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Abstract: Recombinant protein production in we performed a relative protein quantification on
microorganisms is of great interest for thethe strains overproducing GFP at different levels.
production of biopharmaceuticals, therapeuticélence, we showed that some non-essential
and industrial enzymes. However, recombinanproteins were less abundant in the strains
protein production has always shown a harmfubverproducing GFP. We next targeted the
effect on the microorganism cell physiologyreporter proteins for degradation using a
when excessively produced. Cell resourdes ( synthetic tool previously engineered iB.
metabolites, energy, molecular machinerysubtilis, so that amino acids can be recycled back
cytosolic spacegtc.) are used to produce theto the pool of cell resources. Degrading the
host's proteins and the overproduced gratuitougporter gratuitous protein should also relieve the
protein. As a result, this unnatural extra loadconstraint on the cytosolic density by liberating
typically leads to slower growth and lowerintracellular space. With a degradation of 50-
protein yields, a phenomenon known‘lagrderi.  60% of GFP and mKate2, we observed a 50%
This burden comes from the fact that therestoration of the growth rate. This result
recombinant protein has no benefit for thetogether with the proteome analysis suggested
microorganism, and that it only uses cellthat the amount of amino acids (and
resources at the expense of the production of th@nsequently their utilization in  protein
endogenous essential proteins. In my PhBynthesis) was the main limiting type of
project, the issues were (1) to decipher theesources. To overcome this limitation and
consequences of gratuitous proteinimprove protein production (3), we aimed at
overproduction on the cell physiology, (2) toexploring a synthetic, amino acid recycling
identify the limiting type of resources, and (3) tosystem based on the above mentioned
overcome this limitation to improve protein degradation system. We decided to improve the
production. To address the first issue (1), wdargeted degradation system by overproducing
analyzed growth rates, production of severathe E. coli and B. subtilis CIpXP proteases
proteins of interest, and genome-wide proteomet®gether with anE. coli adaptor protein SspB.
of Bacillus subtilis strains overproducing various This tool may allow to target proteins for
levels of reporter proteins. The reporter proteinslegradation in order to save resources and
were chosen so that they were easily quantifiablenprove the production of a protein of interest.
by fluorescence and3-galactosidase activity We showed that the overproduction of either
assaysi(e. GFP, mKate2, LacZetc.). To obtain  ClpXP or SspB/ ClpXP were sufficient to allow a
the various levels of expression, we builtcomplete degradation of the proteins produced
synthetic sequences made of the assembly &w and intermediate levels, and up to 50% of
various constitutive and inducible promoters andlegradation of the proteins highly produced. As
translation initiation regions (TIR, RBS). Hence,CIpXP is a protease involved in stress responses,
we showed that higher was the amount (and siz&je aimed to know whether the overproduction of
of the protein produced, lower were the rates o€lpXP may have negative consequences on the
growth and higher were the cell sizes. Forcell physiology. We therefore performed relative
instance, the growth rate decreased down by overotein quantification on a strain overproducing
20% when GFP was overproduced above 5% dlpXP. The results showed that ClpXP
the total soluble protein amount according taoverproduction causes a global reorganization on
both biochemical and fluorescence assays. Tihe proteome without affecting the growth rate of
further identify the limiting type of resources (2) the cell.
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Résumé: La synthése de  protéinesle type de ressources limitantes (2), nous avons
recombinantes chez les microorganismes est d'wifectué une quantification relative des protéines
intérét majeur pour la production de produitssur les souches surproductrices de GFP et montré
biopharmaceutiques, thérapeutiques efjlue certaines protéines non essentielles étaient
enzymatiques industriels.  Cependant, lanoins abondantes dans ces souches. Nous avons
surproduction de protéines a un effet néfaste s@nsuite dégradé spécifiguement les protéines
la physiologie cellulaire. Les ressourcesrapportrices a l'aide d'un outil de biologie de
cellulaires (métabolites, énergie, machineriesynthése précédemment mis au point pBur
moléculaire, espace cytosoliquetc.) sont en subtilis, afin que les acides aminés puissent étre
effet partagées entre les protéines de I'hnéte et tacyclés dans le pool de ressources cellulaires.
protéine "gratuite". Cette surcharge non naturelldvec une dégradation de 50-60% de GFP et
entraine une croissance plus lente et damKate2, nous avons observé une restauration de
rendements en protéines plus faibles, uB0% du taux de croissance. Ces résultats
phénoméne connu sous le nom de "burdenSuggérent que la quantité d'acides aminés (et par
Dans mon projet de doctorat, il s'agissait (1) deonséquent leur utilisation dans la synthése des
déchiffrer les conséquences de la surproductigorotéines) est le principal type de ressources
de protéines gratuites sur la physiologidimitantes. Pour améliorer la production de
cellulaire, (2) d'identifier le type de ressourcegrotéines (3), nous avons cherché a développer
limitantes, et (3) de surmonter cette limitationun systeme synthétique de recyclage des acides
pour améliorer la production de protéines. Afinaminés basé sur le systeme de dégradation
de déchiffrer les conséquences de lanentionné ci-dessus en surproduisant les
surproduction de protéines (1), nous avongrotéases H. coli et B. subtilis (ClpXP) avec
analysé le taux de croissance, la production dene protéine adaptatrice (SspBE.dtoli. Cet
protéines d'intérét et le protéome de souches aeitii  pourrait permettre de  dégrader
Bacillus subtilis surproduisant divers niveaux de spécifiquement des protéines non essentielles
protéines rapportrices. Les protéines rapportricgsour économiser des ressources cellulaires. Nous
ont été choisies de maniére a étre facilemergvons montré que la surproduction de ClpXP ou
guantifiables par fluorescence et par des testte SspB/CIpXP était suffisante pour permettre
d'activité (.e. GFP, mKate2, LacZgtc.). Pour une dégradation compléte des protéines produites
obtenir les différents niveaux d'expression, noua des niveaux bas et intermédiaires, et jusqu'a
avons construit des séquences synthétigues pEd% des protéines fortement produites. Comme
assemblage de promoteurs constitutifs eClpXP est une protéase impliquée dans la
inductibles et de régions d'initiation de traduatio réponse au stress, nous avons cherché a savoir si
(TIR, RBS) variés. Nous avons ainsi montré quéa surproduction de CIpXP pouvait avoir des
plus la quantité (et la taille) de la protéineconséquences négatives sur la physiologie
produite était élevée, plus les taux de croissanamllulaire. Une quantification relative des
étaient faibles et plus la taille des cellulestétaiprotéines sur une souche surproductrice de
élevée. Par exemple, le taux de croissance @pXP a montré que la surproduction de ClpXP
diminué de plus de 20 % lorsque la GFP étajprovoque une réorganisation globale du
surproduite a plus de 5 % de la quantité totale derotéome sans toutefois affecter le taux de
protéines solubles, selon des quantificationsroissance de la cellule.

