF beginning part
64 ACTACGGCGACAACAAGCTGCA Forward-prlmer for gRT-PCR analysis of
txAbF middle part
65 AGCGACAGCCCGTGCATGA Reverse-prlmerfor gRT-PCR analysis of
txAbF middle part
66 GGCGGACGGCAAGATCCAC Forward primer for gRT-PCR analysis of
txAbF end part
Reverse primer for qRT-PCR analysis of
67 GTCAGCGTCGTGCCGGTTG

txAbF end part

—
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Forward primer for qRT-PCR analysis of

68 GGCACAAATTTTCTGTCCGTGGA L.
msfGFP beginning part

69 TGACAAGTGTTGGCCACGGAAC Reverse prer1er.for gRT-PCR analysis of
msfGFP beginning part

20 TTTCAAAGATGACGGGACCTACAAGA Forward prlmerfor gRT-PCR analysis of
msfGFP middle part

71 TCGAGTITGTGTCCAAGAATGTTTCC Reverse pr.lmerfor gRT-PCR analysis of
msfGFP middle part
Forward primer for qRT-PCR analysis of

72 CGATGGCCCTGTCCTTTTACCA
msfGFP end part

73 GCCATGTGTAATCCCAGCAGCA Reverse primer for qRT-PCR analysis of
msfGFP end part

24 GCCAAGACGGTTGAAGATGE Forward prlmer'for'qRT—PCR an'aIyS|s of
internal normalization control ihfB gene

25 CAAAGAGAAACTGCCGAAACT Reverse primer for gRT-PCR analysis of

internal normalization control ihfB gene

—
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Summary

To identify if 5’UTRs are used in bacterial cells to control gene expression in response to environmental
changes, we developed an original approach in E. coli based on the construction of an exhaustive native
5’UTR library challenged in different growth conditions. A large number of 5’"UTRs (2547) were cloned
upstream a reporter gene (encoding msfGFP) and under the control of an inducible promoter. After
transcription induction of the msfGFP gene in exponential phase in different environmental conditions,
cells were sorted by flow cytometry into six windows, from very low msfGFP level (lowest fluorescence)
to extremely high level (highest fluorescence), reflecting the gene expression level. Then, the identities
of the 5’UTRs present in each expression fraction were determined by next generation sequencing and
mapped onto the E. coli genome. We developed a procedure to select 5’UTRs with a well-positioned
peak of the read count within the six windows. Comparison of the peak positions of each selected
5’UTR in different growth conditions let us to identify 5’UTRs that contribute or not to msfGFP
expression regulation by changing the level of msfGFP protein depending on the environment. We
identified relationships between 5'UTR-related regulations of msfGFP level and the function of 5’UTR-
associated genes when E. coli cells respond to environmental changes, showing the involvement of
5’UTR in canonical gene regulation. In some cases, riboswitch and binding of the CsrA protein were
likely involved in the 5’UTR-related regulatory mechanisms. This study identified 5’UTRs that could be

used in the field of biotechnology to control gene expression in E. coli.

Introduction

Bacteria have to constantly regulate their gene expression to adapt to changing environments like
temperature, environment composition, availability of nutrients, and many other parameters.
Adaptation is achieved by modifying gene expression to fine-tune cellular components to the
metabolic requirements of the new environment. For instance, in response to environmental stresses
such as heat and osmotic stress, the expression of hundreds of E. coli genes is modified (Bartholomaus
et al., 2016). Changes in gene expression are often associated with changes at the transcription level,
but also at the post-transcriptional level or both (Heyduk & Heyduk, 2018; Nouaille et al., 2017; Picard
et al., 2009; Tuller & Zur, 2015).

The 5’UTR sequences are considered as potential multi-level regulators of gene expression
(Kaberdin & Blasi, 2006; Tietze & Lale, 2021). At the translational level, the 5’UTR is important for gene
expression because it contains the Ribosome Binding Site (RBS), which triggers translation initiation by
interaction with the 16S part of the ribosome (Kaminishi et al., 2007). 5’UTRs are also involved in the
control of mRNA stability through the 5’-end dependent entry of RNase E, a key endoribonuclease of

the mRNA degradation pathway in E. coli (Carpousis et al., 2009). In the 5’-end dependent mRNA
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degradation pathway, the phosphorylation of the 5’end of the 5’UTR and the obstacles encountered
by RNase E in scanning the cleavage site determine the regulation of mRNA stability (Luciano et al.,
2019; Richards & Belasco, 2019). The 5’UTR is also involved in the regulation of transcription, including
abortive initiation and premature termination. For the 5’UTR-mediated abortive initiation of
transcription, the initial transcription sequence (ITS) corresponding to the first 20 nucleotides of the
5’UTR has been shown to increase or delay the escape of RNA polymerase from the promoter, thereby
participating in regulation at the transcriptional level (Heyduk & Heyduk, 2018). The 5'UTR is also the
common target of the Rho-dependent terminators that mediated premature termination of
transcription, and many genes rely on sRNA-mediated anti-termination to control premature
transcription termination in E. coli (Sedlyarova et al., 2016).

The regulation of gene expression by 5’UTRs appears to be under the control of environmental
factors. Growth temperatures can affect the affinity of SD: aSD resulting in changes in translation
initiation. For instance, the optimal SD sequence with the highest translation initiation rate in E. coli
differs at 37°C and 20°C (Vimberg et al., 2007). Furthermore, secondary structures in the 5’UTR are
dynamic and can fold or unfold upon stimulation by environmental factors, thereby exposing or
blocking RBS, RNase cleavage sites, binding sites of SRNA and ribosome binding proteins (RBPs) to
affect translation, mRNA stability, and transcription (Chiaruttini & Guillier, 2020; Del Campo et al., 2015;
Hollands et al., 2012; Villa et al., 2018). For example, we can cite the temperature-sensitive RNATs
(RNA thermometers) (Sharma et al.,, 2022) and the metabolite-sensitive riboswitches (Nudler &
Mironov, 2004). In addition, the 5’capping mechanism, which utilizes non-canonical substrates to
initiate transcription, may also play a role in 5’UTR-mediated adaptation in bacteria (Luciano et al.,
2019; Luciano and Belasco, 2020). It was hypothesized that bacteria use methylated caps as protection
against RNA degradation under starvation conditions (Hudecek et al., 2020).

Nevertheless, the full role of 5’UTRs in adaptation is not clearly understood. Are these
sequences involved in differential gene expression depending on the growth environment? To address
this issue, we developed an exhaustive library of native E. coli 5’UTRs cloned upstream of a fluorescent
reporter gene. The library was sorted on fluorescent level and each 5’UTR in each fraction was
identified. Then the library was grown in different media and at different temperatures. We identified
the 5'UTRs that did or did not modulate fluorescent levels between different growth environments.
We searched for relationships between 5’'UTR-mediated regulation of reporter gene expression and

function of the 5’UTR-associated gene.
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Materials and Methods

1. Design and synthesis of 5’UTR library

The genome of E. coli K-12 MG1655 (GenBank assembly accession: GCA_000005845.2) was used as a
reference for the design of the native 5'UTR library. Two studies have previously experimentally
determined genome-scale boundaries of 5’UTRs by identifying transcriptional start sites (TSS) (Kim et
al., 2012; Mendoza-Vargas et al., 2009). From these combined data sets, we selected the 5’UTRs of
monocistronic genes and genes positioned first in operons. In the case of more than one TSS identified
for a gene, the shortest 5’UTRs were selected. We restricted selection of 5’UTRs with a maximum
length of 300 ntd due to technical constraints for synthesis. This led to a set of 2547 unique 5'UTRs.

The distribution of the 2547 native 5'UTRs per length is represented in Figure 1.
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Figure 1. Length distribution of the 2547 5’UTRs. Each dot represents the number of 5’UTR in the

synthesised library for each length.

For molecular assembly into the expression vector, each 5’UTR sequence was extended by 20
nucleotides on either side, corresponding respectively to the 3’ end of the pBAD promoter sequence

and the 5 end of msfGFP coding sequence: (ACTCTCTACTGTTTCTCCATN(,)ATGAGCAAAGGAG
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AAGAACT where N corresponds to the designed native 5’UTR sequence). The 2547 sequences were

synthesized as ssDNA by IDT (Integrated DNA Technologies) and provided as an oligonucleotide pool.

2. Bacterial strains, vectors and reagents

All analyses were performed in MET 345 strain, the E. coli DCT2022 strain (MG1655 AaraFGH,
Qpcpl8::araE533), with a deleted chromosomal /lacZ copy (Nouaille et al., 2017). This strain allows
linear induction of the pBAD expression system without cellular heterogeneity within the culture.
Unless otherwise indicated, sub-clonings were performed in E. coli DH5a (New England Biolabs) before
transfer into MET 345. Reagents for molecular biology were purchased from New England Biolabs and
used as recommended. Sanger sequencings were performed by Eurofins (Mix2Seq). The pMET 296 was
used for the 5’UTR library establishment (see below). This plasmid is a derivative of Pgap-lacZ-cmyc/his
(Invitrogen). It is composed of the msfGFP gene encoding the monomeric superfolder green
fluorescent protein under the control of the Pgap inducible promoter. All cultures for molecular biology
were routinely grown in LB medium supplemented with 100 pg/mL of ampicillin (Sigma) and incubated

at 37°C and 150 rpm agitation.

3. Construction of the native 5’UTR library

The 2547 5'UTRs were provided as ssDNA at low concentrations. For cloning, dsDNA sufficient amount
was obtained by PCR using primers targeting the common 20 ntd present upstream and downstream
of the 5’UTR sequences (primers 1103 and 1104, Table S1). The PCR mix consisted of 0.01 pmol
template (ssDNA), 50 pmol of each primer, 1 U Q5 DNA polymerase, 400 uM dNTP mix, 10 pL of the
10x buffer provided by the manufacturer, and nuclease-free water to a final volume of 50 uL. The
reaction was performed under the following conditions: 30 s at 98°C followed by 16 cycles of 10 s at
98°C, 30 s at 50°C and 10 s at 72°C, followed by a final extension at 72°C for 2 min. The resulting PCR
products were cleaned up by 10 U exonuclease | to remove excess primers at 37°C for 15 min.

Exonuclease | was inactivated at 80°C for 15 min.

The recipient vector was generated from pMET 296 by PCR amplification of the whole plasmid without
the 5’UTR portion, using two primers (primers 1085 and 397, Table S1) complementary to those used
for amplifying the native 5’UTRs set. The PCR product was gel-purified and quantified (NanoDrop)

before use.

Integration of the 5’UTR set in the plasmid backbone was performed by molecular assembly. The insert

to vector molar ratio was 5:1 and assembly was performed in a mix with 10 pL of HiFi DNA Assembly
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Master Mix (New England Biolabs), and sterile water to a final volume of 20 pl. The reaction mix was

incubated at 50°C for 60 min and stored at -20°C until use.

The assembly reaction product (2 uL) was transferred by electroporation into NEB DH5-a
electrocompetent E. coli cells. Upon electroporation, cells were recovered in SOC medium at 37°C for
1 h with shaking at 200 rpm, plated on LB agar dishes supplemented with ampicillin for plasmid
selection, and grown overnight at 37°C. In parallel, serial dilutions of the electroporated cells were
plated to estimate transformation efficiency. Four independent transformations were performed to
obtain a sufficient number of clones for representative coverage of the library. We estimated from the
plating of serial dilutions that the four library subsets contained 4.5 x 10* clones representing an 18-
fold coverage of the library size. All transformants were scraped, resuspended in LB supplemented
with ampicillin and grown overnight. A mix of all plasmids was extracted using Midiprep Kits (Thermo
Fisher). The plasmids library was transferred into MET 345 by electroporation, a total of 6.8 x 10°
clones was obtained, scraped, resuspended in LB for overnight culture, and the library was stored as 1

ml aliquots with glycerol (40% final) at —-80°C.

4. Cell growth for fluorescence measurements

For small-scale characterization, an aliquot of the library was used to inoculate 5 ml of LB with
ampicillin for overnight culture. After serial dilutions and plating, 96 clones were randomly selected
for growth in a microplate containing 200 uL LB supplemented with ampicillin 100 ug/mL and 0.01%
arabinose. Plates were incubated in Bio Tek Synergy H1 microplate reader (Bio Tek, Winooski, USA) at
37°C with high orbital shaking for 12 hours. Every 10 minutes, the ODso and the fluorescence (475 nm

excitation filter and a 510 nm emission filter) were recorded.

For cell sorting experiments, cultures were performed either on chemically defined medium M9
supplemented with glucose (Esquerré et al., 2014) at 20, 37 or 42°C, or on LB at 37°C, under shaking.
Four different conditions were performed depending on the medium and temperature, hereafter
referred to as M9_37°C, M9 _42°C, M9_20°C, and LB_37°C. Overnight cultures of the whole library
were used to inoculate 150 ml of medium supplemented with ampicillin at an initial ODggo of 0.1. The
OD of induction with 0.01% of arabinose and sampling time were adapted to the growth condition. For
M9 _37°C and M9_42°C, cells were induced when the ODgoo reached 0.5-0.6, sampling after 2.5 h
(OD=2-2.5); For M9_20°C, cells were induced when ODgy reached 0.2, sampling after 16 h (OD=0.7);
For LB_37°C, cells were induced when QD¢ reached 0.6, sampling after 1 h (OD=1). After induction,

10 mL of cultures were collected, cells were washed and resuspended in cold phosphate buffer saline
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(PBS), diluted to ODego of 0.1 in cold PBS corresponding to ~ 1x108 CFU/mL and kept on ice for no more

than a few hours until cell sorting procedure.

5. Cell sorting by FACS

Cells cultivated under different environmental conditions were subjected to cell sorting based on their
fluorescent levels using the Cell sorter MoFlo Astrios EQ (Beckman Coulter) at the TWB FACS platform
(Toulouse). Cells spanning the whole fluorescent distribution were sorted into 6 distinct windows: 10%
of the population with the lowest fluorescence, 10% of the population with the highest fluorescence,
and the rest was divided into 4 equal groups containing each 20% of the remaining fluorescence
distribution. Before sorting, the background auto fluorescence of E. coli was subtracted. Depending on
the condition and initial cell concentration, from 10 000 to 100 000 cells per window were collected
and transferred to LB with ampicillin but without arabinose for overnight propagation (37°C, 150 rpm).
The plasmid population contained in each fraction was recovered by miniprep preparation (Qiagen

miniprep).

6. Sequencing and mapping

Sequencing and processing of NGS data were performed by the GeT-Biopuces platform (INSA-TBI

Toulouse) using the lon Torrent technology (Thermo Fisher Scientific).

Quality control of DNA for sequencing. Extracted DNA was evaluated by gel electrophoreses, and the
nucleic acid concentrations were quantified by Qubit™ (Thermo Fisher Scientific). The DNA fragments
corresponding to 5’UTRs were PCR amplified, and purified on E-Gel (Thermo Fisher Scientific) to obtain

homogeneous fragments of 350-450 bp in size to meet sequencing requirements.

Sequencing. For each sequencing library preparation, 5 ng of DNA were used with NEXTflex Cell Free
DNA-seq kit (PerkinElmer) and NEXTflex DNA Barcodes (PerkinElmer) according to the manufacturer’s
recommendations. The prepared sequencing libraries were quantified with the Qubit™ (dsDNA HS
Assay Kit) and the Bioanalyzer 2100 (Agilent-High Sensitivity kit). After pooling, sequencing was

performed using the lon Torrent technology.

Mapping. All raw reads were trimmed for adapter sequences and barcode sequences using cutadapt.
Trimmed reads were aligned and mapped onto the reference genome (Escherichia_coli_str k_12_

substr_mg1655. ASM584v2) with the “map4” algorithm of TMAP module of the lon Torrent Suite
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Software v5.12.1 (Thermo Fisher Scientific). The number of reads by gene was counted with HTSeq-

count v0.11.2 (PMID: 25260700).

7. Gene Ontology enrichment analyses

Gene Ontology (GO) term enrichment was used to link 5’UTR-mediated gene expression regulation to
5’UTR-associated gene function using the “biological processes” category. The associations between

genes and GO-terms were obtained from EcoCyc https://ecocyc.org/. The database applicable to this

study was reduced to the 2547 5’UTR-associated genes. Significantly enriched GO terms categories

were identified by applying an adjusted p-value cutoff of 0.01.

Results

1. Small scale quality control of the library

Development and use of the 5’UTR library required to obtain a library as diverse as possible to contain
the targeted 2547 native 5’UTRs. Since in a second step, we will have to be able to visualize as much
fluorescence range of the clones as possible, we first decided to evaluate the potentialities of the

library at a very small scale, by testing a few randomly selected clones.

96 clones were randomly selected for ‘Real-time’” monitoring of fluorescence intensity over growth on
a microplate. The variation of ODggo With time reflects the growth of each clone in microwell (Figure
2). All but two clones ended the exponential phase after about 6-7 hours. One explanation could have
been that the differences in growth were due to various levels in msfGFP produced between clones,
mobilizing different levels of cellular resources. However, this explanation seems unlikely because we

did not observe a correlation between growth rate and msfGFP production.

Fluorescence intensity was monitored simultaneously. Dividing the fluorescence intensity by OD at
each reading point provides the specific fluorescence level of the individual cell over growth. As
expected, the specific msfGFP fluorescence intensity for all clones reached a peak at the end of the
exponential phase (Figure 3). However, the absolute specific msfGFP fluorescence intensities were
different between clones by more than 16 times (Figure 4), confirming differences in msfGFP
production capabilities between the few tested representatives of our library. From these experiments,
we selected the sampling time for cell sorting in late exponential phase to obtain the most

comprehensive range of msfGFP fluorescence intensity.
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Time (hours)

Figure 2. Growth of the 96 randomly selected clones. The OD values at 600 nm of 96 clones were
monitored on microplates every 10 minutes for 12 hours. Dotted lines with different colors represent
different clones.
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Figure 3. Fluorescence intensity per cell of the 96 randomly selected clones. GFP fluorescence
intensity divided by OD is plotted as a function of time during real-time kinetic analyses of E. coli cells
harboring plasmids with different 5’UTRs. Fluorescence intensity was monitored at 475nm excitation
and 510 nm emission wavelength every 10 minutes for 12 hours. Dotted lines with different colors
represent different clones.
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Figure 4. Fluorescent intensity per cell at time 6.15 h of the 96 randomly selected clones. The
96 clones harboring plasmids with different 5’"UTRs were ranked in ascending order of msfGFP
fluorescence intensity per cell measured at time 6.15 h.

To quickly confirm on a small-scale the representativeness of the 5’UTR library the absence of major
bias, we randomly selected 7 of 96 clones and sequenced their 5’UTR (Table 1). We identified unique
5’UTRs with a length between 18 and 117 ntd and in agreement with their theoretical length. (Table
1).

Table 1. Comparison of the sequencing results of 7 clones with the theoretical native

5’UTRs
5’UTR- msfGFP Sequenced size Theoretical size 5’UTR-associated gene
clone 1 18 18 basR
clone 2 19 19 frmR
clone 3 26 26 rraA
clone 4 36 36 yebW
clone 5 46 46 ydhP
clone 6 48 48 folB
clone 7 117 117 ybjG

Together, these results suggest that our library is suitable for further characterization as it covers a
large range of msfGFP fluorescence.

—

]
103 |



Chapter 2

2. Library expression profile in various environmental conditions

The study aims to identify 5’UTRs responsible for gene expression modifications in response to
environmental modification. We tested the effect of changes in medium composition, by comparing
growth in rich medium (LB) and chemically defined M9 medium. It was previously shown that a large
set of genes had their expression modified between the two media (Thomason et al., 2015). In addition,
we tested growth at different temperatures as this parameter can modulate gene expression at
different levels. Some gene expressions are specifically up or down regulated in response to
temperatures stresses (Bartholomaus et al., 2016), and their 5’UTR may participate in such regulations.
Temperature can also modify gene expression through different foldings of 5’UTRs, affecting
downstream gene expression (Kortmann & Narberhaus, 2012; Narberhaus et al., 2006). Therefore, the
entire native 5’UTR library was grown in 4 growth conditions, M9_20°C, M9_37°C, M9_42°C, and
LB_37°C.

We first determined the level of transcription induction required to obtain a maximal range of msfGFP
fluorescence from the library. We compared two induction levels (0.01% arabinose and 0.1% arabinose)
to no induction. The msfGFP fluorescence clouds were measured by flow cytometry for the three
induction levels. Similar results were obtained for the 4 growth conditions. An example of fluorescence
distribution in M9_37°C is shown in Figure 5. Without induction, the whole population was clustered
at low fluorescence intensity. This signal reflected the autofluorescence background of cells or a
possible weak leak of the Psap promoter. With increasing concentration of arabinose to induce
transcription, we noticed an expansion of the fluorescence range in proportion to the level of
transcription induction. This expansion over a 3-log scale reflects the wide range of msfGFP expression
in our library. Although maximum expansion was achieved with 0.1% arabinose induction, we chose
to apply a middle level induction (0.01%) because we wondered if a too high induction level might hide

some of the regulatory effects of 5’UTRs.
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Figure 5. Cloud of msfGFP fluorescence in M9_37°C induced by different arabinose
concentrations. Transcription in E. coli cells harboring plasmids with different 5’UTRs was induced
(0.01% arabinose and 0.1% arabinose) or not at M9 _37°C. The horizontal coordinate presents the
msfGFP fluorescence intensity after subtracting background autofluorescence. The dots from red to
dark blue represent low to high cell density.

The whole 5’UTR library was cultivated in the 4 growth conditions, induced with 0.01% arabinose and
the msfGFP fluorescence intensity was monitored (Figure 6). The clouds of fluorescence intensity of
cells under each growth condition was widely distributed between low and high signals. The
distribution of fluorescence was similar between conditions, except for growth at 20°C with a
reduction of about 1-log of the fluorescence range. These results show that our library of native 5’UTRs

results in a vast range of msfGFP expression that differs under different growth condition. This likely

reflects 5’UTR-dependent regulation of msfGFP expression affected by changing environments.




Chapter 2

M9_37°C

M9_42°C

g

v
G
-

M9_20°C

High I
Cell

densit
Low l Y

10! 10? 103 104 10°
msfGFP fluorescence intensity
Figure 6. Clouds of msfGFP fluorescence of cells grown under different conditions. E. coli

containing the 5’UTR librarywere cultivated under four growth conditions (M9_37°C, M9_42°C,
M9_20°C, LB_37°C). The dots from red to dark blue represent low to high cell density.

3. Cell sorting by msfGFP expression windows

The project aims to identify which 5’UTRs are present in each expression window in each growth
condition. If some 5’'UTRs are always present in the same window regardless of the growth
environment, this will suggest that these 5’UTRs are not involved in gene expression regulation; and if
some 5’UTRs are present in different windows depending on growth environment, this will suggest

that they contribute to gene expression regulation.
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Because the range of fluorescence were different under different growth conditions, we could not
separate the sub-populations into windows based on intensity criteria. We based the window selection
on the number of cells relative to the total number of cells. For each condition, 6 windows were defined.
The W1 fraction contained 10 % of the cells with the lowest fluorescence intensity. The W6 contained
10% of the cells with the highest fluorescence intensity. In between, the remaining cells were divided
into 4 equal fractions containing each 20 % of the library (Figure 7). In each growth condition, the 6

sub-libraries were propagated and their plasmid DNA was purified for sequencing.

W1 W2 W3 W4 W5 W6
10% 20% 20% 20% 20% 10%

i

M9 _37 °C m l Plasmid+iso-lation

M9_42 °C “ﬂ l > > Sequencg
Q

M9, _20°¢ ”u ' Sorted cells O OC

LB_37°C m ' in each window C/

each group Q m

Figure 7. Schematic representation of the workflow used for library sorting. In each growth
condition, cells were sorted and the 6 sub-libraries were propagated and their plasmid DNA was
purified for sequencing.
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4. Adjustment of the sequencing method for a library

heterogeneous in size

The requirement for NGS sequencing is to start from DNA fragments homogenous in size of about 350-
450 bp but in our study, the 5’UTRs are heterogeneous with a length spanning from 1 to 300 ntd.
Therefore, we developed an amplification method to re-homogenize the size of the DNA fragments
without losing information.. As described in Figure 8, a) we designed ten pairs of primers to amplify
the 5’UTRs from the plasmids. The primers used are listed in Table S1. Each primer pair hybridized on
the vector backbone upstream and downstream of the 5’UTRs. The pair located at the closest position
of 5’UTRs amplified the complete 5’UTR sequences with the addition of 50 ntd from the vector,
resulting in amplicons from 51 to 351 ntd. Each primer pair increased the amplicon size by 50nt
compared to the previous one. b) Each sample was amplified individually with the 10 pairs of primers.
c) Once mixed, amplicons were from 40 nt to 790 nt long. d) Each 5’UTR independently of its initial
length was now present in an amplicon from 350 to 450 ntd long. This amplification method was
applied to the 24 samples generated this study (6 windows x 4 growth conditions). An example of
amplification products for window 1 of M9_37°C is given in Figure 9. The length range of the ten sets
of dsDNA amplification products from 40-340 bp to 480-790bp was in line with expectations of a 300
nt range (Figure 9A). After pooling and gel purification, the length of the re-homogenized dsDNA was

distributed from 350 bp to 450 bp. (Figure 9B) consistent with the requirements for sequencing.

—
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a) Primers design to amplify target sequence (5’UTR) for NGS by PCR
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Figure 8. Strategy to re-homogenize the size of DNA fragments for sequencing. The red band
represents the 5’UTRs in the library, the green band represents the msfGFP gene, and the grey one
represents other sequences of the plasmid. Arrows in different colors display the 10 pairs of primers
that amplify the fragments at different distances from the 5’UTR. Each dsDNA obtained after
amplification contains an intact 5’UTR. Yellow dots represent short 5’UTRs, blue dots represent
medium size 5’UTRs, and purple dots represent long 5'UTRs.
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Figure 9. Size distribution of dsDNA fragments amplified from window 1 sample of
M9 _37°C. A) Ten pairs of primer that amplified the heterogeneous library; B) re-homogenized
purified dsDNA.

5. Sequencing quality control and representativeness of the 5’UTRs

in the library

Sequencing, read trimming, alignment, and counting of the 24 samples were performed by the TBI GeT
platform as described in the Materials and Methods section. Table 2 shows the total read number per
window and per condition and the sum per growth condition. The minimum sum of reads was obtained
for M9_20°C (around 175 000) and corresponded in theory to ~70 reads per 5’'UTR sequence. The
minimum number of reads in a window was above 22 000 and was found for window 3 of M9_20°C.
Assuming that all the 2547 5’'UTRs were present in this sample, this would represent in theory more
than 8 reads per 5’UTR. In reality it should be higher because the 5’UTRs were spread across the 6

windows. We can therefore conclude that sequencing was deep enough to allow relevant analyses.

Table 2. Total read number in each window of each growth condition

Wi W2 W3 w4 W5 W6 SUM
M9_37°C 24626 24626 50388 25039 29164 43147 196329
M9_42°C 46716 59405 30819 37660 39808 54059 268467
M9_20°C 33436 31548 22493 25924 30992 30642 175035
LB_37°C 33428 27474 32830 28812 26211 27760 176515

We then analyzed whether there might be a technical bias that could skew the comparisons, such as
the representativeness of the library. For all 5'UTRs, we plotted the number of reads versus the length

for each of the four conditions (Figure 10). We observed that the maximum number of reads decreased

—
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with increasing 5'UTR length, indicating that the shorter the 5'UTR, the easier it was to obtain reads.
We have not identified the cause of this distribution, perhaps the process of library construction or the
re-homogenization of the 5'UTRs. The most important facts was that all four conditions showed similar
distribution, indicating no significant differences between conditions and in this study we did not need

to compare the number of reads between different 5'UTRs.

In addition, we mapped the number of reads per sequenced 5'UTRs as a function of their length (Figure
11). When comparing the length distribution of the sequenced 5’UTRs with the one of the synthesized
5’UTRs (Figure 1 and in insert), we found the same shape and no major differences between the four
conditions. We did not obtain any sequenced 5'UTRs shorter than nine nucleotides in any of the four
groups, although 36 such 5’UTRs were synthesized. This was not surprising, and expected as internal
control, as a minimal length of UTR is required to sustain translation initiation by the presence of SD

sequence.

We can conclude that our sequencing data seem representative of the library we aimed to clone, that
the representativeness seems similar at the global scale between the four conditions and that no major

technical bias has been introduced during the construction procedures.
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Figure 10. Distribution of read numbers of each 5’UTR as a function of length in four growth
conditions. Each point represents a sequenced 5’UTR, the abscissa is its nucleotide length, and the
ordinate is the number of reads of this 5’UTR obtained by sequencing. Four subgraphs with different
colors stand for different growth conditions.
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Figure 11. Number of the reads of 5’UTRs according to their length in four growth conditions.
Each dot represents the read number of a sequenced 5’UTR. Four subgraphs with different colors stand
for different growth conditions. The length distribution of the synthesized 2547 5'UTRs (the one of
Figure 1) is reminded in the top left insert.

6. Location of 5’UTRs in the six windows under each growth

condition

First, we wanted to identify in which window (W1-6) each 5’"UTR was located under a specific growth
condition using the read number information. When looking at the read number distribution over the
windows, we noticed that 5'UTRs sometimes appeared in one single window but were also often
present in adjacent and sometimes in non-adjacent multiple windows (Figure 12). For instance, reads
of fadlL 5’UTR were only present in window six, so the fadL 5'UTR positioning in window 6 was clear.
In contrast, positioning of maeA and msbA 5’UTR was less obvious with almost equal read numbers in

adjacent windows 4 and 5 for maeA and in non-adjacent windows 1, 3 and 4 for msbA. Therefore, to
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consider all possible read number distributions, we developed a 4-step strategy to position the peak

of 5'UTR read number within the six windows (Figure 13).
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Figure 12. Examples of distribution of 5’UTR read number in the six windows (M9_37°C). The
abscissa represents the six windows, and the ordinate displays the number of reads of the 5’UTR in

each window.
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Figure 13. Strategy to position 5’UTRs in the 6 windows. Examples of 5’UTR read number
distribution are shown in each step.

- The 1°*step was to identify which 5’UTRs were present or not in a given growth condition.

The full list of 2547 native 5’UTRs (Figure 13, A) was separated into two lists: 5’UTRs not present when

no reads were mapped to the 5’UTR sequence (Figure 13, B); and 5'UTRs present when reads could be

mapped to the 5’"UTR sequence (Figure 13, C).
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- The 2" step was to classify the present 5’UTRs by their number of reads above the 3 times
the median. Three classes were defined, 5’"UTRs with 0 read number above 3 times the median, so
5’UTRs were declared with no peak of read number (Figure 13, D); 5’UTRs with 1 read number above
3 times the median, so 5’UTRs were declared with 1 peak of read number (Figure 13, E); 5’UTRs with
2 read numbers above 3 times the median, so 5’UTRs were declared with 2 peaks of read number
(Figure 13, F). Due to the chosen threshold, no more than 2 read numbers were observed above 3
times the median in all 5’UTRs.

- The 3™ step was to identify the relative position of the 2 peaks in the case of group F. The
5’UTRs were further separated into 2 lists: when the 2 peaks were adjacent (Figure 13, H) and when
the 2 peaks were not adjacent (Figure 13, G).

- The 4™ step was implemented to refine the methods by considering particular read number
distributions. We observed that in 5'UTRs with 1 peak (Figure 13, E), a second read number (sub-
extreme read number) non-adjacent could be relatively high, decreasing the accuracy of the 5’UTR
positioning. So we introduced a new criterion to remove 5'UTRs with a sub-extreme read number
above half the highest read number (Figure 13, I) to only keep 5’UTRs with no high sub-extreme read
number (Figure 13, J). In the same way, we also found in the group of 5’UTRs with 2 non-adjacent
peaks (Figure 13, G) that a sub-extreme read number could be relatively high compared to the highest
read number (Figure 13, K). So we also implemented a criterion to remove 5’UTRs with a sub-extreme
read number above half the value of the extreme read number (Figure 13, K) to only keep 5’UTRs with

no high sub-extreme read number (Figure 13, L).

After the 4-step strategy of peak positioning, all the 2547 native 5’UTRs were finally categorized into
7 lists named B, D, H, 1, J, L and K. For the following analyses, we kept the 5’UTRs with well-positioned
peaks of read number corresponding to lists J and L of a narrow peak in one window and list H of a

large peak overlapping two adjacent windows.

For instance, when we applied the 4-step strategy of peak positioning to the reference condition M9
medium at 37°C, we obtained the following distribution of 5’UTRs in the different lists: List M9_37°C_B
included 810 5’UTRs not present in this growth condition. List M9_37°C_D included 226 5’UTRs with O
peaks. List M9_37°C_H included 892 5'UTRs with a large peak overlapping two windows. List
M9_37°C_l included 10 5'UTRs with a single peak but a high non-adjacent sub-extreme peak. List
M9_37°C_J and List M9_37°C_L included 549 and 39 5’UTRs with a narrow peak and no high non-
adjacent sub-extreme peak, respectively. List M9_37°C_K included 5 5'UTRs with 2 non-adjacent peaks
but a high non-adjacent sub-extreme peak. The list J+L+H of selected 5'UTRs with well-positioned

peaks of read counts included 1480 5’UTRs in M9 medium at 37°C.
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7. Number of selected 5’UTRs

The 4-step strategy of peak positioning was applied to the four growth conditions: M9_37°C, M9_42°C,
M9_20°C and LB_37°C. Table 3 summarizes the number of 5’UTRs of some key lists. The number of

5’UTRs not present (List B) in each growth condition was similar, around 33% of the total 5’UTRs.

Table 3. Number of 5’UTRs in each list in the four growth conditions

Full list Not present Narrow peak Ove;l::':o ing Selected

List A List B List J List L List H List J+L+H
M9_37°C 2547 810 549 39 892 1480
M9_42°C 2547 820 549 44 895 1488
M9_20°C 2547 851 448 32 413 894
LB_37°C 2547 891 558 152 733 1443

The Venn diagram shows that 724 5’UTRs were never present in all four growth conditions (Figure 14).
We can speculate that these 724 5'UTRs were not detected due to their absence at the end of the
library construction. Indeed, we consider unlikely the hypothesis that the 5’UTRs were not detected
because of a too weak fluorescence signal since we selected all the events from an extremely low
fluorescence signal. Instead, the 5’UTRS were probably not present in the library due to troubles in the
syntheses of ssDNA or dsDNA, the amplification step or the cloning itself. However, we cannot exclude
that strong secondary structures in these 5’UTRs have impaired the library construction. We did not

analyze these assumptions further.

Figure 18. Venn diagram of 5’UTRs not present in each growth condition. Distribution of the
5’UTRS not detected across the four growth conditions M9_37°C (blue), M9_42°C (red), M9_20°C
(green) and LB_37°C (yellow).
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As mentioned above, only the 5’UTRs in list J+L+H with well-positioned peaks were selected for further
analyses. The number of selected 5’UTRs (Table 3, list J+L+H) was similar for three conditions M9_37°C,
M9_42°Cand LB_37°Caround 1470 (58% of the total 5’UTRs) but almost two-times lower for M9_20°C.
Nevertheless, this number of selected 5’UTRs for M9_20°C was considered sufficient for the

subsequent comparisons.