biochimiques et de fluorescence. Pour identifier
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1 Bacillussubtilisuse in Biotechnology
1.1 Bacillussubtilis use for protein production

1.1.1 The market of protein production

According to "Markets and Markets"; a global mariesearch company, the enzyme
market was evaluated at 4.61 billion uUsD in 2016
(https:/lwww.marketsandmarkets.com/PressReleasestimal-enzymes.asp). It includes the
use of different kinds and categories of enzymesamy types of markets. In more details,
enzymes such as amylases, lipases, proteasedasedluand phytases of plant, animal and
microorganisms origins are used mainly in the feod beverages, animal feed, biofuels,
detergents, pharmaceuticals, and textile indusfiieble 1-1]. The main key producers of
industrial enzymes are BASF SE (Germany), E.I. daotRle Nemours and Company (U.S.),
Associated British Foods plc (U.K.), Koninklijke IMSN.V. (Netherlands), Novozymes A/S
(Denmark), and others. Moreover, the industrialyemz market is estimated to grow at a
CAGR (Compound annual growth rate) of 5.8% and etqueto reach a value of 6.30 billion
USD by 2022. This rise in the industrial enzyme ketiis a key factor for the scientific

challenge in transforming microorganisms to cattdaies for protein production.

Sector Enzymes

Laundry detergents  Alkaline Protease, Alkaline Lipase, Alkaline Cedlag,

Alkaline Amylase

Pulp and paper Cellulase, Xylanasej;-amylase, Lipase, Ligninase,
industry Laccase, Mannanases
Leather industry Alkaline and acid Protease, Alkaline and acid Leas

Starch and sugar Glucose isomerase, Glycosyltransferase, Dextranase,

industry amylase, Glucoamylase, Xylanase, Pullulnase
Baking industry a-amylase, Xylanase, Lipase, Protease, Pentosanase,
Oxidoreductase
Dairy industry Chymosin, lyzozyme, Lipasefs;galactosidase, Lactase
Brewing industry Amyloglucosidase, Proteae, Pentosanase, Xylanase
Animal feed industry Phytase, Xylanas@;Glucanase

Table 1-1 List of different industrial enzymes dhd industry (sector) they are used in. Adaptethfro
(Kumar et al. 2014).
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1.1.2 Recombinant protein production in microorganisms

The high demand on commercial enzymes and phautieals encouraged scientists
to think about ways to obtain biological tools witigh protein production and secretion. The
production of metabolites and pharmaceuticals @adhieved by using traditional processes
such as chemical synthesis or by catalytic enzy@asmical synthesis has drawbacks such
as low catalytic efficiency, need for high temparat low pH, and high pressure (Adrio &
Demain 2014). In that way, biological enzymes a@arhelpful due to their stability and
specific activity. The production of enzymes in mmrganisms progressed in 1980s-1990s.
Before that, they were extracted from plant ananahisources. However, they were obtained
in low yields and sold in high prices. The discgvef microbial enzymes made it easier as
microbial cells can grow much faster than animaplant cells (Demain & Vaishnav 2011).
In addition, microbes are simpler organisms foregenmanipulation so they form potential
hosts to produce proteins. Some microbial enzymgsiyhused in industry are proteases,
amylases, lipases, lactases, xylanases, and oersg the 1990s, the recombinant DNA
technology progressed and further promoted theofiseicrobes in industry. So nowadays,
proteins from plants and animal sources are pratiuce microbes thanks to genetic,
metabolic, and protein engineering. Some of thégme and pharmaceuticals produced by
recombinant production are human insulin, humamwtrdormone, albumin, plant phytase,
etc.

1.1.3 Bacillussubtilis: characteristics and ecology

Bacillus subtilis is a rod shaped Gram-positive bacterium. Gramtipesi(G™°)
bacteria have a single membrane at the intercal ¢ a thick peptidoglycan, unlike Gram-
negative (G°) bacteria, which have an inner and outer membrame,a gel-like periplasmic

space in between.

B. subtilis lives on organic sources such as substrates of ptgins and on decaying
material such as dead roots (Siala et al. 1974)ifdstance, growind\rabidopsis thaliana in
a sterile soil withB. subtilis resulted in a biofilm formation on the root sudacf the plant
(Zou et al. 2013). In additiorB. subtilis is considered as a rhizobacteriune, it promotes
plant growth by helping in nutrient uptake and @feshse against fungal attacks (Emmert J. &
Handelsman 1999; Asaka & Shoda 1996; Zou et al32RBumar et al. 2012). Its biocontrol
activity was clearly shown in (Zou et al. 2013) whehe formation of protective and

antibacterial biofilms oB. subtiliswas observed against the pathogenicitf?.adyringae. For
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this reasonp. subtilis and its relatives are also used as bio pestiqiBdas & Mukherjee,
2006; Rodgers, 1993; Thakore, 2006).

Moreover,B. subtilis can form resistant dormant endospores in enviromahetress
conditions or when facing nutritional deprivatiokafl et al. 2010). The spores can be
dispersed by wind, so they can go long distancesB.Asubtilis lives in the soail, it can be
ingested by animals, and was found to act as aigirokin helping to maintain healthy

bacterial communities in the body (Hong et al. 2005

B. subtilis is non-pathogenic and so, it is considered as GR&®8netically
Recognized as Safe) by the US Food and Drug Adtratien. B. subtilis has been
commercially used since a long time due to itsetecr enzymes such as amylases, lipases,
and proteases, its antipathogenic properties,tangse in Natto food productioB. subtilisis
genetically amenable, easy to manipulate, and inasurally competent (Solomon &
Grossman 1996). Due to these beneficial propettiesmodel organism has been extensively
studied for a long time. The interesting charast@s of this model organism encouraged
researchers to sequence its genome (Kunst & al7)19hd to study its transcriptomes
(Jargen et al. 2001; Nicolas et al. 2012), protediiigymann et al. 2004), and metabolomes

(Soga et al. 2003) across various environmentaditons.

1.1.4 B.subtilis: importance in protein production

Bacillus species anéscherichia coli are the most commonly used prokaryotes for the
industrial production of recombinant proteins (Véestet al. 2004)Bacillus sp. contribute to
around 60% of theavailable commercial enzymes, enBil coli is mostly used for the
industrial production of pharmaceutical proteins e@térs et al. 2004). Théacillus
biochemistry and physiology have been studied milde Gram positive bacteria have good
secretion systems, in contrast to Gram negativéebacwhich accumulate proteins in their
periplasmic space (Schallmey et al. 200Bcillus secretes many of its proteins at high
concentrations to the external medium, which presica more cost effective means of
producing proteins than extraction from the cyteplaor periplasm. As a consequence,
Bacillus sp are highly used for the industrial enzyme potidn for their high fermentation
properties, high production yields 20-25 g/L, arfdcourse for the absence of toxic by-
products (van Dijl & Hecker 2013). In contrafy, coli and more generally & bacteria have
lipopolysaccharides (LPS); that is referred to beeadotoxins. LPS are present in the outer

membrane of their cell wall and they add complmadito detoxify the secreted products. The
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absence of LPS in & bacteria allows to obtain proteins with less preses requirements
for co-purification of contaminants. Thanks to ti@mvementioned positive point, subtilis
is mainly used in the production of industrial em®g originating fronbacilli (Palva 1982;
Pohl et al. 2013). On the other hand, multicopyspi@s are not known to be stableBn
subtilis (Bron et al. 1991; Ehrlich et al. 1991; LeonhardtAfonso 1991)This drawback
explains that the production of pharmaceutical dnedapeutic proteins takes placebncoli,
which has the ability to maintain multicopy plassid

1.1.5 Advances to improve recombinant protein production

Recombinant protein production is usually increldse (i) overexpressing the gene of
interest using strong promoters and translatiamaiion regions, and/or (ii) by inserting in the
host the gene of interest in multicopy, either hyitiple integrations into the genome, or by
using a multicopy plasmid. Some work was done dinlmg strong synthetic promoters in
B. subtilis and other microorganisms. The design of a duahpter Rpai-Pamyo resulted in
very high extracellular production af andB-CTGase and pullulanase that are highly used
in food, cosmetics, pharmaceuticals, and chemicdustries (Zhang et al. 2017). Other
engineered synthetic promoters are based on nptomoters such as the library that was
created by random mutations ogr/{Han et al. 2017), or by randomizing thggfpromoter
and the TSS (Transcription Start Site) (Guiziouakt2016). These approaches and many
others aimed to obtain high expression levels obm&binant proteins and to finely tune gene

expression.

Beside the importance of the expression levelrethe the importance of the
expression systems that are suitable for each &ingrotein. Mainly the post-translational
modifications of the protein determine the hostamigm to be chosen. The expression
systems which are highly used in recombinant pngbeoduction are cell cultures of bacteria,
yeasts, molds, mammals, plants, or insects (Demdaivaishnav 2011). Most of the
recombinant proteins that are commercially avadlaske produced in bacteria suchEasoli
and B. subtilis due to their fast growth, ease in manipulatiord amell-studied metabolism.
Yeasts are used to assemble large fragments amulothuce proteins that require more
complex folding. By contrast, mammalian cell cultsirare used to produce mammalian
proteins that requires complex post-translationadlifications. For example, if the protein is
glycosylated then it is favored to be producednireakaryotic system. If it possesses disulfide

bonds, then it can be produced in a prokaryotitesygOverton 2014). Thus, the choice of
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the host organism is a key issue to obtain recoambiproteins accurately folded and in high

amount.

Summary:

The enzyme market is projected to grow up to 6.8Bfloto USD by 2022. Various
enzymes are used in different industrial sectong Aigh demand of enzymes encouraged
scientists to use microorganisms due to their gasganipulation and their quick groth.

Attempts were made to enhance protein productioth Quantitatively and qualitatively.
B. subtilis is highly used in the industry because of its salbwn biochemistry anc

physiology. It is a rod-shaped Gram-positive bagterthat lives in the soll, it is non

pathogenic and so it is considered as GRB&gillus has an efficient secretion system.| It
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2 Resource allocation principles

2.1 Introduction to resource allocation principles

Bacterial growth and adaptation to the environnters been intensively studied since
more than 60 years. Theoretical and experimentadsitigations on the relation between the
medium and the growth rate in exponential phasegestavith Jacques Monod in the 1940s
(Monod 1949). During the exponential phase, théscale in steady-state growthe. the
growth rate is constant and all the relative cotregion of enzymes and metabolites are
constant. Monod showed that the growth of the dellexponential growth can vary with
respect to the extracellular substrate concentrgtiigure 2.1], as a Michaelis-Menten like

relation:

S
K+ s

H = Wnax

| stands for the growth rate, s stands for thaenitconcentrationy,,,, is the rate limit for
increasing concentrations of s, akidis the concentration of the nutrient at which tae is

half the maximum.

DVISIONS PER HCUR

MxI0"® GLUCOSE

Figure 2.1 Growth curve dt. coli in synthetic medium as a function of the glucosacentration
(Monod 1949).

The exponential growth varies with the substrateceatration as a Michealis Menten equation, where
the cell is considered as an enyme.

Moreover, the growth rate can vary when differesuitbon sources are present in the
medium. Monod showed that the growth profileeotoli with glucose and sorbitol, consisted
of two consecutive exponential phases, separatedlag phase. The two exponential phases
appeared to have different growth rates. This phmammn was called the diauxic sht.coli
grows by consuming glucose first then it passesutljin a lag phase, as an adaptation phase,

allowing to produce the enzymes needed to metabtiie second carbohydrate, and finally
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continues its growth by consuming the second shgiat a slower growth rate [Figure 2.2].
This mechanism shows that microorganisms have éhdency to equilibrate the use of
metabolites in order to serve the needs and thabukt capabilities. They have regulatory
mechanisms to control the expression of genes ddedgptake and metabolize the available
carbon source. Therefore, the cell economizes Hee af its resources and regulates the

expression of the necessary genes to escape thasixim of its capabilities.

Optical 4
density Consumption of the
(logscale) — | 2" sugar
L h Slower exponential
agphase growth rate
Consumption of
w3 | Glucose
Faster exponential
growth rate
Time

Figure 2.2 Representative graph of the diauxid siiE. coli as documented by Jacques Monod

When E. coli is grown on glucose and a different carbohydratepnsumes glucose first, then it
passes through an adaptation phase to be readynsurme the second sugar, then it resumes its
growth at a slower rate.

2.2 The growth rate impact on gene expression

In response to external influences such as mediamposition or environmental
stress, metabolites are distributed to feed thHeneelds. As a consequence, gene expression is
adapted which leads to an adaptation of the mademular composition. These changes are
reflected by the growth rate of microorganisms. IRagion, transcription and translation are
dependent on the growth rate through the RNA pobhgses, ribosomes amount, and the gene
copy number (Bremer & Dennis 1996). The first fimgs about the cellular macromolecular
compositionin relation to the growth rate date b&6kyears ago (Schaechter & Kjeldgaard,
1958). Schaechter and coworkers showed that atem gemperature the DNA, RNA, protein
amounts and cell size are dependent on the gratehofSalmonella typhimurium. As shown
on Figure 2.3, the cell mass increases with inangagrowth rate. The same increase applies
on the RNA and DNA. However, the relative propars®f these parameters change with the
growth rate, so that they can be described as exp@ah functions of the growth rate.