Then we wondered whether a minimum read number should be introduced for the selected 5’UTRs to
be suitable for the subsequent comparative analysis. We plotted the percentage of 5’UTRs belonging
to different ranges of read number in each window of each growth condition (Figure 15). The number
of reads was divided into five sections 0-10 (light blue), 10-50 (orange), 50-100 (gray), 100-500 (light
yellow), 2500 (dark blue). The percentage of 5’UTRs corresponding to each read number section was
plotted for each window in the four conditions. For instance, in the first window in M9_37°C, 7%, 23%,
14%, 40% and 16% of the 5’UTRs had between 0-10 reads, 10-50 reads, 50-100 reads, 100-500 reads
and >500 reads, respectively. This figure shows that overall 90% of the selected 5’UTRs had greater
than ten reads in each window of the four growth conditions. Therefore, we concluded that there was

no need to set a minimum threshold of read number for the selected 5'UTRs.

M 0-10 reads ™ 10-50 reads 50-100 reads 100-500 reads M >=500 reads

M9_37°C || M9_42°C LB_37°C M9_20°C
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Figure 15. Percentage of 5’UTRs belonging to different ranges of read number in each
window of each growth condition. The abscissa represents the six windows under four growth
conditions. The ordinate displays the percentage of 5’UTRs belonging to five ranges of read number
(represented in five different colors) in each window. Light blue, orange, grey, yellow, and dark blue
represent the proportion of 5'UTRs with 0-10, 10-50, 50-100, 100-500, and > 500 reads, respectively.

8. Differential analysis of msfGFP expression between growth

conditions
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Comparison of the peak positions of each selected 5’UTR between different growth conditions can
lead to two conclusions. When the peaks shifted in different windows between conditions, this
indicates that the 5’UTR contributed to msfGFP expression regulation. When the peaks remained in
the same window regardless of the growth condition, this indicates that the 5’UTR was not involved in

msfGFP expression regulation.

Pairwise comparison

We chose to study 5’UTR-mediated msfGFP expression regulation following environmental changes:
growth temperature (20, 37 or 42 °C) and growth medium composition (M9 or LB). As shown in Figure
16, we pairwise compared the peak position of 5’UTRs between two growth conditions using M9_37°C
as the reference condition. When comparing the peak position of 5’UTRs in M9_42°C versus M9_37°C,
we studied the temperature up-shift effect on 5’UTR-dependent msfGFP expression, whereas the
temperature down-shift effect was investigated in the M9_20°C versus M9_37°C comparison. When
comparing the peak position of 5’UTRs in M9_42°C versus M9 _20°C, a sharp temperature up-shift
effect was explored. On the other hand, comparing the peak position of 5’UTRs between the rich
medium LB_37°C and the minimal medium M9 _37°C provided the growth medium dependency of

5’UTR-related msfGFP expression.

Sharp Up-shift

42°Cvs 20°C
Down-shift Up-shift
20°Cvs 37°C 42°Cvs 37°C
M9_20°C M9_42°C
Temperature
effect
...................................... M9_37°c = Reference ssasassasssssasassas
Medium
effect
LB_37°C
LB vs M9

Rich medium vs Minimal medium

Figure 16. Pairwise comparisons of 5’UTR peak positions in different growth conditions.
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To be able to identify the shift of 5’UTR peak position in a pairwise comparison, we decided to compare
narrow and overlapping peak positions separately. Examples of these comparisons are shown in Figure
17. We determined three patterns of 5’UTR peak positioning:

i) the 5’UTR peak remains in the same window upon a change in growth conditions, this is the

constant pattern. It is based on two types of comparisons, narrow peak with narrow peak and

overlapping peak with overlapping peak. Examples of constant 5’UTRs (Figure 17) are the 5’UTR of
fdhD with a narrow peak positioned in window 1 in both the reference and test conditions and the
5’UTR of tomB with an overlapping peak positioned in windows 1 and 2 in both conditions.

ii) the 5’UTR peak up slides to higher windows upon a change in growth conditions, this is the

up-regulated pattern. It includes three types of the peak position comparison, narrow peak with

narrow peak, overlapping peak with overlapping peak and narrow peak with overlapping peak.
Examples of up-regulated 5'UTRs (Figure 17) are the 5’UTR of fadH with a narrow peak positioned in
window 1 in the reference condition, but in window 4 in the test condition the 5’UTR of /ptD with an
overlapping peak positioned in windows 2 and 3 in the reference condition but in windows 3 and 4 in
the test condition, and the 5’UTR of /hr with a narrow peak positioned in window 3 in the reference
condition but with an overlapping peak positioned in windows 3 and 4 in the test condition.

iii) the 5’UTRs peak down slides to lower windows upon a change in growth conditions, this is

the down-regulated pattern. It is based on the same position comparisons as those used for the up-

regulated pattern. Examples of down-regulated 5’"UTRs (Figure 17) are the 5’UTR of argG with a narrow
peak positioned in window 3 in the reference condition but in window 2 in the test condition, the
5’UTR of rnt with an overlapping peak positioned in windows 5 and 6 in the reference condition but
windows 4 and 5 in the test condition, and the 5’UTR of sbcB with a narrow peak positioned in window
3 in the reference condition and an overlapping peak positioned in windows 1 and 2 in the test

condition.
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Figure 17. Examples of comparisons of narrow and overlapping peak positions in the test
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Effect of a temperature up-shift: M9_42°C versus M9_37°C

To investigate the effect of a temperature up-shift, we compared the peak position of 1311 common
5’UTRs in M9_42°C versus M9_37°C. As shown in Table 4, 57 % of the 5’UTRs (755/1311) belonged to
the constant pattern, demonstrating that these 5’UTRs did not affect the msfGFP expression when the
growth temperature up-shifts from 37 to 42°C. 248 5'UTRs belonged to the up-regulated pattern,
meaning that these 5’"UTRs up-regulated the msfGFP expression after a temperature up-shift. Among
them, emrE 5’UTR, whose peak up shifted over two windows, strongly up-regulated the msfGFP
expression. 308 5’UTRs belonged to the down-regulated pattern, indicating that those 5’"UTRs down-
regulated the msfGFP expression when the growth temperature up-shift. Among them, 4 5’UTRs,

whose peak down shifted over 2 windows were related to a strong down-regulated msfGFP expression.

Table 4 Number of 5’UTRs classified in the different patterns upon a temperature up-shift

from 37 to 42°C

Constant Up-regulated Down-regulated
308
248
755 strongly down-regulated :

strongly up-regulated: emrE
ynfM, yqhG, tyrS, ydW

To identify a putative correlation between the 5’UTR-dependent regulation and the function of the
5’UTR-associated gene, we performed a functional enrichment analysis using Gene Ontology (GO)
database on the associated genes of the 5’UTRs associated to each pattern (Table 5). Globally, only a
few functional categories were enriched in each of the 5’UTR patterns.

In the constant 5’UTRs, the functional categories Transposition and DNA recombination were
enriched with 27 and 35 associated genes, respectively. It should be noted that the two sets of genes
contained the same 26 ins genes, which are insertion sequences involved in transposition.

In the up-regulated 5’UTRs, two functional categories were enriched: Response to heat and
Base-excision repair. The mug and ung genes of this last category are involved in DNA repair, and mug
is reported to act in stress conditions (Mokkapati et al., 2001). The finding of the enrichment of the
category Response to heat is interesting. It is associated to 7 genes, tig (trigger factor), moaA (GTP
3'8'-cyclase), rhlE (ATP-dependent RNA helicase), yccX (acylphosphatase), IsrR (DNA-binding
transcriptional repressor), clpB (chaperone) and /oiP (metalloprotease). Expression of /oiP and clpB are
known to be regulated at the transcriptional level after a temperature up-shift. Expression of loiP
encoding an outer membrane metalloprotease is up-regulated in response to heat shock stress (Huang

et al., 2009). c/pB encodes ClpB, a member of the heat-shock induced chaperone network (Alam et al.,
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2021) that suppresses or reverses the aggregation of denatured proteins after heat stress (Mogk et al.,
2003; Zietkiewicz et al., 2004). Transcription of c/pB is induced by the heat shock 632 factor upon
temperature upshift (Kitagawa et al., 1991). Expressions of tig, moaA, rhiE, yccX and IsrR genes also
contribute to the heat shock response (Krisko et al., 2014). The authors proposed that their expression
is regulated at the translational level using a codon usage more optimal for high temperatures. At the
post-transcriptional level, moaA expression is also known to be regulated by a riboswitch in its 5’UTR
that binds both the molybdenum cofactor as well as the CsrA protein (Patterson-Fortin et al., 2013;
Regulski et al., 2008). The CsrA protein recognizes mRNA secondary structure often located in the
5’UTR (Dubey et al., 2005). Binding of CsrA to the moaA 5’'UTR appears to be necessary, but not
sufficient for activation of translation (Patterson-Fortin et al., 2013). The expression of IsrR is also
regulated by the binding of the CsrA protein (Mitra et al., 2016). Our results indicate that the 5'UTRs
of moaA and IsrR are directly involved in the up-regulated msfGFP expression in response to heat stress.
Therefore, we propose a post-transcriptional mechanism of up-regulated gene expression based on
5’UTR secondary structure influenced by heat.

In the 5’UTRs with a down-regulated pattern after temperature up-shift, we obtained two
enriched functional categories with only three associated genes related to degradation of protein
(cnoX, rssB and exbB) and DNA (sbcB, endA and hofM). Only the expression of cnoX is already known

to response to heat stress (Kthiri et al., 2008).

Table 5. Functional category enrichment of 5’UTR-associated genes in M9_42°C vs

M9_37°C.
Term Annotated®  Significant? p-value?

Constant

Transposition 39 27 1.90E-07

DNA recombination 58 35 9.90E-07
Up-regulated

Response to heat 25 7 0.0086

Base-excision repair, AP site formation 2 2 0.0098
Down-regulated

Regulation of protein stability 3 3 0.0016

DNA catabolic process 4 3 0.0058

! Number of genes annotated in the functional category.
2 Number of genes of the functional category present in the selected 5’UTR pattern.
30nly significantly enriched functional categories (p-value < 0.01) are shown.
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Effect of a temperature down-shift: M9_20°C versus M9_37°C

To study the effect of a temperature down-shift on 5’UTR-related regulation of gene expression, we
compared the peak position of 794 common 5’UTRs in M9_20°C versus M9_37°C (Table 6). Upon a
temperature down-shift from 37 to 20°C, 40% of the 5’UTRs (319/794) belonged to the constant
pattern of msfGFP expression, 189 5'UTRs belonged to the up-regulated pattern of msfGFP expression
and 286 5’UTRs belonged to the down-regulated pattern of msfGFP expression. Among them, the peak
positions of 9 5’UTRs shifted over two windows identifying strongly up- and down-regulations of

msfGFP expression when the temperature decreases from 37 to 20°C.

Table 6. Number of 5’UTRs classified in the different patterns upon a temperature down-

shift from 37 to 20°C.

Constant Up-regulated Down-regulated

189 286

319 strongly up-regulated: mdtH yceF  strongly down-regulated: ydiE pssA

fhIA clpS pepT slyD talB abpA sgbE  yhal rimO ibsB fliA ispG rplU ygbK.

The results of the functional category enrichment of 5’UTR-associated genes in M9_20°C vs M9_37°C
are shown in Table 7. No functional category was significantly enriched in the genes associated with
the 319 constant 5’UTRs. In the up-regulated 5’'UTRs, two functional categories were enriched. The
category Positive regulation of DNA-templated transcription is the process of activating or increasing
the frequency, rate or extent of transcription initiation and was associated with 4 genes coding for
DNA-binding transcriptional regulators (nhaR, mntR, sdiA and fhlA). The category Homoserine
biosynthetic process includes only two genes, thrA (fused aspartate kinase/homoserine dehydrogenase
1) and lysC (aspartate kinase IllI). The 5’UTR of lysC contains a riboswitch that in absence of lysine
binding favors translation initiation and inhibits mRNA decay via RNase E (Caron et al., 2012). We can
speculate that the riboswitch conformation may be dependent on temperature and be more favorable
to gene expression at 20°C than at 37°C. In the down-regulated 5'UTRs, the category Cellular response
to hydrogen peroxide was enriched associated with four genes (ychH, eamA, ygiW and yhcN). The
expressions of ychH (stress-induced protein) and eamA (cysteine/O-acetylserine exporter) are known

to be regulated at the transcriptional level.
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Table 7. Functional category enrichment of 5’UTR-associated genes in M9_20°C vs

M9_37°C.

Term Annotated®  Significant? p-value?

Constant

Up-regulated
Positive regulation of DNA-templated

transcription, Initiation 10 4 0.0028

Homoserine biosynthetic process 2 2 0.0044
Down-regulated

Cellular response to hydrogen peroxide 6 4 0.0015

INumber of genes annotated in the functional category.
2 Number of genes of the functional category present in the selected 5’UTR pattern.
3 Only significantly enriched functional categories (p-value < 0.01) are shown.

Effect of a sharp temperature up-shift: M9_42°C versus M9_20°C

To consider now the effect of a sharp temperature up-shift we compared the peak positions of 798
common 5’UTRs in M9_42°C versus M9_20°C (Table 8). Between 20 and 42 °C, 40 % of 5’UTRs (312/798)
belonged to the constant pattern of msfGFP expression, 277 5’UTRs belonged to the up-regulated
pattern and 209 5’UTRs belonged to the down-regulated pattern. Among them, 18 and 12 5’UTRs were

associated with strong up- and down-regulations of msfGFP expression, respectively.

Table 8. Number of 5’UTRs classified in the different patterns after a sharp temperature

up-shift from 20 to 42 °C.

Constant Up-regulated Down-regulated
277 209
312 strongly up-regulated: ycbZ ydiE ygbK thrL strongly down-regulated: dps mdtH
yajD abgR ybaV emrE fadH ydcF fliA glpA fhIA cmtB gspB valS clpS csiD tyrS
rimO ypeA ispG gss rplU azuC yqcE lysC cysQ.

The results of functional category enrichment of 5UTR-associated genes in M9_42°C vs M9_20°C are
shown in Table 9. When we compared the response to a sharp increase from 20 to 42°C with moderate
shifts (37 to 42°C and 20 to 37 °C), we observed that the category Response to heat was not enriched
anymore while Homoserine biosynthetic pathway and Response to oxidative stress were still present.

Among the genes associated with the response to oxidative stress, the 5’UTR of the iraD gene encoding
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an inhibitor of ¢® proteolysis is known to bind the CsrA protein to negatively regulated translation of
the downstream gene (Park et al., 2017). A new stress response, Cellular hyperosmotic response, was
enriched in the up-regulated 5’UTR pattern. This category was associated to the genes proQ (RNA
chaperone), osmF (ABC transporter) and treF (trehalase). We have no clear interpretation for the
enrichment of the functional category Lactate metabolic process in the constant 5’UTR pattern

between 20 and 42 °C.

Table 9. Functional category enrichment of 5’UTR-associated gene in M9_42°C vs M9_20°C.

Term Annotated®  Significant? p-value?

Constant

Lactate metabolic process 8 4 0.0086
Up-regulated

Cellular hyperosmotic response 4 3 0.0039

Cellular response to oxidative stress 19 7 0.0093
Down-regulated

Homoserine biosynthetic process 2 2 0.006

! Number of genes annotated in the functional category.
2 Number of genes of the functional category present in the selected 5’UTR pattern.
3 Only significantly enriched functional categories (p-value < 0.01) are shown.

Effect of the growth medium: LB versus M9

To analyze the effect of the growth medium composition on 5’UTR-mediated regulation of msfGFP
expression, we compared the peak positions of 1235 common 5’UTRs in the rich LB medium versus
the minimal M9 medium at 37°C. As shown in Table 10, when comparing LB versus M9, 40% of 5’UTRs
(507/1235) belonged to the constant 5’UTR pattern of msfGFP expression, 433 5’UTRs belonged to the
up-regulated 5’UTR pattern, and 295 5’UTRs belonged to the down-regulated 5’UTR pattern. Among

them, 14 and 7 5’UTR exhibited peaks up shifting over two windows.

Table 10. Number of 5’UTRs classified in the different patterns in LB versus M9 at 37°C.

Constant Up-regulated Down-regulated

433 295

507 strongly up-regulated: yceF rimL ydiV cspE ydcF strongly down-regulated: ybdO

sdiA yjaB fldA pepN minC mall pdeN fbp cmtB. yqhG entC yobA Irp rluE nfeR
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The results of functional category enrichment of 5’UTR-associated genes in LB vs M9 are shown in
Table 11. In the constant 5’UTR pattern, we found again an enrichment of the category Transposition
associated to 22 ins genes as previously seen upon growth temperature up-shift. Two categories
related to amino acid transport and associated to the same three genes (ygaZz, liv) and yjeH) were also
enriched in the constant 5’UTR pattern. In the up-regulated 5'UTR pattern, the category Regulation of
transcription was enriched corresponding to 42 DNA-binding transcriptional regulators among the 54
associated genes. We can speculate that in LB, 5’UTR-mediated regulation of these transcriptional
regulators helps the cell to adapt to a large list of available carbon sources in the rich medium
compared to the sole carbon source glucose in M9. In the down-regulated 5'UTR pattern, we found an
enrichment of the category Regulation of cell growth associated to only three genes: ybjN encoding
protein YbjN involved in the production of flagella and fimbriae, pr/F which codes for an antitoxin
component and rpomA encoding a 50S ribosomal subunit protein involved in the assembly of the 70S
ribosome. Nothing is reported in the literature regarding 5’UTR-related expression regulation of these

three genes.

Table 11. Functional category enrichment of 5’UTR-associated gene in LB vs M9 at 37°C.

Term Annotated®  Significant? p-value®

Constant

Transposition 39 22 2.50E-07

Valine transport 3 3 0.0074

Branched-chain amino acid transport 3 3 0.0074
Up-regulated

Regulation of transcription, DNA-templated 219 54 0.0065
Down-regulated

Regulation of cell growth 4 3 0.0043

'Annotated: number of genes annotated in the functional category.
ZSignificant: number of genes of the functional category present in the selected 5’UTR pattern.
30nly significantly enriched functional categories (p-value < 0.01) are shown.