Moreover, they showed that regardless of the medaiomposition, each medium resulting in
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identical growth rate produces identical physiotadi states; mainly cell size and

composition.

Average cell size (S)

05 10 15 20 25 30
Growth rate (1/hours)

Figure 2.3 Cell mass of Salmonella typhimurium d&sretion of its growth rate

The average cell size indicating the cell mass;emses with increasing growth rate (Schaechter &
Kjeldgaard 1958)

The "Copenhagen school" with Maaloe and Kjeldgaagdve experimental
determination of the biomass compositionErroli. They found that the macro-molecular
composition is dependent on the growth rate. A sratltical interpretation of the empirical
relationships of the Copenhagen was achieved byé&oet al. (Cooper 1968), who derived
an equation to evaluate the amount of DNA per ayeeczell during the exponential phase as a
function of the time required to replicate the chosome, the time between termination of
replication and the next division, and the cult@®ubling time. Later in 1982, a team
progressed on obtaining mathematical equationshimDNA, RNA, and protein amount of
bacteria as a function of growth rate (Churchwarale 1982). Other experimental studies
were achieved to enhance the understanding ofdhea@mposition and its change with the
growth rate by introducing new concepts such asattezage mass per cell (Donachie 1968),
the relation between RNA and protein (Schleif 1967)

These relations between the macromolecular composand growth rate were
revisited by Marr (1991), who built a mechanistiodrl taking into account ribosome
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synthesis, translation, arlde regulation by the alarmone, ppGpp, whilensidering that th
cell density was constafMarr 1991. Using this model, he was able to recover the kn
changes in the abundances of the ribosomal andlott-ribosomal proteins ith respect to the
growth rate. In such a model, the growth rate tedubm a trad-off between the availabilit
of charged tRNAs and the level of protein synthe$ise 'Marr' model already implicitl
contained the underlying mechanisms governing mce allocation that were to be revea
20 years later (see section ,23). Finally, Bremer and Dennis unifi¢lie differentfindings

that were publishenh a review(Bremer & Dennis 1996; Dennis & Bremer 20.

The global effects dependent on the growth and on gene expression were revis
in ( Klumpp S et al. 2009KIlumpp et al. (2009) investigat the dependence of the prott
and mMRNA expression levels of a constitutively @gsed gene on the growth réBy doing
so, Klumpp and coworkergvisiled the work of Bremer & Denn{8remer & Dennis 199\
The gene expression wamdeled usin 6 growth ratedependent parames, the gene copy
number in the cell, the transcription rate per copthe gene, the mRNA degradation rate,
translation rate per mRNA, the protein degradatiate, and the cell volume. The figt
below [Figure 2.4tillustrates the contribution of these parametertheproteir concentration

with respect tdhe growth rat.

growth rate-dependent

— parameters

growth medium gene copy number

: RNA polymerase and
i = . . ribosome content

mRNA lifetime
dilution by growth

C \ cell volume /

5 °r
S 1619 .
=
812 —
&
j 0.8 °®
@D
§0.47 .
o 0 1 | | | |

0 05 1 15 2 25 3

growth rate [dbl/hr]

Current Opinion in Biotechnology

Figure 2.4 The impadf the different parameters on the gene expre

The growth medium impacts the growth rate of th# @ehich in turn influences 6 grow-rate
dependent parameters. The different listed parametere used to model the gene expres<The
protein concatration decreases  with increasing growth rate. emak from
(Klumpp & Hwa 2014).
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The variations of thé parameters with respect to theowth rateare presented in
[Figure 2.5. We can see that with increasing growth ratepfihe transcription rate, the ge
copy number, the protein dilution, and the celume increase, while the mRNA degradat
rate and the translation rate remain consKlumpp et al. (2009) suggested thhe increase
in the dilution rate explains ttdecrease in protein abundaratéigher growth rie. However,
the dependency on thgrowth rate is more complexindeed, Micheali-Menten like
relationships were derived wifree ribosomes [Figure 2.@Borkowski, Goelzer, et al. 201,
and free polymerasegGerosa et al. 201. These model suggests that the drop in pre
concentration at higher growth rate is not only tuan increased dilutiorate but also to a
decrease in translation efficiency because of kesslable free ribosome(Borkowski,
Goelzer, et al. 2016).

Therefore, the effect of the growth rate is plaptc. It has a role not only in tt
macromolecular coposition, but also in the functioning of moleculaachines such ¢
ribosomes, and RNA polymerases. These concepts tivenerevisited within the framewo

of the resource allocation principle since 2!
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Figure 2.5Representation of the growth r-dependent parameters affecting the gene exprt

(A) The transcription rate per gene. (B) The geosade or copy number per cell. (C) The mR
degradation rate. (D) The translation rate per mRi@ecule. (E)The protein dilution rate due
growth. (F) The cell mass that was used to meabereell volume. All the mentioned parameters
presented as a function of growth (Klumpp S et al. 2009).
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Figure 2.6 GFP abundance and translation efficielecyeases with increasing growth rate

(A) The gfp was expressed under different promoters, and thB &bundance corresponding to
protein production was measured at different gronaths. GFP abundance decreases with increasing
growth rate. (B) Translation efficiency for one stmct as a function of the growth rate. The
translation efficiency decreases with the growtke ravhich explains the decrease in the GFP
abundance in A. (Borkowski, Goelzer, et al. 2016).

Summary:

Bacterial growth was first studied by Monod whentheoretically and experimentally
investigated the relation between the medium aedgtiowth rate. He suggested the fifst
growth law which gives the cell's growth rate dgrexponential phase. Then, studies|on
Salmonella typhimurium by Scheachter suggested that the cell size, the RN RNA
contents change proportionally with the growth rasger on, the Copenhagen school gave
experimental determination of the biomass compwsiin E.coli. They found that macrof
molecular components are dependent on the growith Mathematical interpretations
were performed in different studies to find the DNRNA, and protein content as |a
function of growth rate in bacteria during the emenotial phase. All these findings were
revisited with Bremer & Dennis to give detailed Eation of the chemical composition
and its change with the growth rate. Recent modaele built by the late 2000s to interpret
the global effects dependent on the growth ratecanicdividual gene expression.

2.3 Phenomenological resource allocation models
The cell's growth rate results from the tradetofthe cellular resources towards the

metabolic network, the translational apparatus, #redhousekeeping proteins (Scott et al.
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2010). Starting from the substrate uptake, it negpuiransporters to be produced according to
the concentration of the extracellular substrateen depending on the carbon source,
specific metabolic enzymes are required. Molenaat.€2009) built a non-linear constraint-
based model that predicted a shift in the growtitegy depending on the available nutrients
(Molenaar et al. 2009). The cell was considered aslf-replicator made of 3 enzymes, one
ribosome and one structural component in the fortipi membrane [Figure 2.7]. Thus, the
ribosome synthesizes both the ribosome and ther gifweins from a given metabolic
precursor. Hence, Molenaar et al. (2009) explathedexperimentally observed gradual shifts
in growth strategies when growing on low/high stdist concentrations. Experimental
evidence of the gradual shift in the growth strgtegL. lactis is presented in [Figure 2.8].
The tendency to shift from metabolically to catalglly efficient metabolisms with increasing
substrate concentration is the result of optimizimg cellular economy for the growth. The
same behavior of metabolic shift to inefficient aimilism is observed when producing a
recombinant protein irkE. coli. The model can simulate the consequences of raoamtb
protein production when introducing a fixed levélaouseless protein, which has no function
except occupying a volume and a fraction of thesdme's capacity. When Molenaar et al.
(2009) looked at a fixed growth rate and a low sabs concentration where the efficient
metabolism is usually used, the useless proteidymtion resulted in an apparent shift to
inefficient metabolism. Indeed, the recombinant@roproduction takes place at the expense

of other proteins, so it decreased the ribosonagiaaty/availability.

Lipid
biosynthesis pathway

Metabolic
pathway

Figure 2.7 Self-replicator system consisting oh4yemes and a membrane

The ribosome synthesizes the metabolic enzymeslififte biosynthesis enzymes, the transporter
proteins, and itself (Molenaar et al. 2009).
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Figure 2.8Experimental data of shifts in metabolisnL. lactis

L. lactis shifts from the metabolically efficient mix-acid fermentation at low growth rates to lau
acid fermentation at high growth ra(Molenaar et al. 2009)

Another model emerged that coupled gene expressitm growth rate fromthe
perspective of resource allocati(Weile et al. 2015). The model \0feilRe and coworkers is
also a coarsgrained model and integrates 3 tradeoffs that Gamcdnsidered as univers
such that they have been experienced in all limrganisms. The 3 tra-offs are the finite
levels of cellular energy, ribosomes, and proteqosf mass). The model implements 1
tradeoffs by considering two core processes: gexgession and nutrient import a
metabolism. In comparison to the previous modeMalenaar et al. (2009)WeilRe and
coworkers(2015) added the transcription process ate competition of mRNA binding t
free ribosomes. The modeif Weil3e and coworkers (2015) can thuredict the effects ¢
synthetic circuits insertiom host cell. As a test case, they introduced a repressilattine
cellular chassis. The repressilais composed of 3 repressive genegire2.9 A] (Elowitz
& Leibler 2000) The model predicted a sigmoidal decrease in drowith increasing
induction of the genes from the synthetic circuifi.e. the repressilator). At low inductic
levels, the expression of the synthetic circuipieduced at the expense of housekee
proteins and ribosomegVeil3e et al.(2015) stated that the cell can compensate forldiaigd
and the consequent reduction cnergy levels through transcriptional regulation
repartitioning of the proteome. However, at a gg@ninduction, the competition of t
MRNAs of the synthetic circuit fcfree ribosomes fully inhibits the production of the h
enzymes needed for nignt transport and metabolism. Consequently, tlvee@dse in the ho
proteins leads to a drop in the growth riFigure 2.9 B].
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Figure 2.9 Interactions between a synthetic ciraod a host cell

(A) A representation of the interaction betweendghgironment, the host cell, and the syntheticuitrc
represented by a repressilator. (B) The growth eatd the resources decrease with increasing
inductions of the synthetic circuit.

A second coarse-grained model was proposed, widctbased on proteome
partitioning into growth rate-independent fractithrat includes housekeeping proteins (Q-
class), and a growth rate-dependent fraction thetdes the translation apparatus, such as
ribosomal and other translation proteins (R-claasy, metabolic proteins such as transporters,
catabolic, and anabolic enzymes, (P-class) (Statt 2010a). Depending on the growth rate,
the allocation of the fractions changes, so thah# fraction is increased, it is at the expense
of the other fraction. An efficient resource allboa requires that the abundance of P- and R-
classes are adjusted so that the rate of nutnéiokiprovided by P matches the rate of protein
synthesis achievable by R. In addition, this maal&wed to predict the allocation of the
fractions when a recombinant protein was considgfeplire 2.10]. The effect of unnecessary
protein production decreased the fraction allocédedards the P- and R- sectors leading to a
decrease in the growth rate. Later on, the samapgeatended the model by adding another
fraction. They split the ribosomal proteins sectdo ribosomal fraction and a fraction of T
proteins, which is related to the growth rate-deleen translation speed [Figure 2.11]. Both
fractions increased and decreased together. Thiease in the translational speed added a
cost on the cell to produce more proteins. fRNA synthetases and elongation factors).
Therefore, Scott and coworkers revealed that thecation of the proteome fraction as a
function of the growth rate and the medium maingpehds on a constraint related to the
ribosome in determining the cell physiology.

The above-mentioned models illustrate the resoaltoeation principle by constraints

imposed on the finite proteome. The models showterent aspects of resource allocation
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and firmly helped to conclude that resource allocato different cell processes is the
cornerstone of the limitation of the growth rateo@&zer & Fromion 2011). Protein and
ribosome synthesis, translation capacity, and keellenergy were the main constraints
imposed on the cell to manage the resource almtgiolenaar et al. 2009; WeilRe et al.
2015; Scott et al. 2010). However, these modelsamad at a macro-molecular scale.

Therefore, novel models were later proposed tostigate resource allocation genome-wide.

l: Unnecessary expression

Growth rate ‘

Figure 2.10 The effect of unnecessary protein éencll

The proteome is divided between the housekeepinteips (Q), ribosomal proteins (R), other

proteins (P), and unnecessary protein (U). Whenutimeecessary protein takes a big part of the
proteome, it decreases the resource allocationrtssmhie ribosomal proteins leading to growth rate
decrease. (Scott et al. 2010)
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Figure 2.11 Proteome partitioning models with thaiad four fractions

(A) three fractions of the proteome presented icofSet al. 2010), it consists of the growth rate-
independent Q fraction including the housekeepiuggins, the two growth rate-dependent R fraction
including the ribosomal and translational protears] P fraction including the metabolic proteingeT
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R fraction has a positive correlation with the gtiowate and with translational inhibition. (B) four
fractions of the proteome presented in (Scott.€2@l4), it splits the R-fraction into ribosomabf®in
fraction Rb and translation speed-affiliated pnageT.