Four-group comparison

After pairwise comparisons that identified 5'UTRs contributing to gene expression regulation upon
temperature and medium changes, we wanted to identify 5’UTRs that did not participate in gene
expression regulation regardless of the growth conditions. Thus, we overlapped the 5'UTRs of the
constant patterns (with no involvement in the regulation of msfGFP expression) identified in each

growth condition (755 5'UTRs upon temperature up-shift, 319 5’UTRs upon temperature down-shift,
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312 5’'UTRs upon sharp temperature up-shift and 507 5’UTRs after a change in growth medium). As
shown in the Venn diagram (Figure 18), 98 5’UTRs with a constant pattern in the four conditions tested,
never participated in gene expression regulation. We checked the peak position of these 98 5’UTRs
and found that 85 exhibited an overlapping peak located in windows 5 and 6 corresponding to high
msfGFP expression. These results show that these 85 5’UTRs allow a constant high level msfGFP

expression regardless of the tested growth conditions.

e temperature Up-shift effect temperature Sharp up-shift effect

temperature effect versus minimal medium

Figure 18. Venn diagram of 5’UTRs that did not participate in gene expression regulation.
5’UTRS that did not affect msfGFP expression following the effects of temperature up-shift (blue,
M9_42°C vs M9_37°C), temperature down-shift (red, M9_20°C vs M9_37°C), temperature sharp up-
shift (green, M9_42°C vs M9_20°C) and change in growth medium (yellow, LB_37°C vs M9_37°C).

Functional category enrichment in these 98 5'UTR-associated genes only identified a category related

to cell motility (Table 12) with three associated genes (ycdX, flgB, and yfiR).

Table 12. Functional category enrichment of associated genes to 98 5’UTRs that did not

participate in gene expression regulation regardless of the growth conditions.

Term Annotated®?  Significant? p-value?

Bacterial-type flagellum-dependent swarming motility 5 3 0.00046

! Number of genes annotated in the functional category.
2 Number of genes of the functional category present in the selected 5’UTR pattern.
3 Only significantly enriched functional categories (p-value < 0.01) are shown.

The Venn diagram also helped us to identify 5’UTRs which specifically did not response to temperature
or growth medium composition: 117 5’UTRs belonged to the constant 5’UTR pattern only upon
temperature effect and 121 5’UTRs belonged to the constant pattern only under growth medium effect

(Figure 18).
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9. Conclusions and perspectives

In this research, we have developed and constructed a full size library of native 5’UTR sequences from
E. coli fused to a fluorescent reporter gene. This library aims to better understand the role of 5’UTRs
in gene regulation in this bacterium, in a physiological context. The library was challenged to grow
under different environmental conditions, in terms of temperature and medium composition, and we
analyzed the expression level of the msfGFP fluorescent protein. Cells were sorted based on their
individual fluorescence level in six windows, from very low to high fluorescent protein expression level.

The identity of 5’UTRs in each window, in each growth condition, was determined by NGS.

We have shown that a large range of fluorescence was covered by our library, confirming the role of
5’UTRs in gene expression regulation. In addition, we identified that some 5’UTRs can either up-
regulate or down-regulate msfGFP expression levels when challenged to specific growth conditions.
We correlated 5’UTR-related abilities of expression regulation under different growth conditions with
the function of the 5’UTR-associated genes. We have identified the enriched category Response to
heat in the up-regulated msfGFP expression upon a temperature upshift, showing a direct 5’UTR-
mediated response to the imposed stress. We found enriched categories related to other stress like
oxidative and osmotic stress, it is a possible indication of stress cross-responses. Global cellular
processes such as transcription, DNA repair and degradation, protein degradation and cell growth were
also enriched in response to temperature and/or medium effects. Together, these results show that
at the physiological level, these genes have part of their regulation carried by the 5’UTR sequence,

independently of the original coding sequence and promoter.

Obviously, 5’UTRs are involved in gene expression regulation by the presence within their sequence of
the SD sequence controlling translation initiation. The next step is to further analyze the 5'UTR
sequences according to the msfGFP expression windows in which they were detected. This work will
consist of an in-depth analysis of the SD sequences present in each window, to analyze on a global
scale which SDs are more prone to translation. We expect to cluster highly efficient SD sequences in
high msfGFP expression windows and inversely, unfavorable SD sequences in low expression windows.
In addition, we will analyze the link between SD sequences and their efficiency of translation initiation

as a function of the growth environment.

It was often difficult to link the 5’UTR-mediated regulation to a known post-transcriptional mechanism
located in the 5’UTR. Nevertheless, the presence in some 5’UTRs of riboswitch (moaA and lysC) and

CsrA binding sites (moaA, IsdR and iraD) was known and could explain in these cases the observed
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regulations. Understanding in more details the mechanisms of the 5’UTR-dependent regulation will
require an in-depth investigation on the 5’UTR sequence characteristics such as folding, length,
presence of sequence motifs for binding of regulatory proteins and sRNAs, etc. Search for statistical
correlations between these sequence parameters and the msfGFP expression regulation will help to
define 5’UTR-related determinants of gene expression relation upon temperature shift or changes in

medium composition.

In this research, we studied gene expression regulation by following the msfGFP protein level, but we
did not have time to integrate the other levels of gene expression regulation, mainly at the mRNA level.
It needs to be clarified whether the ability of the different 5’UTR-dependent expression regulations
could be also related to the control of transcription and/or mRNA stability. To do so, we will perform
transcriptomic experiments to analyze the concentration and lifetime of msfGFP mRNAs from the
whole library under different growth conditions. If changes in msfGFP protein level are not associated
with changes in mRNA levels, we will be able to conclude that the msfGFP expression was regulated at
the translational level only. In contrast, if changes in msfGFP protein level correlate with changes in
mRNA levels, we will conclude that the msfGFP expression was regulated at the mRNA level. In this
case, 5'UTR-dependent regulation of transcription and/or mRNA stability should be involved.
Combination of protein level determinations as performed in this work with future quantifications of
MRNA concentrations and stabilities will increase our mechanistic knowledge of how native 5’UTRs

contribute to the regulation of gene expression in E. coli.

Furthermore, this work has provided molecular tools in the fields of biotechnology and synthetic
biology. On one hand, we identified 5’UTR sequences that can be used to control and optimize the
expression of heterologous genes of interest when changing the growth temperature or medium
composition. We can provide 5'UTRs that (strongly) up- and down-regulate target gene expression
upon a specific shift in temperature or medium composition. Furthermore, 5’UTRs can be selected to
be sensitive to one stimulus, temperature for example and not to another one, medium change in our
case. On the other hand, it can be useful in synthetic biology to have 5’UTRs that lead to constant gene
expression regardless of the growth conditions. This study provided 85 5’UTRs that lead to high gene
expression regardless of the growth temperature and medium composition. It would be very
interesting to challenge our native 5’UTR library in other growth conditions (other stress and carbon
sources for instance) to identify 5’UTRs which lead to constitutive gene expression whatever the
growth condition. These 5’UTRs would constitute new molecular tools to increase the robustness of a
protein production process in different environments. Finally, under a given growth condition, we

ranked all the native 5’UTRs according to the expression level of the gene they control. This provides
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a large repertoire of regulatory sequences that can be used for custom modulation at the post-

transcriptional level of the expression of any gene, or pathway, of interest.

This study provided new insights in the post-transcriptional regulation of gene expression in E. coli.
5'UTR-dependent regulations directly and efficiently alter the expression levels of the downstream

gene and thus contribute to bacterial adaption to changing environments.
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Supplementary data

Table S1. Primers used in this study

Pri
rimer Sequence 5’-3’ Function Description
number

Forward primer for dsDNA generation and

1103 | ACTCTCTACTGTTTCTCCAT amplification of the whole 2547 native
5’UTR library
Reverse primer for dsDNA generation and

1104 | AGTTCTTCTCCTTTGCTCAT amplification of the whole 2547 native
5’UTR library
Forward primer for amplifying the plasmid

1085 | ATGAGCAAAGGAGAAGAACTTTTCACTGGAG | backbone from pMET 296 except the
5’UTR moiety
Reverse primer for amplifying the plasmid

397 | ATGGAGAAACAGTAGAGAGTTGCGATAAA | backbone from pMET 296 except the
5’UTR moiety
F d pri t lify the 5’UTR

1151 | ATCCTACCTGACGCTTTTTA orware primer to ampily the
library for sequencing

1152 | AAGAATTGGGACAACTCCAG F.(everse primer to ;.ampllfy the 5’'UTR
library for sequencing

1153 | GeATTTITATCCATAAGATTAGE F.orward primer to fampllfy the 5'UTR
library for sequencing

1154 | cATTAACATCACCATCTAATIC I?everse primer to ?mpllfy the 5’UTR
library for sequencing

1155 | coGCGTCACACTITGCTATG F.orward primer to ?mpllfy the 5’UTR
library for sequencing

1156 | TCTCCACGGACAGAAAATTT Severse primer to ?mpllfy the 5’UTR
library for sequencing

1157 GAAAAGTCCACATTGATTATTTG Forward primer to amplify the 5’UTR
library for sequencing

1158 TCCGTTTGTAGCATCACCTT Reverse primer to amplify the 5’UTR
library for sequencing

1159 AACAAAAGTGTCTATAATCACG Forward primer to amplify the 5’UTR
library for sequencing

1160 | TGCAAATAAATTTAAGGGTGAG Reverse primer to amplify the 5’UTR
library for sequencing

1161 GACCAAAGCCATGACAAAAAC Forward primer to amplify the 5’UTR
library for sequencing
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1162 CACGGAACAGGTAGTTTTCC Reverse primer to amplify the 5’UTR
library for sequencing

1163 TTAAAAGCATTCTGTAACAAAGC Forward primer to amplify the 5’UTR
library for sequencing

1164 | GGTCAGAGTAGTGACAAGTG Reverse primer to amplify the 5’UTR
library for sequencing

1165 CTAACCAAACCGGTAACCCC Forward primer to amplify the 5’UTR
library for sequencing

1166 AACGGGAAAAGCATTGAACAC Reverse primer to amplify the 5’'UTR
library for sequencing

1167 CTGCGTCTTTTACTGGCTCT Forward primer to amplify the 5’UTR
library for sequencing

1168 TCATGCCGTTTCATGTGATCC Reverse primer to amplify the 5’UTR
library for sequencing
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Introduction

In the manuscript “mRNA is destabilized throughout the molecule when translation is altered while its
concentration is locally affected” (Annex 1), we show that modification of translation initiation and
elongation destabilizes the entire mRNA molecule and decreases (locally) its concentration. These
experiments demonstrate the protective role of ribosomes on mRNAs. Furthermore, subsequent
experiments highlight how the three processes of translation, mMRNA degradation and transcription are

deeply interconnected for quality control implemented by cells to avoid unproductive gene expression.

The following sections describe my contribution to this work regarding the modification of the
efficiency of translation initiation and the consequences on mRNA concentration and stability. More
particularly, | describe the selection of the SD sequences used in this work to modulate translation
initiation of the lacZ reporter mRNA and preliminary measurements of lacZ mRNA concentration and

stability.

1. Selection of SD sequences with predicted low translation

initiation efficiency

Our goal was to provide a model mRNA with a reduced efficiency of translation initiation for
subsequent exploration of ribosome protection of mMRNAs. We chose to modify the SD (Shine-Dalgarno)
sequences on a plasmid carrying the lacZ gene coding for the B-galactosidase. The SD sequence is
located in the 5’UTR of an mRNA and complementary base-pairs with a region at the 3’end of 16S rRNA.
The SD sequence facilitates ribosome binding to mRNA to initiate translation. Weak binding affinity
between SD and 16S rRNA leads to low translation initiation efficiency. Therefore, we designed four
SD variants to compare with a reference wild-type version SD-wt. SD-wt is the near-optimal SD
sequence AGGAGG that sustains efficient translation initiation. The four SD variants (also 6 ntd in
length) were designed to have a low complementary with the 16S rRNA sequence and displayed the
following sequences CCCCGG, GGAGGT, TTATAA, and GCTCCA. All SD sequences were located in place
of the AGGAGG wt SD sequence within a 33 ntd 5’UTR inserted upstream of the lacZ gene and under
the control of the pBAD inducible promoter in the pBAD-/acZ plasmid originated from pBAD-his/myc
(Invitrogen). Detailed construction methods can be found in the manuscript (Annexe 1). The RBS
indexes corresponding to the theoretical translation initiation efficiency were predicted for the wild
type and four SD variants using UTR Designer. For a detailed description of the software, see Chapter
1 Material and Methods. Prediction of theoretical translation initiation rates for the five SD sequences

are shown in the table below (Table 1).
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Table 1. Prediction of theoretical translation initiation rates for the five SD sequences by
UTR Designer.

SD 5’UTR sequence? RBS index?
SD-wt CCCGTTTTTTGGGCTAACAGGAGGAATTAACCATG 719 882
SD-1 CCCGTTTTTTGGGCTAACCCCCGGAATTAACCATG 11584
SD-2 CCCGTTTTTTGGGCTAACGGAGGTAATTAACCATG 707 904
SD-3 CCCGTTTTTTGGGCTAACTITATAAAATTAACCATG 513
SD-4 CCCGTTTTTTGGGCTAACGCTCCAAATTAACCATG 213

1Sequences of the 33 ntd 5’UTRs. SD sequences (6 ntd) are underlined; UTR Designer predicted
region that potentially binds to the 16s rRNA are marked in red; start codon is marked in blue.

2Predicted theoretical translation initiation rates given by the UTR Designer software.

The results show that the theoretical translation initiation efficiency of SD-2 (RBS index= 719 882) and
SD-wt (RBS index= 707 904) were similar and high, SD-1 was lower than that of SD-wt (more than 60-
fold), SD-3 and SD-4 were extremely lower than that of SD-wt (more than 1000-fold). The next step
was to experimentally confirm that SD variants predicted to result in low translation initiation

efficiency do indeed affect gene expression.

2. Effect of SD on B-galactosidase protein level and lacZ mRNA

concentration

We first determined the production of B-galactosidase by measuring its specific activity with the SD-
wt and the four SD variants (Figure 1A). The -galactosidase assay is described in the Materials and
Methods of the manuscript (Annex 1). The B-galactosidase activity with SD-2 was reduced to half of
SD-wt and those with SD-1 and SD-3 were extremely lower than with SD-wt (more than 20-fold). With

the SD-4, the B-galactosidase did not seem to be produced or at a level under the detection limit.

We also determined the effect of the four SD variants on the fold change of lacZ mRNA concentration
compared to the reference SD-wt (Figure 1B). Quantification of lacZ mRNA concentration by qRT-PCR
is described in the Materials and Methods of the manuscript (Annex 1). The results showed a large

variation in mRNA concentrations for all four SD variants compared to SD-wt. It was not expected to

—

]
140 |



Chapter 3

observe such large variations in lacZ mRNA levels because the level of transcription was theoretically
the same for all constructs that used the same promoter induced with the same concentration of
arabinose. Since mRNA concentration is a balance between transcription and mRNA degradation, the

other explanation is a modification in lacZ mRNA stability with the four SD variants.

[y
o

1.2

: B

0.8 -

. A

0.6 -

B-galactosidase specific activity
(kmol/ min/ mg per protein)
lacZ mRNA level (fold)

0.2 -
0 - Bl =l 0 - ‘ i i L

SD-wt SD-1  SD-2 SD-3 SD-4 SD-wt  SD-1 SD-2 SD-3 SD-4

Figure 1. Specific B-galactosidase activity and lacZ mRNA concentration with the five SD
sequences. A) Specific B-galactosidase activity with the five SDs (n=5). B) Concentration in lacZ
mRNA with the four SD variants as a fold change relative to the reference to SD-wt. Error bars
represent standard deviation of replicates (n=24).

Altogether, these experimental results showed that the four SD variants with predicted low translation
efficiency indeed led to a lower B-galactosidase expression but also to a lower lacZ mRNA
concentration. To further investigate the effect of SD variants on the variation in lacZ mRNA
concentration we wanted to measure lacZ mRNA stability. Since these experiments are time and cost
consuming, we decided to select only one SD variant. Based on the prediction of theoretical translation
initiation rates, SD-3 and SD-4 would be the most suitable sequences for reducing translation initiation
efficiency compared to SD-wt. However, the effect of SD-4 seemed too drastic with no detectable B-
galactosidase activity, so we selected SD-3. In the manuscript (Annex 1) SD-wt and SD-3 are renamed

wt-lacZ and SD-lacZ, respectively.
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3. Effect of SD on lacZ mRNA stability

To test whether the decrease in lacZ mRNA concentration with SD-3 was related to a variation in
transcript stability, | performed preliminary measurements of the lacZ mRNA half-lives with SD-3 and
SD-wt (Figure 2). Quantification of lacZ mRNA half-life by qRT-PCR is described in the Materials and
Methods of the manuscript (Annex 1). | used three primer pairs which were designed and distributed
equally along the CDSs (beginning, middle, and end of the sequence) to estimate the lacZ mRNA half-
lives. We found that /lacZ mRNA stability was more than 3-fold reduced with SD-3 than with SD-wt. This
means that reducing translation initiation efficiency with SD-3 led to a decrease in lacZ mRNA stability,
which in turn was responsible for the lower lacZ mRNA concentration. The reduction in the efficiency
of translation initiation likely decreased the number of ribosomes bound on the mRNA and, therefore,

the protection of mMRNAs by ribosomes from RNase attack.

5

w
1

N
1

Ty/5(min)

: |

SD-wt SD-3

Figure 2. Half-life of lacZ mRNA with SD-wt and SD-3. Error bars represent standard deviation
of replicates (n=6).