Summary:

We presented here three phenomenological moddisnitlade the principle of resource
allocation between a few cell functions. The sefflicator model by Molenaar and co-
workers is the simplest one, considering that #eaontains one enzyme (the ribosomeg),
that is responsible for synthesizing itself and thié other enzymes (metabolic and
transporters). The model predicted a gradual ghigrowth as the medium changes fram
low to high substrate concentration. The same kinbehavior is observed with a useless

protein. This shift is the result of optimizing tbellular economy for the growth rate. Then,

11

WeilRe and co-workers came with a more detailed maoagleere they introduced th
parameters of transcription. They considered 3ulzlltraeoffs: finite levels cellular
energy, finite levels of ribosomes, and finite llevef proteome (cell mass). They
implemented them into two core proteins: the geq@ession and the nutrient uptake and
metabolism. They suggested that adding a syntheintigit in the cell results in a decrease
in the growth rate because of the competition efrtftRNAs for the ribosomes. Lastly, the
third model for Scott and coworkers, is similampartitioning the proteome into 3 sectors:
the growth rate independent sector contains thedi@eping proteins (Q), and the grovath
rate dependent proteins containing the ribosomatieprs (R) and the metabolic proteins
(P). They suggested that the useless protein lEadsdecrease in the R- and P- sectors
which results in a growth rate decrease.

2.4 Genome-wide scale resource allocation models

In parallel to phenomenological macro-moleculadeis, emerged more sophisticated
genome-scale models, through the introduction the®s models of a larger set of cellular
entities such as mRNAs, tRNAs, ribosome amountpetanes, metabolic fluxesic. The
basics of the genome-scale models refers to thel@lance analysis model (FBA), where
they introduced the constraints on the metabolixef through the mass conservation at
steady-state (Orth et al. 2010; Varma & Palsson4)L98ctually, the rate of change of
metabolite concentrations in the metabolic netwsdiven by

34



CHAPTER 2. Resource Allocation Princi

dx(t)
7 = Sv(t)

wherex(t) represents the vector of simof metabolite concentrations, av(t) is the vector
of metabolic fluxesof size n associated to the biochemical reactions that coasand
produce metabolitess is the stoichiometry matr of sizem x n, in which each coefficier
(sij) give the stoichiometry of theth metabolite in the fh reaction. At steacstate, the
metabolite concentrations and the fluxes are catstahich leads to a set of equalit
Sv = 0. In addition, FBA, and more generally, constrebased models enable to

inequality constraints on some fluxes. Typicallgequality constraints impose the flt
distribution boundaries on the network ba; < v; < B;) which define solution in a
allowable space. In practice, they are also usedddel thermodynamic constraints, wh
the flux is nonnegative oirreversible reactions ; > 0), and be positive or negative 1

reversible reactions.

Finally, FBA predicts the optimal metabolic fluxstlibution that maximizes «
minimizes a given criterion, such as maximizing trewth rate at steady state. This
modelled by the gbctive function Z = C'v, whereC is the vector that represents how mi

each reaction contributes to the objective funcfFigure 2.12 Finally, the FBA problenis:

maximizes CTv
v ER" Sv=0
a; < v; < B

Constraints Oetimization A<«> B+C Reaction i
1)8v=0 maximize 2 = ] 3 i
2) @< v b, —— o~ E gy, 3D B+2C—D Reaction 2
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Figure 2.12The representation of the basis of FBA mc
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(A) The constraints imposed on the systemdoy< v; < B;) which define solution in an allowable

space. An objective function Z is set to be maxadizhrough optimizing the metabolic flux

distribution. (B) the stoichometric matrix (S) otze (m x n) representing the metabolites (m) amd th
reactions (n) multiplied by all the fluxes (Orthatt 2010)

FBA models succeeded in predicting fluxes witla metabolic network and also the
growth rate for cells grown on different growth meedr using different carbon sources, or
even when increasing the flux towards the prodactiba metabolite of interest. However,
FBA does not take into account the cost of thegingt produced by the cells, knowing that
the protein production cost is the most importardt according to the resource allocation
principle. In addition, FBA does not consider amystraint of space inside the cell (cytosolic
cell volume/size), which is not reasonable as theymes that catalyze the metabolic
reactions also compete for the cytoplasmic spaeg (& al. 2007; Vazquez et al. 2008).
Based on this idea the authors of (Beg et al. 2@@pyoved the FBA method by adding a

constraint on the limited cytosolic space allocdtethe enzymes.

Since 2009, the Resource Balance Analysis (RBAn&work has emerged as an
extension of FBA to introduce and formalize morensteaints at the genome-scale level
between the cellular processesBirsubtilis. The RBA method mathematically formalizes the
interactions and allocation of resources betweenctilular processes (Goelzer et al. 2011;
Goelzer & Fromion 2011; Goelzer et al. 2015; Goel& Fromion 2009). All these
relationships take the form of linear growth-raependent equalities and inequalities, for
cells growing in exponential phase at a rate J,

0] the metabolic network has to produce all metabpliecursors necessary for
biomass production;

(I the capacity of all molecular machines such aseesyand transporters for the
metabolic network, ribosomes and chaperones forenamecular processes must
be sufficient to ensure their functione. to catalyze chemical conversions at a
sufficient rate;

(1) the intracellular density of compartments and tbeupancy of membranes are
limited

(IV)  mass conservation is satisfied for all moleculesyp
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Figure 2.13A scheme of the cell showing the conggamposed by RBA model (Goelzer et al. 2011)

The metabolic constraint where the metabolic ndtwas to produce all the precursors for different

cell processes such as transcription, translation, membrane and cell wall assembly. The cell

processes require molecular machinery, energy amdbulites which are considered as cell resources.
The constraint of these resources is that they tavee available to ensure the proper cellular

functions for cell growth. The molecular machinesl dhe metabolic resources occupy a cytosolic
space of limited cell density, thus forming the signconstraint.

Taken together, the equalities and inequalitiggegeat a given rate p, a feasibility
linear programming (LP) problem that can be effitie solved. Actually, the equalities and
inequalities define the set of all possible phepesy of the cell at given growth rate.
Parsimonious resource allocation between cellutacgsses is modeled mathematically by
optimizing the maximal cell growth, and computeddmyving a series of such LP feasibility
problems for different growth rate values (Goeleeral. 2011; Goelzer & Fromion 2011;
Goelzer et al. 2015). For a given medium, solvindRBA optimization problem predicts the
maximal possible growth rate, the correspondingtrea fluxes (including the substrate up-
take and by-product secretion rates) and the almoedaof molecular machines. However,
other criteria could be maximized, such as the makisecretion rate of a heterologous

protein at given growth rate (see section 2.6.1).

The cell is in this case considered as a wholeraohnected system made of
"subsystem” (Goelzer et al. 2011), where each stiésyhas a function that contributes to the
different cell tasks, and at the same time it neitates different form of resources to fulfill
this job for achieving a maximum growth rate. Tleewmacy of RBA predictions requires an
accurate estimation of the protein abundance ircéltieand the protein efficiency such as the

catalytic activity of each enzyme, or translatiates. To do so, the growth rate and protein
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costs were measured different growth medi The catalytic activitywas considered for
enzymesas the apparent catalytic reke that is calculated from the fluv; and the enzyme

abundancé; by the equatiollv;| = kg, E;. Considering the absolute protein abundance

the metabolic fluxes through the substrate uptala secretion rates the apparent cata
rate can be estimated [Figu2d 5]. Using the estimated parameters, RBA pitions were of

high accuracy when compared to experimental measmes Figure 2.14.

In complement with RBA, there exist two other coast-based modeling metho
that integrated the notion of resource allocatiGAFBA (Mori et al. 201€ and ME-Model
(O’Brien et al. 2013)In CAFBA, the authors introduced global constigsion the fluxes the
encode for relative adjustment of proteome secbrdifferent growth rate ck. coli. The
proteome was partitioned based on the previous grhenological modely(Scott et al.
2010a), but dividing the Bector into biosynthetic enzymes-sector) and proteins devoted
carbon intake and transport -sector). By adding these constraints, they forredlithe
interplay between gmwth and the expression of genes related to thaboksm in order t
make quantitative predictions. Therefore, CAFBAaiggenom-scale metabolic model th

embed metabolic pathways and an aggregated comgaeiion for biomass composit.
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Figure 2.14RBA predictions versus experimenteeasurements in different me

(A) Predicted protein costy RBA agrees with the experimentally measupedtein costfor cellular
processesn different growth media (CHG, CH, TS, S, PYR) gang from very rich to very poc
medium respectively. (BExperimentally reasured growth rate agreas well with the predicted
growth rate (H).

The ME-mode[(O’Brien et al. 201 is a metabolic and gene expression ger-scale
model, which aims at computinge optimal cellular state for growth in a given sly-state
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environment. At a given nutrient composition, thedal predicts the cell's maximum growth
rate, the substrate uptake and by-product secredi@s, metabolic fluxes, and gene product
expression levels. The constraints imposed by tloeleinare mainly at the level of the
proteome and at the uptake of nutrients. The ME eh@dedicts the proteome segments
allocation and regulation in response to differeatbon sources to provide the optimal

growth rate (Brien et al. 2016).

The models presented in this chapter led to eebeittderstanding of the resource
allocation principle in microorganisms. All of threodels agreed on the principle and the
outcome, but they differed in their complexity. Frahe FBA, the simplest model, to RBA
the most complex model, the framework is progressinunderstand resource allocation in

microorganisms and to give better predictions fetabolic engineering and synthetic biology

applications.
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Figure 2.15 Summary of the dataset for RBA calibratind validation in each condition: growth rate,
number of measured proteins and their allocatiorfrfiction of total measured protein cost) between
the main cellular functions and uptake and excnetédes of nutrients

The protein cost of one biological process is deieed as the sum of the costs of each individual
proteins involved in that process (e.g. numberrofen copies per cell multiplied by mass (Da))r Fo
flux panel, the thickness of arrows is proportiottathe absolute flux value. Abbreviations are PPP
Pentose Phosphate Pathway, TCA Tricarboxylic agalec EMP Embden—Meyerhof pathway, PYR
pyruvate, ACT acetate, AKG 2-oxoglutarate, MAL Mala OAA oxaloacetate, PEP
phosphoenolpyruvate, G6P glucose-6-phosphate, Gl€dse, ACCOA acetyl-coA, GLT glutamate,
ASN asparagine, SER serine, ILV isoleucine, valieacine, PHE phenylalanine, TYR tyrosine, HIS
histidine, PRO proline, ARG arginine (Goelzer et2415).
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Summary

Genome-wide resource allocation models emerged fsmwious coarse-grain models.
By introducing more cellular entities, the modelsogressed to give a better
understanding of the resource allocation. StaiyndBA, the basic model that provided
a stoichiometry matrix of reactions and introducedstraints on the metabolic fluxes |at

steady state by the mass conservation. The FBAkdrelkvwas that it does not take into

154

account neither the cost of the proteins, nor thmicupied intracellular space.
Improvements were provided by adding the conssaant the cell density and on the
proteome. Then, in 2009, RBA model f& subtilis emerged providing a detailed
refinement of the cell by imposing constraints drcell processes. It predicts for a given
medium, the maximal possible growth rate, the cpweding reaction fluxes, the
molecular machines abundances. In complement wiiA,Remerged two constraint
based models: CAFBA model and ME-model. CAFBA idtroed global constraints on

the fluxes that encodes for relative adjustmerroteome at different growth rat€he

ME-model is a metabolic and gene expression gersmal model and aims Jlt

ey
predict the allocation of the proteome sectors witferent carbon sources for an optimal

computing the optimal cellular state for growthaigiven steady state environment. T

growth rate. They impose the constraints mainlyhat metabolic fluxes, the substrate
uptake and the proteome.

2.5 What are the molecular mechanisms that drive resowe allocation?

The configuration of the cell, or in other word® tphenotype of the cell is obtained
through the metabolic and genetic regulatory neétw®he initial point in the cell system is its
response to the environment such as the nutrighés,aeration, and the physiological
parameters. These conditions positively or negitivdluence signal transduction pathways,
which results in transcriptional activation or ibtion of genes whose products are metabolic
proteins or quality control proteins and othersefall, the result is an interrelated system
driving the resource allocation to respond to wisaheeded, so that the system does not
exhaust. In the following subsections, we briefgview the main molecular regulatory
mechanisms that control the gene expression ofmtia cellular processes that are relevant
for this Ph.D.
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2.5.1 Metabolic pathways regulation

In response to environmental changes, global genegulations link the metabolic
network with the genetic network (Janga et al. 20B6elzer et al. 2008; Buescher et al.
2012). This occurs through the metabolites poolictvitirculates through the biochemical
reactions forming the metabolic network, such @&sdéntral carbon metabolism, aerobic and
anaerobic respiration, fermentation, amino acidsileotides, and fatty acids metabolism.
Genetic regulations sense the level of metabalitesr effectors), and then turn on/off genes
whose products form part of the metabolic netwéilgure 2.16 illustrates the most common
regulation of anabolic synthesis pathway. A traipsiom factor (TFE) senses the level of the
last metabolite of the pathway, and adjusts theellesf the enzymes of the pathway
accordingly. The (Th can further be regulated by global genetic reiguia such as (T in
response to environmental/physiological conditichgeconstruction of the link between the
metabolic and the genetic regulatory networkBosubtilis (Goelzer et al. 2008), artél coli
(Janga et al. 2006) have been reported.