Conclusion

In order to study the coupling of mRNA degradation and translation, we modulated the efficiency of
translation initiation by modifying the SD sequences of a lacZ reporter mRNA and measured the
consequences on protein concentration and mRNA concentration and stability. SD variants with lower
complementarity to the 3’end of the 16S RNA were designed. These SD variants were predicted to
result in low translation initiation rates, and they indeed decreased B-galactosidase protein level.
However, we also found that they decreased /acZ mRNA concentration. The lower lacZ mRNA
concentration was related to a lower transcript stability. These results support the coupling of

translation and mRNA degradation, in particular through the protective role of ribosomes.

Following this work, additional experiments were performed to confirm the decreases in lacZ mRNA

concentration and stability and to provide local variation in concentration and stability all along the
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lacZ mRNA molecule (see manuscript in Annex 1). Regarding ribosome protection, additional
experiments were also carried out to measure the number of bound ribosomes on lacZ mRNAs with
SD-wt and SD-3 (see manuscript in Annex 1). These experiments confirmed that the lacZ mRNA with
SD-3 had a lower number of bound ribosomes than SD-wt in agreement with the predicted lower rate

of translation initiation and the lower B-galactosidase protein level.
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Conclusions

The regulation of gene expression is fundamental for the physiological activity of all living organisms,
ensuring that they can express their genes in correlation with environmental resources and metabolic
requirements. Gene expression regulation is vital for reshaping the transcriptome to better adapt to
the new living conditions when the environment is modified. In-depth exploration of gene expression
regulation is important to understand this central cellular process but also to be able to develop
strategies or molecular tools to better manipulate the physiology and metabolism of cells, or to control

the expression of proteins of interest.

In my PhD, | focused my research on mRNAs and the regulation of their expression and stability.
The mRNAs are central molecules in the transfer of genetic information from DNA to proteins and are
subject, or participate, to different levels of regulation such as transcription, stability and translation.
| more particularly focused my work on the role of 5’UTR sequences (untranslated transcribed region)
in gene expression control. This study explored the effect of the 5’UTR in regulating gene expression
and the contribution of the 5’UTR to bacterial cell adaptation. Two different approaches were
developed. In the first part, | developed synthetic 5’"UTRs to measure their contribution to regulating
mMRNA concentration through control of transcription and stability and in regulation of translation. In
the second part of my work, | constructed an exhaustive library of native E. coli 5’UTR sequences to
analyze their role in gene expression regulation when cells must adapt to changing environmental

conditions.

In the first part of my work, we developed an approach using synthetic 5’UTR sequences in
fusion with a reporter gene (/lacZ) to analyze their role in regulating gene expression in E. coli at the
translation, transcription, and mRNA degradation levels. Using the RBS Calculator, a series of 41
synthetic 5’UTRs with different theoretical translation initiation rates (RBS index) were designed and
screened. We covered the whole range of RBS index calculated by the software (from 0.1 to 100 000
Al) with several different 5’UTR sequences designed for each RBS index. These synthetic 5’"UTRs were
fused to the lacZ coding sequence under the transcriptional control of the Pgap inducible promoter in
a plasmid system. We measured the specific B-galactosidase (lacZ encoded protein) activity of the 41
strains developed in this work. The results showed that the level of protein expression was globally
correlated with the theoretical translation initiation rate of our synthetic 5’UTRs. However, different
levels of protein expression were observed within the group of a similar RBS index, which suggests that
the theoretical translation initiation rate cannot be used alone to accurately predict the final protein

level. This was expected as the efficiency of translation initiation is not the only parameter controlling
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protein expression and the RBS Calculator does not consider the mRNA concentration as a calculation
parameter. Indeed, 5’"UTRs are known to influence mRNA stability, which in turn can have an impact
on mRNA concentration in the cell (Cetnar & Salis, 2021; Hui et al., 2014; Julius & Yuzenkova, 2019;
Tuller & Zur, 2015). We measured the lacZ mRNA concentration of the 41 strains and found different
MRNA concentrations between strains. Altogether, these results show that 5’'UTRs impact gene
expression not only at the translational level but also at the level of mMRNA concentration. The mRNA
concentration in the cells results from an equilibrium between transcription and mRNA degradation.
Since all constructs were under the control of the same pgap promoter induced with the same level of
inducer (0.001% arabinose), all constructs were expected to be similarly transcribed. Therefore,
changes in mRNA concentration could be related to 5’UTR effects on lacZ mRNA stability.

To analyze whether differences in lacZ mRNA concentration as a function of the 5’UTR were
due to differential mRNA stability, we measured the lacZ mRNA stability with eight representative
5’UTRs and confirmed that the 5’UTR influences mRNA stability. However, we found that changes in
lacZ mRNA stability alone could not fully explain the observed changes in mRNA concentration. This
result means that some 5’UTRs have a direct effect on transcription. To quantify more precisely how
variations in mRNA concentration depend on variation in transcription and/or stability, we used the
concept of the degradational regulation coefficient (oD). We demonstrated that 5’UTR-mediated gene
expression regulation could be related to changes in transcription, stability, or to a shared control,
depending on the 5’UTR. The same results were found when the 5'UTRs were fused to two other
reporter genes (txAbF, encoding an a-L-arabinofuranosidase and msfGFP, encoding a fluorescent
protein). Similarly to what was observed with lacZ, variations in txAbF and msfGFP mRNA
concentrations can be controlled by changes in transcription, stability, or both, depending on the
5’UTR. Interestingly, the control of a given 5’UTR can be the same for the three reporter genes, or
specific to one reporter gene.

In addition, | also showed that modifying the SD sequences of the 5’'UTR to modulate
translation initiation efficiency of a lacZ reporter mRNA had strong consequences on protein
concentration and mRNA concentration and stability.

Altogether our results clearly show that the role of 5’UTRs in gene expression control is more
complicated than only the regulation of translation initiation. 5’UTRs seem to be at the crossroads of
transcription, stability and translation regulation, interacting with all three processes to control gene
expression.

The second part of my work focused on the role of native 5’UTRs is gene expression regulation.
For this goal, an exhaustive library of 2547 native 5’UTR sequences identified in E. coli was designed
and constructed. The 5’UTRs were cloned upstream of a fluorescent reporter gene (encoding msfGFP)

and under the control of an inducible promoter (Psap). To explore how these 5’UTRs regulate gene
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expression in response to environmental changes, the library was grown in different environmental
conditions (temperature and medium composition). After transcription induction of the msfGFP gene,
the fluorescence was determined by flow cytometry to reflect the level of the reporter protein. A large
range (3-log scale) of fluorescence was covered by our library, reflecting the role of the 5’UTRs in
modulating gene expression. For each environmental condition, cells were sorted into six windows
according to their fluorescence level. Subsequently, the identities of the 5’UTRs present in each
window were determined by next generation sequencing. We developed a procedure to identify
5’UTRs that do or do not contribute to msfGFP expression regulation when challenged in different
environments. We identified which 5’UTRs can either up-regulate or down-regulate msfGFP expression
levels in specific growth conditions. For example, under the effect of temperature up-shift (M9_42°C
versus M9_37°C), 19% of the 5’UTRs identified in this condition (248/1311) up-regulated the msfGFP
expression and 23% of the 5’UTRs (308/1311) down-regulated the msfGFP expression. This analysis,
performed for each condition, led to the determination of lists of 5’UTRs associated with changes in
protein expression in response to environmental conditions. Using the Gene Ontology (GO) term
enrichment, we linked 5’"UTR-mediated gene expression regulation under different growth conditions
with the “biological process” category of the 5’UTR-associated genes. The results showed that some
genes have part of their expression regulation carried by their 5’UTR sequence, independently of the
downstream coding sequence and the upstream promoter. For example, we identified that the 5’UTR
of moaA is directly involved in upregulated msfGFP expression in response to heat stress. The
upregulated expression of moaA in response to heat shock can be explained by the presence of a
riboswitch in its 5’UTR (Krisko et al., 2014; Regulski et al., 2008). This library provides a new reservoir
of constructs to study the regulation of specific genes, considering only the role of 5’UTR in their
regulation.

Moreover, by comparing responses obtained in the four different environmental conditions,
we identified 85 5’UTRs that lead to high gene expression regardless of the growth temperature and
medium composition. These 5'UTRs could be interesting tools to use for robust and environment-

insensitive expression of proteins of interest.
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Perspectives

Our results confirm that the 5’UTRs are important sequences of the mRNA molecules involved in their
lifestyle and can be qualified as “regulatory-hubs” of gene expression in E. coli. This work opens
guestions and perspectives that could be addressed in the future to increase the knowledge on gene

expression control and to develop molecular tools to precisely manipulate gene expression in E. coli.

We have demonstrated that synthetic 5’UTRs play a key role in E. coli in regulating gene
expression at the levels of transcription, mRNA degradation and translation. Since all these processes
are interconnected, it remains difficult to identify which one the 5'UTR is really acting on, this is
particularly true between transcription and stability. We have experimentally determined the mRNA
stability and concentration. A limitation of this study is that transcription was estimated indirectly (by
measuring changes in mRNA concentration and half-life), but not quantified directly experimentally.
Short-term perspective will be to experimentally measure the transcription rate of constructs used in
this work. To do this, we will consider two approaches. The first one is to measure the transcription
rate in vitro for combinations of 5’UTR-reporter. This will give us information on the effect of each
5’UTR on transcription only, without the effect of degradation present in vivo on mRNA concentration.
A second possibility will be to use a tRNA in transcriptional fusion at the 3’end of the mRNA molecule.
As tRNAs are more stable than mRNAs, their concentrations reflect more the transcription level than
that of the mRNA part (lost & Dreyfus, 1995). By comparing the concentration of tRNA between strains,
we will be able to more accurately quantify the transcription levels and more precisely determine a
potential impact of 5’UTR in transcription itself.

In addition, a more long-term perspective will be to edit precise and general rules of mRNA
concentration and protein synthesis regulation by 5’UTRs. This will require to increase the number of
synthetic 5’UTRs used in the study. This larger set of 5’UTRs could help to study the two types of
regulations identified in our study at the level of translation or mRNA concentration. By selecting
constructs with similar mRNA concentrations but discrepancy in protein expressions, we will be able
to study 5’UTRs that mediate translational regulation. Likewise, we could select constructs with 5’UTR-
mediated regulation of mMRNA concentration controlled by the level of its stability or its transcription.
In-depth investigation of the sequence characteristics (e.g. folding, length, presence of sequence
motifs for binding of regulatory proteins and sRNAs) of these selected 5’UTRs will help us understand

in more detail the underlying molecular mechanisms.
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The development of the library composed of the 2547 native 5’UTRs led to the identification
of 5’"UTRs that modify gene expression in response to environmental changes. From this work, we have
generated lists of 5’UTRs which up-regulate, down-regulate or do not regulate reporter gene
expression. The first short-term perspective will be to characterize in depth the 5’UTRs identified in
each expression windows. We will first analyze using bioinformatics, relationships between expression
and sequence features of the 5’UTRs. To do this, we will calculate the RBS index of each member of
the library and analyze if correlations exist with the expression level. We can expect to find for at least
some 5’'UTRs a relationship between the expression level and the sequences of the SD sequences
suggesting that for these 5’UTRs, the expression is mainly governed by translation initiation. We will
analyze potential secondary structures that could modify protein expression. We will examine if these
secondary structures could be involved in the regulation observed between the tested environmental
conditions (more particularly in responses to temperature shift).

In this work, we only tracked the protein expression level. Another short-term perspective is
to determine mRNA concentration and stability for each construct of the library. This will be performed
by RNA-seq focused on the 5'UTR sequences. With these data, we will be able for each construct to i)
correlate mRNA concentration and protein expression level, ii) measure the role of the degradation in
MRNA concentration regulation by determining at the large scale degradational regulation coefficients
(oD) and iii) identify if changes in gene expression in response to environment are related to variations
in transcription and/or degradation.

The functional analysis led to the identification of some 5'UTRs responding to environment.
Some of them can be interpreted using previously known mechanisms, while others cannot. More
detailed conclusions and new discoveries are expected to be drawn by analyzing the sequence
characteristics and functional correlation of 5’UTR. We can now select some representative responding
5’UTRs and characterize them further. For example, 5'UTR-msfGFP constructs responding to
temperature could be compared to their native counterpart (5’UTR-native gene) to isolate regulation
specifically associated to the 5’UTR part of the mRNA. We also identified in this work 85 5’UTRs which
never respond to environment. They could be of interest to develop molecular tools for
biotechnological applications when constant and environment-independent gene expression is
required.

Our library is an easy-to-use tool to study gene expression modifications in response to
environment. It would be very interesting to challenge this native 5’UTR library in other growth stress
conditions (e.g. oxygen concentration, pH, osmolarity, etc), to provide both 5’UTRs that respond to the
imposed stress and 5'UTRs that always lead to high gene expression regardless of the growth
conditions. Alternatively, we can also select 5’UTRs that are only sensitive to a specific stimulus. Finally,

under a given growth condition, we ranked the native 5’"UTRs according to the expression level of the
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gene they control. This provides a large repertoire of regulatory sequences that can be used under this
given growth condition for custom modulation at the post-transcriptional level of the expression of

any gene, or pathway, of interest.
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mRNA is destabilized throughout the molecule when translation is altered while its concentration

is locally affected.
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Abstract.

The mRNA molecule is located at the crossroads of transcription, translation and mRNA degradation.
Many questions currently persist about the coupling of these three processes in E. coli and, in
particular, how mRNA degradation coordinates with translation and transcription. To characterize
the coupling between mRNA degradation and translation while accounting for transcription, we
altered translation initiation or elongation of the lacZ mRNA and measured the effects on its stability
and concentration. A mapping method has been developed to analyze mRNA concentration and
stability at the local scale all along the transcript. We demonstrated that a decrease in efficiency of
translation initiation leads to a destabilization of the mRNA and a decrease in its concentration, both
homogeneously throughout the molecule. Premature termination of translation elongation by
insertion of a stop codon provokes the uniform destabilization of the transcript triggered by the
ribosome-free portion. This was associated with a drop in local mMRNA concentrations downstream of
the stop codon, due to the uncoupling of transcription and translation. Altogether, these results
demonstrates the protective role of ribosomes on mRNAs and highlight how the three processes of
translation, mRNA degradation and transcription are deeply interconnected for quality control

implemented by cells to avoid unproductive gene expression.
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INTRODUCTION.

The regulation of gene expression is vital for any cell to adjust as much as possible its metabolic
capacities to its growing environment. At the confluence of transcription, translation and
degradation, mRNA can be considered as a hub of gene expression regulation. Many questions still
remain about the coupling of the three processes of transcription, translation and mRNA degradation
in E. coli and, in particular, questions about how mRNA degradation coordinates with the other

processes.

The mRNA degradation is performed in E. coli by a large panel of endo- and exo-ribonuleases whose
activity and mode of action, at least for the main are rather well characterized from a mechanistic
point of view (1). mRNA degradation is generally initiated by an endoribonucleolytic cleavage
performed mainly by the essential endoribonuclease RNase E, and more occasionally RNase .
RNase E can form a supramolecular structure called the degradosome by association with the
polynucleotide phosphorylase (PNPase), the RNA helicase RhIB and the glycolytic enzyme enolase
(Eno) (2,3). The initial cleavage products are then degraded by multiple cycles of attack by RNase E

combined with the action of 3'-exoribonucleases and oligoribonuclease to the nucleotide level (4).

The link between mRNA degradation and translation is not so simple as ribosomes act as both
positive and negative effectors of transcript stability. At the level of translation initiation, ribosomes
can protect transcripts from degradation. Less efficient translation initiation leads to mRNA
destabilization by limiting initiation at mutated RBS or decoupling transcription and translation (5,6).
These results first demonstrated on a few transcripts were later on confirmed on a large scale using
synthetic libraries of RBS and translation initiation regions (7,8). Furthermore, fast ribosome
trafficking through the translation initiation region, which reduces ribosome coverage in this region,
destabilizes mRNAs (9). The mechanism of transcript protection by ribosomes could be related to
ribosomes blocking of the 5' end access to RNase E. In contrast, at the translation elongation level,
ribosomes can act as negative effectors of mRNA stability. Slowly elongating or stalled ribosomes are
associated with transcript destabilization (5,6). Large-scale studies of correlation between the codon
bias and mRNA stability also showed that less optimized codons, leading to slow elongating
ribosomes, were associated with less stable RNAs (10,11). A mechanistic clue of a ribosome-
mediated degradation came from a reported physical interaction between the degradosome and the
70S ribosomes and polysomes indicating that ribosomes might act as antennae to capture of the RNA
degradosome (12). In addition, a recent study shows that the membrane-dependent localization of

degradosomes as punta depends on the presence of translationally active polysomes. These sites
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were proposed to be involved in the initial step of degradation of actively translated mRNAs (13).
When RNase E is delocalized from the membrane, this leads to an increase in ribosome-free mRNA
turnover (14). These results open up questions on the degradation and quality control of mRNAs

based on their translational state.

Moreover, it is very difficult to understand how the coupling of mRNA degradation and translation
relates to transcription. On the one hand, it is known that translation is coupled to transcription at
the level of the pioneer ribosome, which is involved in direct and indirect physical associations with
RNA polymerase (15-17). Acceleration or deceleration of the pioneer ribosome changes the speed of
RNA polymerase (18-20). On the other hand, the coupling of transcription and translation can be
limited by the different subcellular locations of transcription and translation: RNA polymerase
synthesizes mRNA molecules in the nucleoid while most mRNA molecules in translation are located
outside the nucleoid (21). Furthermore, transcription was recently shown to impact the regulation of
mRNA degradation and translation. Increasing mRNA concentration by increasing transcription
increases translation efficiency and decreases mRNA stability (Nguyen 2022; Nouaille 2017). The
relationship between mRNA concentration and translation efficiency or mRNA stability was also
observed on a genome-wide scale by correlation analyses (11,22-25). A physical mechanism based on
the competition among all mRNAs present in the cell to bind to a finite pool of RNase E (26) or
ribosomes was postulated. The interplay between the coupling of translation and transcription with

MRNA degradation is not yet fully understood.

To further characterize the coupling between mRNA degradation and translation, which appears to
be more complicated than a simple steric barrier of ribosomes against RNase attack, while
accounting for transcription, we modulated translation initiation or elongation and measured the
effect on mRNA stability and concentration. A novel approach, based on qRT-PCR measurements all
along the mRNA molecule, was developed to provide information on local differences in stability and
concentration. The decrease in the efficiency of translation initiation destabilized the mRNA
homogeneously throughout the molecule, and this global destabilization of the transcript could
explain its lower overall concentration. In the case of premature termination of translational
elongation, the mRNA was also uniformly destabilized throughout the molecule and this was
triggered by the presence of the ribosome-free portion on the mRNA. The decrease in local mRNA
concentrations downstream the inserted stop codon was explained by a premature termination of
transcription following uncoupling of translation and transcription. These results shed new light on

the protective role of ribosomes on mRNAs and highlight how the three processes of translation,
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mRNA degradation and transcription are deeply connected in an early quality control developed by

the cell to avoid unproductive gene expression.

Materials and methods.

Bacterial growth and induction conditions.

All plasmidic constructions were established in E. coli DH50 (New England Biolabs) and
transferred into the MG1655 derivative (MET345) in which the lacZ chromosomal copy was deleted
(25). E. coli strains were grown in Luria-Bertani (LB) broth for cloning steps, at 37°C under shaking.
For RNA, polysome and protein analyses, cultures were performed in M9 minimal medium
supplemented with 3 g/L glucose at 37°C under shaking (27). Ampicillin was used at 100 pg.ml* and
chloramphenicol at 20 pg.ml™.

Transcription of lacZ mRNA under the Pgap promoter was induced as follows: an overnight
culture was used to inoculate fresh M9 medium at ODggo= 0.1. At ODgoo= 0.6, arabinose (Sigma) was
added at the final concentration of 0.0001% and the culture induced for 30 min.

For determination of the mRNA decay, transcription was arrested by addition of rifampicin at a final
concentration of 500 pg.ml™. A volume corresponding to 6 mg of cells (dry weight) of culture was
collected over time and flash frozen in liquid nitrogen. Six different time points (0, 0.3,1, 2,4 and 7
min), including the reference sample (before the addition of rifampicin) were used to analyze mRNA
degradation kinetics. For polysome profiling experiments, transcription was induced by adding
arabinose (0.0001% [w/v]) at an ODeqo of 1 for 30 min and then translation was arrested by adding

0.1 mg/mL chloramphenicol.

For incorporation of non-canonical amino-acid, AzF (4-Azido-L-phenylalanine - Iris Biotech GmbH,
Germany) was dissolved in 1N NaOH and added to the culture medium at the final concentration of
2 mM. Initial pH of the culture medium was corrected by addition of 1/10%" volume of HCl at 37%. AzF
was added at the beginning of the culture then growth, induction and sampling were treated as

described above.

Construction of vectors

General DNA manipulation procedures were performed as previously described (28), plasmid
DNA was isolated using the QlAprep Miniprep kit (Qiagen). All plasmids containing lacZ used in this
study were derivatives of the pBAD-lacZ-cmyc-his plasmid (Life Science). pPCR was performed using
Phusion polymerase (New England Biolabs). Constructs were made by PCR assembly for replacement

of SD sequence and deletion of the untranslated regions of the lacZ CDS. Amplicons were purified on
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gel (Qiagen Gel purification kit), 5’ends were phosphorylated with 15 U of T4 polynucleotide kinase
30 min at 37°C (New England Biolabs) and self-ligated with 30 U of T4 DNA ligase (New England
Biolabs) at 16°C overnight. For integration of the stop codon at different positions of the /acZ CDS,
the vector was amplified with a pair of complementary primers containing the TAG codon as
mismatch. After purification, E. coli was transformed with the amplicon and clones were selected by
the blue/white screening on plates containing X-Gal (Sigma). Deletion of the orthogonal tRNA
contained in the pEVOL plasmid was made by amplification of the full vector except the tRNA
portion, followed by purification, phosphorylation and self-ligation as described above. The
orthogonal tRNA (tRNA,) was integrated in transcriptional fusion with /lacZ by PCR. Two primers were
used, with one part hybridizing to the integration site and one part containing half of the tRNA,. They
were used to amplify the whole plasmid and the product was self-ligated. Based on this plasmid
containing lacZ fused to tRNA,, the version with the non-functional tRNAo was generated by PCR
amplification of the full vector without the 3 last bases (CCA) at the end of the tRNAo to generate the
lacZ-tRNA* construct. All constructs were verified by sequencing (Eurofins). All primers and plasmids

used in this study are listed in Table S1.

Polysome profiling.

Polysome profiling experiments were performed as previously described (29). Briefly, cells were
harvested after translation arrest, washed twice, and resuspended in lysis buffer (20 mM Tris HCl pH
8, 140 mM KCl, 40 mM MgClI2, 0.5 mM DTT, 100 pg/ml chloramphenicol, 1 mg/ml heparin, 20 mM
EGTA, 1% Triton X-100). After mechanical cell disruption with glass beads, mRNA-ribosome
complexes were size-separated on a sucrose gradient (10 to 50% (w/v) in polysome gradient buffer
(same composition as lysis buffer except for heparin at a final concentration of 0.5 mg/ml and
without Triton X-100)) into 24 subfractions. The levels of 16S and 23S rRNAs in each subfraction were
calculated using the Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA) and used to pool the
subfractions into seven fractions labelled A to G. Fraction A consisted of free mRNA molecules not
undergoing translation, while fractions B to G consisted of mRNA copies in translation bound to
increasing numbers of ribosomes (1 bound ribosome in fraction B to around 11 bound ribosomes in
fraction G) (29). Protein denaturation and nucleic acid precipitation were performed in the pooled

subfractions as previously described (24).
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RNA extraction, quality control and cDNA synthesis.

Total RNA was extracted with RNeasy mini extraction kit (Qiagen) according to provider’s
recommendations using Qiacube (Qiagen). Before cell lysis, each sample was centrifuged for 10 min,
at 8,000 rpm, at 4°C, resuspended in 500 pL RLT buffer and transferred into a tube containing 0.1 g of
glass beads. Cells were disrupted at 4°C by 3 cycle of 30 sec with a FastPrep-24 instrument (MP
Biomedicals). After centrifugation for 10 min, at 13,000 rpm, at 4°C, 350 uL of supernatant was used
for purification with Qiacube robot (Quagen). Total RNA was eluted in 50 uL of elution buffer.
Additional DNase treatment was applied to remove any residual genomic DNA contamination. Total
RNA (50 pg) was treated with 2 U of Turbo-DNase (Ambion) for 15 min at room temperature
followed by a RNA clean-up protocol using RNeasy Mini Kit (Qiagen). The absence of significant
genomic DNA contamination was checked by gPCR. RNAs were quantified using ND-1000 UV-visible
light spectrophotometer (NanoDrop Technologies) and their integrity certified with Bioanalyzer 2100
with the RNA 6000 Nano LabChip kit (Agilent). RNAs were stored at -80°C until use.

Synthesis of cDNA was performed on 5 pg of total RNA using SuperScript Il reverse transcriptase
(Life Technologies) as previously described ((Redon 2002)). The cDNAs was 1:10 serially diluted to
identify the dilution that would lead to a cycle threshold (Ct) between 15 and 25 for representative
primer pairs targeting lacZ cDNA. The appropriate dilution was selected to be quantified with

LightCycler 480 Il (Roche).

6-galactosidase assay.

3 mg of cells (dry weight) were collected, harvested, washed twice with ice-cold 0.2% KCl, resuspended
in 1ml of lysis buffer (15 mM Tris tris 400 mM/ tricarballylate 1, 4.5% Glycerol, 0.9 mM MgCl,, 0.2 mM
DTT; pH = 7.2), transferred in screw capped tubes containing 0.1 g glass beads and disrupted with
FastPrep-24 instrument (MP Biomedicals) (6 cycles, 6.5 m.s, 30s with 1 min on ice in between).
Supernatant containing soluble proteins was used for immediate quantification. All measurements
were carried out on 3 biological with 6 technical replicates for each.

The total protein content of cell extracts was determined by the Bradford method with bovine serum
albumin as the protein standard. B-Galactosidase activity was determined by the colorimetric method
using O-nitrophenyl-B-D-galactopyranoside (Sigma) as substrate. The activity was determined using
the slope of ONP appearance (SpectraMax plus, Molecular Device, 30°C, 420 nm) and expressed as a
specific activity (mmol.min.g?) using the total protein concentration of the sample. For each
guantification, at least 2 independent sample extractions were performed and 6 technical replicates

at different dilutions.
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Primer design for qRT-PCR and validation

Primers for qPCR were designed using Vector NTI advance v11 (Life Technologies) with a melting
temperature of 59-61°C, a length of 20 to 22 bp and 50% to 67% GC content. The reaction efficiency
of each pair of primers was tested as a single amplicon on serial dilutions of pBAD-/acZ-myc-his as a
matrix. The efficiency of validated primer pairs was tested on cDNA serial dilutions and focused
around 100%. To quantify lacZ, a set of primer pairs was designed (TableS1). In the figures on this
study, the amplicons are indicated by a letter. The positions (in nucleotides) of the different
amplicons, relative to the lacZ +1 transcriptional start site (TSS) are the following : a(113-227), b(701-
831), c(861-986), d(1219-1338), e(1516-1617), f(1666-1685), g(2286-2415), h(2523-2615), i(2735-
2837), j(3223-3337) and k(3223-3423). As a reminder, the coordinates of the different parts are as
follows : 5’UTR (1-33), lacZ CDS (34-3269) and tRNA, (3317-3423) (in nucleotides, referred to the
+1TSS). The housekeeping gene ihfB (integration host factor B-subunit, (30)) and bla (ampicillin

resistance gene carried by the plasmid) were used as internal normalization controls.

High throughput real-time quantitative PCR

Low throughput qRT-PCR was performed with LightCycler 480 Il (Roche) on 96 well plates (Biorad)
with SyberGreen MasterMix (Biorad). High throughput qRT-PCR was carried out using the 96.96
dynamic array™ IFCs and the BioMark™ HD System (Fluidigm Corporation, CA, USA) following the
manufacturer’s protocol (31) at the Gentiane Plateform (Clermont Ferrand, France). Briefly, the steps
were as follows. Fourteen pre-amplification cycles were performed with a pooled primer mixture (0.2
KM). The pre-amplified samples were treated with 8 U of exonuclease | (New England BiolLabs), diluted
1:5 with Tris-EDTA buffer and added to a “Sample Mix” consisting of TagMan® Gene expression Master
Mix (Applied Biosystems), DNA Binding Dye Sample Loading Reagent (Fluidigm), EvaGreen® dye
(Biotium) plus Tris-EDTA buffer, as recommended. In parallel, each primer pair (20 uM) was added to
a “Primer Mix” composed of Assay Loading Reagent (Fluidigm) plus Tris-EDTA buffer, as recommended.
An IFC controller was used to prime the fluidics array, then 5 pL of each sample and primer mix were
loaded in the appropriate inlets. The loaded chip was transferred to the BioMark™ HD System and
gPCR was performed using the following temperature program: 2 min at 50°C, 30 min at 70°C and 10
min at 25°C; followed by a hot start 2 min at 50°C, 2 min; then 10 min activation at 95°C for 35 PCR
cycles of 15 s at 95°C for denaturation, and 60 s at 60°C for annealing and elongation. The melting
curve analysis consisted of 3 s at 60°C followed by heating to 95°C with a ramp rate of 1°C/3 s. To
determine steady state mRNA concentration, each sample was loaded 1-3 times in the array and each

primer pair was loaded 2-5 times for technical replicates. Quantification of mRNA decay was
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performed in the same manner resulting in 12-30 technical replicates for each biological sample in the

degradation kinetics and for each primer pair.

Data analysis and statistical treatment

For quantification using low and high throughput technology, Ct values were determined with
automatic baseline detection. For direct comparison, results were expressed as differences (Fold
Change) between strains relative to the control strain (containing wt-lacZ). The Pfaffl analysis
method was applied (32), considering ACt ratio between strains exclusively for the same primer pair.
Results are expressed as means of fold change with standard deviation of biological and technical
replicates.

For determination of local lacZ mRNA concentration between strains, Ct values were compared
to a normalization range made with an 8-log dilution of pBAD-/acZ plasmid and expressed as AACt
after normalization by the ampicillin resistance gene carried by the plasmid to avoid any effect due
to putative plasmid copy number changes between strains (32). We verified that same results were
obtained with ihfB normalization confirming that the plasmid copy number was unmodified between
the analyzed strains. For variations of local concentrations along one mRNA molecule (intra-strain),
Ct values were compared to the pBAD-/acZ plasmid 8-log range and then expressed as Fold Change
compared to the values for amplicon “a” located at the 5’ extremity of the mRNA (AACt). We verified
that intrer-strain variations of Ct values for ihfB and bla mRNAs were not significant.

To determine local mMRNA half-life for each technical replicate and for each primer pair, Ct were
plotted as a function of time after rifampicin addition (0, 0.3, 1, 2, 4 and 7 min). The mRNA half-life
(t1/2) was calculated from the degradation rate constant (k) corresponding to the slope of the Ct
versus time curve with the relation ty, = 1/k. Only slopes with a R*>0.85 were considered. The ty/»

measured for each repetition and primer pair are expressed as mean and standard deviation.
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RESULTS

Reducing the efficiency of translation initiation destabilizes the mRNA evenly throughout the

molecule and decreases its overall concentration

To investigate the coupling between translation and mRNA degradation, we first modulated the
translation initiation efficiency. We used as model reporter the lacZ mRNA coding for the [3-
galactosidase carried by a plasmid. The wild type version is composed of a 3267 nucleotide (ntd) long
coding sequence (CDS) and a 33 ntd 5’UTR sequence containing the close to optimal Shine-Dalgarno
(SD) sequence (AGGAGG) to sustain efficient translation initiation as close to the consensual 16S anti-
SD sequence (33). To reduce translation initiation efficiency, we recoded the SD sequence to a very
divergent version far from the consensual one (TTATAA) (SD-lacZ, Fig 1A). We confirmed that the
amount of B-galactosidase produced with the inefficient SD was about 10-fold lower than that of the
reference SD (Fig 1B). Then we analysed the ribosome repartition on the wt-lacZ and SD-lacZ mRNAs.
As shown in Figure 1C, for wt-lacZ with efficient translation initiation, the majority of lacZ mRNAs
were in the more heavily ribosome-loaded fractions F and G corresponding to molecules with more
than 8 bounded ribosomes. Only a small proportion of wt-lacZ mRNAs were free of ribosomes
(fraction A). These results showed that almost all wt-lacZ mRNAs were being translated and with a
high number of ribosomes. With an inefficient SD sequence, the proportion of SD-lacZ mRNAs loaded
with more than 10 ribosomes (fraction G) has significantly decreased in favour of mRNAs less loaded
with ribosomes (fractions B, D, E and F) or even without ribosomes (fraction A). Overall, these results
showed that reducing the efficiency of translation initiation decreased the proportion of translated

lacZ mRNAs and, when in translation, they were loaded with fewer ribosomes.

We then measured the results of reducing the efficiency of translation initiation on lacZ mRNA
stability and concentration. mRNA quantifications are classically performed by Northern blots using a
single probe or by qRT-PCR with one amplicon. Both lead to partial information because they target
only one part of the analyzed molecule. Here we developed a more comprehensive qRT-PCR
approach at the molecule scale to measure local mMRNA concentrations and local stabilities
throughout the molecule. A set of primer pairs distributed throughout the lacZ mRNA molecule,
spanning the 5’ to 3’ end, was designed to map the behaviour of different portions of the mRNA
molecule (for amplicon boundary locations, see materials and methods section). Using this approach,
we were able to identify both local differences between constructs and between portions of a

molecule type in the cell.

For wt-lacZ and SD-lacZ, we quantified at eight different mRNA locations (Fig 2A) the local half-lives

(Fig 2B). For wt-lacZ, the local stabilities were rather constant throughout the molecule, with local
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half-lives ranging from 2.8 to 2.2 min with an average half-life at 2.4 min (Fig 2C). We can just note a
slight increase in local stability at the 5’ end of the mRNA. Although local stabilities of SD-lacZ mRNA
were also constant throughout the molecule, they were all greatly reduced with an average half-life
falling to 1 min (Fig 2B, 2C). This shows that reducing translation efficiency strongly destabilized the
lacZ transcript homogenously throughout the molecule. To test whether the observed decrease in
stability of SD-lacZ mRNAs was linked to changes in the level of RNA degradation machinery, we
quantified the transcript concentrations of a panel of enzymes (RNase E, RNase G, RNase R, PNPase,
PAP-1, Eno and Hfq) related to mRNA degradation (Supplementary Fig S1-A). Because their transcript
levels were not significantly altered between wt-lacZ and SD-lacZ, we concluded that the
destabilization of SD-lacZ mRNAs could not be attributed to changes in the expression of the RNA

degradation machinery.

We then determined the effect of reducing the efficiency of translation initiation on the local mMRNA
concentrations throughout the molecule (Fig 2D). Changes in local mRNA concentrations are
expressed as intramolecular fold change relative to 5’ end of the molecule (using amplicon “a”). For
wt-lacZ and SD-lacZ, local mRNA concentrations did not vary significantly along the molecules.
Averaging the local concentrations over the entire mRNA, the transcript concentration was lower for
SD-lacZ than for wt-lacZ (Fig 2E). The reduction of translation initiation efficiency reduced the
average concentration of SD-lacZ mRNAs to less than 60% of that of wt-lacZ. This decrease in mRNA
concentrations is proportional to the destabilization of SD-lacZ mRNA (almost half reduction for
each). Since mRNA concentration results from a balance between its synthesis via transcription and

its degradation, this suggests that transcription is not strongly modified in our condition.

In conclusion, the reduced efficiency of translation initiation resulted in globally less ribosome-
loaded, less stable, and concentrated lacZ mRNAs, all leading to reduced synthesis of B-galactosidase
protein. However, this did not cause locally different stabilities and concentrations throughout the
molecule. The nearly constant half-lives measured throughout the molecules, regardless of the
translation initiation efficiency applied, demonstrates the absence of accumulation of degradation

intermediates.
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Premature termination of translation elongation destabilizes the mRNA evenly throughout the

molecule and decreases local mMRNA concentrations after the stop codon

Our objective was to study the effect of the number of ribosomes in translation on stabilities and
concentrations of mMRNAs without changing their density on the coding sequence. For this end, we
constructed a set of mRNA versions with similar translation initiation but with reduced lacZ coding
sequence length. By inserting an internal stop codon (UAG amber codon) we generated mRNAs with
reduced lacZ CDS length to 75%, 50%, 25% and 0.5 % of the initial one (Fig 3A). This resulted in
MRNAs with hybrid coverage by ribosomes: a part of the mRNA can be translated up to the inserted
stop codon and the rest of the molecule remains free of ribosomes. As expected, truncated
(Supplementary Fig S2) and inactive (data not shown) forms of [3-galactosidase were produced when
expressing mRNAs with reduced lacZ coding sequence length. We analysed their ribosome load by
polysome profiling experiments. A small proportion of mMRNAs was measured in the ribosome-free
fraction (Fraction A) regardless of lacZ CDS length, showing that most mRNAs were engaged in
translation as expected since the efficiency of translation initiation was not altered. More precisely,
MRNAs corresponding the full-length and 75%-length lacZ CDSs were heavily ribosome loaded, with
the majority of mMRNAs bound with more than 8 ribosomes per molecule (in fractions F and G). For
shorter CDS, the ribosome load was shifted to lighter fractions corresponding to around 4-6
ribosomes for lacZ-Stopses and 1-3 ribosomes for lacZ-Stopzss and lacZ-Stopo.s% (the two consecutive

fractions with the highest amounts were in fractions D-E and in fractions B-C, respectively).

The local half-lives of the different lacZ-Stop mRNAs were measured using primers distributed along
the molecule and on either side of the inserted stop codon (Fig 4A). The wt-lacZ data of the full-
length lacZ CDS in Figure 4B correspond to the wt-lacZ data presented in Figure 2B. When the length
of lacZ CDS is reduced, all the transcripts were destabilized homogenously throughout the molecule
(Fig 4B) resulting in average half-lives on the order of one minute, regardless of the size of the CDS
reduction (Fig 4C). This means that the local stabilities were similar in the ribosome-covered and
ribosome-free parts of the mRNA molecule. Furthermore, no major differences in local stabilities
were observed between molecules with a large translated portion (lacZ Stopzss) or virtually
untranslated version (lacZ Stopo.s%). The lack of increase in destabilization with increasing length of
untranslated portion suggests that only the presence of an untranslated portion of the mRNA
governs the destabilisation of the transcript, independent of its length. Again, we verified that this
destabilization was not related to decreased expression of genes related to RNA degradation
(Supplementary Fig 1-B). The constancy of measured local half-lives suggests that also in the case of
premature translation elongation termination no degradation intermediates accumulated into the

cells.
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Then we analysed the effect of premature termination of translation elongation on local
concentrations of mRNAs with reduced lacZ CDS length to 75%, 50% and 25% relative to the full-
length CDS in the wt-lacZ (Fig 4D). Changes in local mMRNA concentrations are expressed as
intramolecular fold change relative to 5’ end of the molecule (using amplicon “a”). For the wt-lacZ
MRNA, the local concentrations only slightly decreased from the 5’ to the native stop codon and then
sharply at the level of the native stop codon. Similar biphasic decreasing behaviour of local
concentrations upstream and downstream of the stop codon was observed in the case of premature
termination of translation elongation. In the case of internal stop codons, the sharp decrease in local
concentrations of the untranslated parts resulted in a basal level of about 5% relative to the 5’end.
As we described above that local half-lives were similar upstream and downstream of the internal
stop codon (Fig 4B), the decrease in local concentrations after the stop codon cannot be attributed to

a different stability between translated and untranslated parts of the mRNA.

To quantify the impacts of the inserted stop codon on the lacZ mRNA concentration between strains,
we compared 5’'end mRNA concentration between the full-length lacZ CDS and the 75%, 50% and
25% reduced forms (Fig 4E). Reducing lacZ CDS length decreased the 5’end mRNA concentration into
the cells, the more the CDS length was reduced the more the concentration decreased. This
reduction in mRNA concentration at the 5’'end may be at least partially related to the destabilization

of the molecule described above (Fig 4B).

The untranslated mRNA portion is responsible of the destabilization of the whole mRNA molecule

We have shown in the previous section that the presence of an untranslated portion destabilizes the
whole lacZ mRNA and this destabilization is not proportional to the length of the untranslated
portion. To better understand the role of the untranslated portion in mRNA destabilization, we
removed the untranslated portion to generate a new set of lacZ mRNAs (Fig 5A). For all new
constructs, 5’UTR and 3’UTR were identical and only the length of the lacZ CDS was reduced to 75%,

50% and 25% from the wt-lacZ, hereafter referred to as lacZs«l\, lacZsenl) and lacZysul), respectively.

We measured the local half-lives of the portion of the mRNA corresponding to the remaining lacZ
CDS region. All mRNAs showed a similar constant local stability profile, independent of the length of
the remaining CDS region and close to the profile of the full-length lacZ CDS of the wt-lacZ strain (Fig
5B). This means that removal of the untranslated portion of the CDS increased the overall mRNA half-
lives from 1 minute (Fig 4C) to 2-2.6 min (Fig 5C), restoring stability to the full-length CDS of the wt-
lacZ strain (Fig 5C). We can conclude that the untranslated part of the CDS was the main determinant

for triggering transcript destabilization. The restoration of stability was not due to changes in the
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expression of genes involved in the degradation machinery since they showed similar expression in

all strains (Supp Fig 1C).

In terms of MRNA concentration, a slight decrease in local concentrations in the portion of mRNA
corresponding to the lacZ CDS region were obtained for all constructs (Fig 5D). These decreasing
patterns were similar to those observed upstream of the stop codon when the untranslated portion
remained (Fig 4D). However, after removing the untranslated portion we found increases in mRNA

concentration measured at the 5’end (compare Fig 4E and Fig 5E).

Altogether, these results show that removing the untranslated portion of the lacZ CDS region
restores the stability the mRNA and its 5’end concentration to that of the full-length /acZ CDS. Then
we can conclude that after premature termination of translation elongation, it is the presence of an
untranslated portion (whatever its length) on the mRNA that destabilizes the whole mRNA molecule
leading to a decrease in its 5’end concentration. However, removal of the untranslated portion of the
lacZ CDS region did not abolish the decrease in local concentrations upstream of the inserted stop
codon. Because local stabilities were constant along the mRNA, we can speculate that changes of
local concentrations observed here might instead be related to changes in transcription. Changes in
transcription could also explain, when the untranslated portion of the lacZ CDS region is present, the
drop in local concentrations downstream of the inserted stop codon while destabilization is similarly

homogeneous (Fig 4B and 4D).

Drop in local mRNA concentrations downstream of the inserted stop codon is due to transcription

arrest

Transcription and translation in bacteria are coupled, with translation initiation beginning before
transcription is complete (34,35). This coupling occurs through an interaction between the pioneer
ribosome and RNA polymerase. The interaction can be indirect, mediated by the NusG protein
(17,36) or direct in a form of a one-to-one complex, at least in vitro (15,16). This coupling was
proposed to allow the rate of translation elongation by the pioneer ribosome to dictate the rate of
RNA polymerase transcription elongation (19) and also to prevent premature Rho-mediated
transcription arrest (36). To test whether uncoupling transcription and translation that occurs shortly
after the stop codon could lead to transcription elongation arrest and explain the drop in
downstream mRNA concentrations, we developed a system to functionally restore translation of the

inserted stop codon into the lacZ CDS in order to couple transcription and translation again.
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The pEVOL system has the ability to genetically encode non-canonical amino acids (ncAA) directly in
E. coli cells in response to nonsense codon (37). This system is based on the use of an orthogonal
amino-acid tRNA synthetase (aaRS,) and an orthogonal tRNA (tRNA,). In the presence of ncAA, the
aaRS, acylates the tRNA, with ncAA which is in turn used by ribosomes to decode amber stop codon
to restore its translation instead of stopping it. We hijacked this system to restore translation of the
lacZ-Stopsox MRNA and measured the consequences on its local concentrations and stabilities. The
tRNA, was inserted in transcriptional fusion with lacZ-Stopses mMRNA to give lacZ-Stopses-tRNA, and
combined with a pEVOL plasmid derivative in which the tRNA, was deleted. The different constructs
used and the principle of developed approach are depicted in Fig 6A. Briefly, all strains expressed the
aaRS, and were cultivated in growth medium containing ncAA (AzF). For lacZ-Stopsos-tRNA,, the
tRNA, is transcribed, maturated, acylated with AzF by aaRS, and used by ribosomes to decode the
stop codon. Once decoded, translation continues to produce full-length active B-galactosidase
containing AzF. We developed a non-functional version (called tRNA*) in which the tri-nucleotide
CCA motif of the tRNA end was removed. In lacZ-Stopses-tRNA*, the tRNA* cannot be acylated,
translation cannot be restored and a truncated inactive 3-galactosidase is produced. Two control
constructs were used, the wt-lacZ in transcriptional fusion with tRNA, (wt-lacZ-tRNA,) as positive

control and the lacZ-Stopsoes without tRNA, as negative.

We have measured the changes in local mRNA concentrations throughout the molecule for all the
constructs (Fig 6B). Translation at the stop codon in lacZ-Stopses-tRNA, using our orthogonal system
resulted in constant local concentrations of the mRNA throughout the molecule. In contrast, a drop
in local concentrations was observed downstream the stop codon in lacZ-Stopsex in which translation
stops at the stop codon, or in lacZ-Stopses-tRNA* in which a non-functional tRNA* prevents the
restoration of orthogonal translation. The drop in local concentrations downstream of the stop
codon was thus restored when translation elongation was not present. This clearly shows that the
drop in local concentrations of the mRNA after the stop codon was due to the translation elongation
arrest. Regarding local concentrations upstream of the stop codon, it is more difficult to conclude
because we did not observe in the presence of functional orthogonal translation and even in the wt-
lacZ-tRNA, positive control where native translation occurs the slight decrease seen previously (Fig

4D).

We compared the transcription level of three full-length transcripts, wt-lacZ-tRNA, (active native
translation), lacZ-Stopses-tRNA, (functional orthogonal translation) and lacZ-Stopses-tRNA* (non-
functional translation) (Fig 6C). We used the amplicon “j” (Fig 6B) encompassing the last 77
nucleotides of the lacZ CDS and the tRNA, to measure the transcript concentration of the 3’end of

the lacZ CDS and pre-tRNA before maturation. Compared with native translation, only 10 % of full-
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length lacZ-Stopsos-tRNA* was detected (Fig 6C) showing that the majority of transcription events
were aborted when translation is stopped, probably due to uncoupling transcription and translation
by the pioneer ribosome. A residual concentration of 10% of full-length mRNA also showed that
uncoupling translation and transcription did not result in complete arrest of transcription and that
some RNA polymerases are able to continue transcription even without the association with
ribosomes. When translation was restored at the stop codon with our orthogonal system, the
concentration of full-length lacZ-Stopses-tRNA, mRNAs was 60% of the concentration of full-length
wt-lacZ-tRNA, mRNAs with native translation. The lower full-length transcript concentration with the
orthogonal translation than the native translation may be the result of the competition of tRNA, with
endogenous tRNA for ribosome binding at the amber codon. Weaker ribosome binding on lacz-
Stopsos-tRNA, mRNAs was confirmed at the protein level (Fig 6D). Only one-third of -galactosidase
activity was produced by orthogonal translation of lacZ-Stopsos-tRNAo mRNAs compared with native
translation of wt-lacZ-tRNA,. We confirmed that no active -galactosidase was produced when native

and orthogonal translations were not functional on the stop codon for lacZ-Stopsos-tRNA*.

Altogether, we demonstrated that recovery of translation elongation at the inserted stop codon
restores transcription elongation. The uncoupling of transcription and translation at the inserted stop
codon was responsible for the drop in local transcript concentrations observed downstream of the
stop codon, confirming the major function of pioneer ribosome in maintaining transcription

elongation.

DISCUSSION.

In our overall goal to study the role of mRNA degradation in interaction with other cellular processes
to regulate gene expression, we examined here the impact of translation on mRNA stability and
concentration. We developed an approach to measure local stabilities and local concentrations all
along the molecule. To our knowledge, measurements of local stabilities have never been included in
studies of mRNA degradation. This intramolecular mapping provides more detailed information
about the transcript behaviour when facing translational perturbations. Both the reduction in the
efficiency of translation initiation and the introduction of premature termination of translation
elongation resulted in a homogenous destabilization of the transcript throughout the molecule. The
homogeneous stabilities indicate that we did not measure the accumulation of specific degradation
products. This is in agreement with Northern blot quantifications of lacZ mRNA stability that also
showed no accumulation of intermediates or smears (38,39). Several hypotheses can be proposed to

explain the lack of observed accumulation of decay intermediates. The most plausible explanation
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could be that the degradation fragments did not accumulate because they were degraded too
rapidly. After the initial internal endonucleolytic cleavage, two degradation products are generated.
The fragment with newly generated 5’ end can be efficiently processed by RNase E due to its
increased activity towards 5’-monophosphorylated ends (40) while the newly generated 3' end can
be rapidly processed by 3' exoribonucleases such as PNPase and RNase Il due to the absence of
protective secondary structure usually present at the 3’end of the full-length transcript (41). This
explanation is based on the model that the initial internal cleavage is the limiting step in the
degradation process followed by extremely rapid decay of intermediates (42). A second explanation
to explain the lack of accumulation of decay intermediates could be the presence of a large set of
heterogeneous fragments covering the whole mRNA molecule, generated by initial cleavages
randomly distributed throughout the mRNA. In agreement with this hypothesis, Herzel et al (43)
recently showed that a large fraction of cellular RNAs is composed of decay fragments with 3' ends
widely distributed throughout internal positions in the transcript. In this case, this implies that the
stabilities of the decay fragments are not higher than the stability of the full-length transcript. Finally,
we cannot exclude that particular fragments may accumulate without being quantified as non-
targeted by our qRT-PCR quantifications. We consider the latter explanation unlikely as we quantified

8 different mRNA portions widely distributed all along the molecule.

The role of ribosomes in linking translation and mRNA degradation was addressed more specifically
in our study. Reducing translation initiation efficiency decreases the number of bound ribosomes and
the stability of the entire mRNA molecule. These results confirm the protective role of ribosomes
when translation initiation is efficient probably by preventing 5’ end-dependent degradation by
RNase E (5,6) and extend ribosome protection to the whole molecule. In the case of premature
termination of translation elongation, we have shown that the presence of an untranslated portion,
regardless of its length, destabilizes the whole mRNA molecule. This also supports the protective role
of ribosomes and, in this case, probably through steric hindrance of ribosomes against the action of
RNases. The literature reports cases of transcript destabilization by ribosomes when ribosomes are
stalled on the transcript or when they elongate at low rate (5,6). We did not measure here a negative
effect of ribosomes on transcript stability since the same half-life was measured for the ribosome-
covered translated portion and the ribosome-free untranslated portion of the mRNA. This was
expected because insertion of an internal stop codon arrests translation and induces ribosome drop

off but does not generate stalled ribosomes or affect the rate of upstream ribosome elongation.

When transcription is considered, it appears that inefficient translation initiation leading to
destabilization of the whole mRNA did not strongly influence transcription. Premature termination of

translation elongation also destabilized the whole mRNA but, in turn, also affected transcription.
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Insertion of an internal stop codon resulted in premature downstream termination of transcription
elongation and a sharp decrease in mRNA concentration. This is probably due the lack of coupling of
transcription with translation via the interaction between the pioneer ribosome and the RNA
polymerase downstream of the inserted stop codon (15-17). However, the coupling between
transcription and translation is not an all-or-nothing relationship. A minority (~10%) of transcription
elongation events leading to full-length transcripts were effective even when transcription and
translation were uncoupled (Fig 6C). On the other hand, the coupling did not seem to ensure perfect
full-length transcription. We measured a slight decrease in local mMRNA concentrations upstream of
the inserted stop codon while local stabilities were not affected (Fig 4D and Fig 4B). This suggests
that even when translation and transcription are coupled, there may be a fraction of transcription
events that do not synthesize the full-length transcript. This appears to be independent of the
presence or absence of an untranslated region (Fig 4D and Fig 5D). This premature termination of
transcription could generate heterogeneity in the transcript population. Further investigation is

required to explore this hypothesis.

The coupling of the three processes of transcription, translation and mRNA degradation is essential
for the proper functioning of the cell. This coupling would constitute a first line of translation quality
control. In eukaryotes, the first round of translation by the pioneer ribosome serves as an mRNA
quality control, as defects in maturation steps can lead to the emergence of alternative stop codons
generating potentially toxic truncated proteins (44,45). These premature stop codons recognized by
the pioneer ribosome lead to mRNA degradation by a mechanism called Nonsense Mediated Decay.
In bacteria, transcription is not an error-free event, with an estimated frequency of ribonucleotide
misincorporation of 5x107° to 5x10°® per nucleotide in E. coli (46,47). For ~4% of cases, the
misincorporation results in appearance of stop codons (46) and the production of defective proteins
that can impair cellular integrity and fitness. This can be particularly deleterious for poorly
transcribed genes for which only a few mRNA molecules are present in the cell to ensure translation.
In this case, it is particularly necessary for the cell to remove this non-productive translation
template. As shown in this study, as soon as a defect in coupling appears, cells respond by rapidly

degrading the corrupted mRNA.

In conclusion, this study provides new evidence on how degradation of an mRNA molecule is in close
relationship with its translational state. When the ribosome density is lower or in presence of a
ribosome-free portion, the mRNA molecule is homogeneously destabilized. This global

destabilization contributed to lowering its concentration while it was the changes in transcription

—

]
171§



Annexexs

that explained the local differential concentrations along the mRNA molecule. Therefore, it is the
interplay of the triptych transcription-translation- mRNA degradation that actively governs quality
control and mRNA concentration. This “ménage a trois” is a central coordinated mechanism

developed by bacteria to shape gene expression.
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Figure 1.

A: Schematic representation of lacZ mRNA loaded with different number of ribosomes due to
different translation initiation efficiency. wt-lacZ, reference mRNA with efficient translation
efficiency, SD-lacZ, mRNA with reduced translation initiation efficiency. The two Shine-Dalgarno (SD)

sequences are symbolized and their sequence indicated.

B: b-galactosidase activity measured for wt-lacZ and SD-lacZ containing strains. Error bars represent

standard deviation (n=9, 3 biological and 3 technical replicates).

C: Ribosome repartition on wt-lacZ (dark grey) and SD-lacZ (light grey) mRNAs. Fraction A consists of
free mRNA molecules not bound to the ribosome, while fractions B to G consist of mRNA molecules
in translation bound to increasing numbers of ribosomes (according to ((Nguyen 2022)): B: 1.1 £ 0.1,
C:28+03;D:4.7+£0.4;E:5.9£0.5;F: 8.2+ 0.6 and G: 11.4 £ 0.4 bound ribosomes per mRNA
molecules). The percentage of lacZ mRNA in a fraction represents the amount of that mRNA in that
fraction relative to the sum of the amounts measured in all fractions. Error bars represent standard

deviation of two technical replicates.

—

]
176 |



Annexexs

Figure 2.
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Figure 2.

A. Schematic representation of JacZ mRNA with the CDS part (stripped rectangle). Black marks
with letters indicate the amplicons used for qRT-PCR quantification, with their position on
the mRNA relative to the first codon of the CDS (scale in kb). See Materials and methods for
precise coordinates. White square at the 5’end represents SD sequence (AGGAGG for wt-

lacZ, TAATTA for SD-lacZ).

B. Local lacZ mRNA stabilities. Local half lives (T1/2) were determined at different positions
throughout the mRNA molecules using different primer pairs (QPCR amplicon localizations

are shown on the above scheme). Error bars denote standard deviation (n=5 to 10).

C. Mean half-lives of the whole lacZ mRNA molecules for wt-lacZ and SD-lacZ. Error bars

represent standard deviation (n=40 to 80).

D. Local lacZ mRNA concentrations. The local lacZ mRNA concentrations were determined at

different positions of the molecule using different primer pairs by gRT-PCR. Expressed as fold
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change (FC) of concentrations relative to the concentration determined for wt-lacZ by the

amplicon “a”. Error bars denote standard deviation (n=5 to 10).

Mean mRNA concentration of the whole lacZ mRNA molecules. SD-lacZ concentration

expressed as fold change (FC) relative to wt-lacZ. Error bars denote standard deviation (n=8).
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Figure 3.
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Figure 3.

Ribosome repartition on lacZ mRNAs with length of CDS from 100% to 0.5%. mRNA-ribosome
complexes were fractionated on sucrose gradient, lacZ mRNA was then purified and quantified in
each fraction. Fraction A consists of free mRNA molecules not bound to the ribosome, while fractions
B to G consist of mMRNA molecules in translation bound to increasing numbers of ribosomes
(according to Nguyen 2022:B:1.1+0.1,C:2.8+0.3; D: 4.7+0.4; E:59+0.5;F: 82 +0.6 and G: 11.4

1 0.4 bound ribosomes per mRNA molecules). The percentage of lacZ mRNA in a fraction represents
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the amount of that mRNA in that fraction relative to the sum of the amounts measured in all
fractions. Error bars represent standard deviation of two technical replicates. Construct present in
each strain is schematized above each graph with the CDS part (stripped rectangle) and the non-
translated part after the inserted stop codon (dashed line). Translating ribosomes are symbolized.

The large star indicates the two consecutive fractions with the highest amounts of lacZ mRNAs.
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Figure 4.
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Figure 4.

A. Schematic representation of analyzed lacZ mRNAs. Different positions of the stop codon
(STOP logo) for the different versions of lacZ mRNA are represented as well as the proportion
of remaining CDS relative to the wt-lacZ. Black marks with letters indicate the amplicons used
for gRT-PCR quantification, and their position on the mRNA relative to the inserted stop
codon. The scale corresponds to lacZ mRNA (in kb) relative to the start codon. See Materials

and methods for precise coordinates.

B. Local lacZ mRNA stabilities. Local half lives (T1/2) were determined for full length lacZ CDS
(black circles) and lacZ CDS corresponding to 75 % (black triangles), 50% (black diamonds),

25% (crosses) and 0.5% (open diamonds) of the original coding sequence. Quantification
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positions are aligned with amplicon locations shown in the upper scheme. Error bars are

standard deviation (n=10)

Mean half-lives of the whole lacZ mRNA molecules for wt-lacZ and SD-lacZ. Error bars

represent standard deviation (n=9)

Local lacZ mRNA concentration. The local lacZ mRNA concentrations were determined for full
length lacZ CDS (black circles) and lacZ CDS corresponding to 75 % (black triangles), 50%
(black diamonds), 25% (crosses) and 0.5% (open diamonds) of the original coding sequence.
Quantification positions are aligned with amplicon locations shown in the upper scheme.
Expressed as fold change relative to the concentration determined with amplicon “a”. Error

bars represent standard deviation (n=5 to 10). STOP logos symbolize the locations of the stop

codon position along the mRNAs.

“u_n

mMRNA concentration of JacZ mRNAs. Concentrations were determined using amplicon “a
and expressed as fold change (FC) relative to wt-lacZ. Error bars denote standard deviation

(n=12 to 20).

—

]
182 |



Annexexs

Figure 5.
. a b ¢ d e f g hii
wt-lacZ 5°UTR 3°UTR
lacZ,s5, A
1aCZs05A I e
acZ;55A I
L
I T T T T T 1
0 0.5 1 1.5 2 2.5 3kb C. 3
=
4 = -:[-
B. <2
=
c
g° 5
£ 21
S2
[
3 0
21 d »y ¥ oy
(; l© |0
‘:\0 c/\‘g\ (:\,agp (:\;\‘2\
AR
0
0 0.5 1 15 2 25 3
Position of local quantification on lacZmRNA (kb) E. 14
D. 12 ‘}
1.2
o 10
S 1.0 g {‘
© S 08
€ 0.8 %
3 2 o6
S . 06 S
S ¥ } 2 04
< o
0.4 3
g N 02
E o2 s
w 0.0
& oo d v » v
= : & K &
0 05 1 15 2 25 3 @:\ 06\,«" °c°§ 0(:\,«@
Position of local quantification on /lacZ mRNA (kb) N N
Figure 5.

A. Schematic representation of lacZ mRNAs with variable CDS length. Black marks with letters
indicate the amplicons used for gRT-PCR quantification, with their relative position on the
MRNA. The scale corresponds to /lacZ mRNA (in kb) relative to the start codon. See Materials

and methods for precise coordinates.

B. Local lacZ mRNA stabilities. Local half lives (T12) were determined using primer pairs located
along the molecule of wt-lacZ (circles), lacZzs4D (triangles), lacZso%D (diamonds) and lacZss4D

(crosses). Error bars denote standard deviation (n=4 to 10).

C. Mean half-lives of each lacZ mRNA. Values are the average of all quantifications with each
pair of primer for the corresponding lacZ variant. Error bars represent standard deviation

(n=8 to 45)
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D. Local mRNA concentrations. The lacZ mRNA local concentrations were determined for full-
length wt-lacZ CDS (black circles) and versions after removing the untranslated portion:
lacZ7s D (black triangles), lacZso 4D (black diamonds) and lacZss 4D (crosses). Quantification
positions are aligned with amplicon locations shown in the upper scheme. Expressed as fold
change compared with the concentration determined with amplicon “a”. Error bars

represent standard deviation (n=5 to 10).

E. Relative lacZ mRNA concentration between strains. mRNA concentration was determined
using the “a” amplicon and expressed as fold change relative to wt-lacZ. Error bars represent

standard deviation (n=6 to 18).
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Figure 6.
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Figure 6.

A. Schematic representation of the mRNAs used in the study. In the upper panel (wt-lacZ-
tRNA,) the full-length CDS of lacZ (grey) is in transcriptional fusion with the orthogonal
functional tRNA, (white rectangle). Ribosomes translate the full-length active protein. In the
second panel (lacZ-Stopsox), the CDS is reduced by half by insertion of a stop codon.
Ribosomes translate a truncated and inactive form of the protein. In the third panel
representing lacZ-Stopsex-tRNA,, orthogonal tRNA, is matured and acylated with a non
natural amino acid (AzF, star) by an orthogonal tRNA synthetase (aaRS,). Ribosomes can load
tRNA, to decode the amber codon and continue translation to produce a full-length active
protein containing the ncAA. The fourth panel represents the lacZ mRNA with amber codon
and fused with an inactive version of tRNA (tRNA*) due to removal of the acylation motif
(CCA) at the 3’end of the mature tRNA. tRNA* cannot be acylated by the aaRS, and cannot
be used by the ribosome to decode the amber codon. A truncated and inactive form of

protein is produced.

B. Schematic representation of /JacZ — tRNA with positioning of gPCR amplicons (a to j). Local
lacZ mRNA concentrations were measured for full-length lacZ fused to functional tRNA, (wt-
lacZ-tRNA,, open circles), lacZ with an amber codon without tRNA (lacZ-Stopsosx, black

triangles), lacZ with an amber codon and with a functional tRNA, (lacZ-Stopses-tRNA,, black
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circles) and lacZ with an amber codon and a non-functional tRNA (lacZ-Stopsos-tRNA*, open
triangles). Quantification positions are relative to their position along the mRNA (in kb).
Concentration is expressed as fold change compared with the quantification of amplicon

“a” . Error bars represent standard deviation (n="5 to 10).

Quantification of pre-tRNA. To quantify the transcription level of tRNA before its maturation,
we used a pair of primers spanning from the end of the /acZ CDS to the end of the tRNA

(amplicon “}” on the above scheme). Concentration is expressed as fold change compared

with wt-lacZ-tRNA,. Error bars represent standard deviation (n=5)

Quantification of the specific activity of b-galactosidase produced by the constructs. Error

bars represent standard deviation (n=6).
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Supplementary Figure S1.
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Supplementary Figure S1.
Expression of genes related to RNA metabolism

Transcript concentration of RNase E (rne), RNase R (rnr), Polynucleotide phosphorylase (pnp),

Poly(A)polymerase (pcnB), Enolase (eno), RNA-binding protein Hfg (hfq) and RNase G (rng) were

quantified and expressed as fold change compared to the wt-lacZ.

A. wt-lacZ (dark grey) and SD-lacZ with reduced translation initiation efficiency (light grey).
Concentration expressed as fold change relative to the wt-lacZ. Error bars represent standard

deviation (n=4).
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B. : lacZ CDS with an inserted stop codon at different positions of the CDS leading to untranslated
portions of the molecule. Color/construct correspondences are depicted in the figure. Error bars

represent standard deviation (n=3).

C. : Same constructs than in B but the untranslated mRNA portions were removed (named “D”).
Color/construction correspondences are depicted in the figure. Error bars represent standard

deviation (n=3).
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Supplementary Figure S2.

Supplementary Figure S2.

b-galactosidase expression. Total proteins of strains containing wt-lacZ (123 kDa) and lacZ with
inserted stop codon at 75% (93 kDa), 50% (61 kDa) and 25% (30 kDa) of the CDS were separated
using SDS-PAGE and revealed with coomassie blue staining. Arrows indicate the truncated proteins.
The truncated b-galactosidases produced by lacZ-Stop,s% and lacZ-Stopos% were not detectable due to

a low intensity and a small size, respectively. M: protein marker with molecular sizes (kDA) indicated.
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Supplementary Tables

Primers used for cloning

Primer name used for: 5'-3'sequence
1097-SD-F SD replacement TTATAAAATTAACCATGGATCCACTAGTAACGGCC
1099-SD-R SD replacement GTTAGCCCAAAAAACGGGTATGGAGAAACA

719-TAG-bGal5-Fw
720-TAG-bGal5-Rv

912-tRNA-ortho5' insertion tRNA,
913-tRNA-ortho3' insertion tRNA,
996-termtRNAortho tRNA, deletion
998-termtRNAortholl  tRNA, deletion

1102-CCA-tRNAortho  tRNA*

Stop insertion for lacZ-Stopo s+
Stop insertion for lacZ-Stopo s
721-TAG-bGal263-Fw  Stop insertion for lacZ-Stopass,
722-TAG-bGal263-Rv  Stop insertion for lacZ-Stopase,
723-TAG-bGal542-Fw  Stop insertion for lacZ-Stopsge,
724-TAG-bGal542-Rv  Stop insertion for lacZ-Stopsos.
725-TAG-bGal819-Fw  Stop insertion for lacZ-Stopysq,
726-TAG-bGalg819-Rv  Stop insertion for lacZ-Stoprss,

ATGGATCCACTAGTATAGGCCGCCAGTGTGCTGG
CCAGCACACTGGCGGCCTATACTAGTGGATCCAT
GCGGCGAGTTGCGTGACTAGCTACGGGTAACAGTTTC
GAAACTGTTACCCGTAGCTAGTCACGCAACTCGCCGC
CTTTCGCTACCTGGATAGACGCGCCCGCTGATC
GATCAGCGGGCGCGTCTATCCAGGTAGCGAAAG
CATTGACCCTAACGCCTAGGTCGAACGCTGGAAGG
CCTTCCAGCGTTCGACCTAGGCGTTAGGGTCAATG
AATCCGCATGGCAGGGGTTCAAATCCCCTCCGCCGGAATTCGAAGCGGATGAGAGAAGATTTTCAGCC
TAGAGTCCGCCGTTCTGCCCTGCTGAACTACCGCCGGCCAAATGCAGATCTTCGAACAAAACAGCCAAGCT

AATTCGAAAAGCCTGCTCAACGAGCAGGC
GAGCAGCTCAGGGTCGAATTTGCTTTCG
AATTCGAAGCGGATGAGAGAAGAT

Primers used for RT-qPCR

Primers name

Comments

5'-3'sequence

361-LacZ/ 362-LacZ
741-lacZ/ 742-LacZ
743-lLacZ/ 744-LacZ
363-LacZ/ 364-LacZ
745-LacZ / 746-LacZ
747-LacZ / 748-LacZ
749-LacZ / 750-LacZ
751-LacZ/ 752-LacZ
365-LacZ/ 366-LacZ
753-LacZ/ 911-tRNAorthoRv
520-ihfB-F / 521-ihfB-R
1119-AmpR-F / 1120-AmpR-R
671-RnaseE-F / 672-RnaseE-R
673-RnaseR-F / 674-RnaseR-R
675-PNPase-F / 676-PNPase-R
683-pcnB-F / 684-pcnB-R
685-Eno-F / 686-Eno-R
715-Hfg-F / 716-Hfq-R
681-RnaseG-F / 682-RnaseG-R

lacZ amplicon "a
LacZ amplicon "b"
LacZ amplicon "c"
LacZ amplicon "d"
LacZ amplicon "e"
LacZ amplicon "f"
LacZ amplicon "g"
LacZ amplicon "h"
LacZ amplicon "i"

lacZ-tRNA amplicon "j"

ihfB chromosomal normalisation

bla plasmidic normalisation
quantification rne transcript
quantification rnr transcript
quantification pnp transcript
quantification pcnB transcript
quantification eno transcript
quantification hfg transcript
quantification rng transcript

GTCGTGACTGGGAAAACCCTGG / AACTGTTGGGAAGGGCGATCG
TCCGTGACGTCTCGTTGCTGC / TCACGCAACTCGCCGCACAT
GGGTGAAACGCAGGTCGCCA / TCGGCGCTCCACAGTTTCGG
AACAACTTTAACGCCGTGCGCT / CACCATGCCGTGGGTTTCAATA
TCCCGCCCGGTGCAGTATGA / AGCCGGGAAGGGCTGGTCTT
CGCCCGCTGATCCTTTGCGA / CAGTCCCAGACGAAGCCGCC
CCCGCATCTGACCACCAGCG / CAGCGGCGTCAGCAGTTGTT
CCAGGCCGAAGCAGCGTTGT / TTCCCCTGATGCTGCCACGC
CAGCTGGCGCAGGTAGCAGAG / GGCAGATCCCAGCGGTCAAA
TCGAAGCTTGGGCCCGAACAA / TCCGGCGGAGGGGATTTGAAC
GCCAAGACGGTTGAAGATGC / CAAAGAGAAACTGCCGAAACC
ATTCAACATTTCCGTGTCGCCC / TGTAACCCACTCGTGCACCCAA
CACCAGAACAGCAAGAAGAG / GACGTACAATTGGATAGCGG
GAAGCGATTACCTCTTTCCG / AGATATTTAATGGCGCGGTG
AAAGAGATCATGCAGGTTGC / CCGCCTTTACCGATAACATC
TCCCGCAAAGATATCAGTGA / GCAACTTCGATAATCTCCGG
GTCGTGAAATCATCGACTCC / CAGCTTTGGTTACGCCTTTA
GGGCAAATCGAGTCTTTTGA / TGGTAGTTACTGCTGGTACC
GTTTATCATCCGTACCGCAG / ATGTACTCCGAGGTGAACTC
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