When growing on a complex medium composed of s¢w&rbon sources, bacteria
tend to select a preferred one, such as glucosk repress the uptake of the other ones
(Monod 1949). This phenomenon is called the caitbakpression, and the molecular
mechanisms driving the catabolic repression aled#he carbon catabolite repression (CCR)
system (Stulke & Hillen 1999). IB. coli, the phosphotransferase system (PTS) is respensibl
for the transport and phosphorylation of carbohtefralf we take the example of thac
operon (contains genes responsible for the lactaetabolism), in the absence of glucose, the
glucose-specific permease (Efi) stimulates adenylate cyclase which in turn maslahe
concentration of cAMP (cyclic adenosine monophosphacAMP interacts with CAP
(catabolite activator protein) to bind to the DNAdaallow the transcription of tHac operon.
However, the presence of glucose leads to lowecartnation of CAMP. As a result, lactose
permease is inhibited, so that tlae operon transcription is repressed (Bru & Titgenmeye
2002; Siegal 2015). 1. subtilis, the CCR system involves the catabolite controttgin
CcpA which binds DNA to the CRE operator (cataloliesponsive element) (Warner &
Lolkema 2003; Fujita 2009). The regulation is cariout through an HPr Kinase that
phosphorylates the HPr and/or Crh at a serineuedial produce P-Ser-HPr and/or P-Ser-Crh.
The P-Ser-HPr and/or P-Ser-Crh form a complex WitpA, which allows CcpA to bind to
CRE binding site (Deutscher et al. 1994; Galinteale1999). The P-Ser-HPr is able to stop

the induction of catabolic genes and operons bysphorylating inducer enzymes,
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transcriptional activators, or anti-terminatorsu{&¢ & Arnaud 1998; Stilke & Hillen 1999;
Bru & Titgemeyer 2002).

Moreover, mechanisms of gene regulation occurswthe bacteria choose to switch
to nitrate respiration or fermentation in the alugeaf oxygen. There are signal transduction
pathways that positively regulate the transcriptbthe genes whose products play a role in
nitrate respiration. For instance, ResD and Resk moteins required for aerobic and
anaerobic respiration. When ResD is phosphorylétedhe ResE kinase, it turns on the
transcription of thénr gene. Then, FNR activates the regulatory pathwayhe anaerobic
respiration by up-regulating the transcription lné bperomarGHJI. This later codes for the

nitrite reductase required for nitrate respirafinn et al. 1996).

These examples illustrate how regulatory pathwistermined by growth conditions
influence gene expression to fulfill the cellulaguirements without wasting energy and

resources for unnecessary products.

Physiological conditions

Glebal regulation

\@ Local regulation
V1
—»| E1 X2 E2 XBl""""——b

Module

Figure 2.16 Global and local regulations of a melialpathway

Yellow boxes represent metabolite pools, pink baxegsesent the enzymes, the transcription factors
(TF) are on or off, meaning that it is able to bindDNA or not. The local transcription factor (T)H2
sensitive to an intermediate metabolite (Xn), amdlutates the synthesis of enzyme(s) involved in the
pathway. The global regulator TF1, sensitive totheo signal, can modulate (i) the synthesis of
intermediate enzymes; (ii) the synthesis of thallt@nscription factor TF2, or (iii) both.
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2.5.2 ppGpp stringent response

When the cell faces nutrient deprivation, bactedgust gene expression to maintain
growth and enhance survival. The adaptation toitmaral stress is mediated by the
accumulation of the alarmone guanosine 5', 3' biplyosphate and pentaphosphate (ppGpp
and pppGpp respectively, which will be collectivegferred to (p)ppGpp). This phenomenon
is called the stringent response. The accumulatidp)ppGpp influences the cell physiology
through regulating transcription and metabolisnfaweor cell adaptation. A drop occurs in
protein synthesis, DNA replication, cell wall andid synthesis. However, transcription for
stress response, amino acid biosynthesis, andhatl favor cell survival are activated
(Potrykus & Cashel 2008; Liu et al. 2015).

In Bacillus subtilis and other Gram positive bacteria, (p)ppGpp is ®sited by the
RelA enzyme and two small alarmone synthetases \$&a8ed YjbM (RelP) and YwaC
(RelQ) (Nanamiya et al. 2008; Atkinson et al. 20H8IA has a (p)ppGpp-synthetase domain
and a hydrolase domain (Wendrich & Marahiel 1997 senses the deprivation of amino
acids by the presence of uncharged tRNAs in th@eAas ribosomes (Wendrich et al. 2002)
[Figure 2.17]. Then, (p)ppGpp regulates transaiptiof rRNA to decrease ribosomes
synthesis. This regulation does not occur by dirgetraction with the RNA polymerase as in
E. coli, but through a drop in the concentration in GTiRcesi(p)ppGpp synthesis of GTP
(Kriel et al. 2012). As a consequence, the ratioGlP/ATP decreases. This decrease
modulates the expression of genes controlled bynpters sensitive to the concentration of
the initiating nucleotide (Gourse & Krasny 2004).h&v the (p)ppGpp concentration is
increasing, the genes beginning with a 'G' suciR&EA are down-regulated, while the genes
beginning by an 'A" are up-regulated (Gourse & Kya2004). The drop in GTP levels occurs
not only during amino acid starvation but also dgrfatty acid starvation (Pulschen et al.
2017). Moreover, low levels of GTP leads to theeask of the repressor CodY, a GTP-
binding protein (Handke et al. 2008). CodY regudasbout 200 genes, involved in the
adaptation of bacteria to poor media. During exptiaephase, CodY is an active repressor
(Slack et al. 1993; Stack et al. 1995). It losesaittivity, when the cell enters the stationary
phase so that all the genes required for adaptadiomitrient limitation are expressed. When
GTP level decreases, it results in the upregulatibthe CodY-targeted genes which are
involved in cell survival during stationary phasels as amino acid biosynthesis, extracellular
proteases production, nutrient transport, spodaticompetence, enzyme secretion, and
antibiotic production (Geiger & Wolz 2014; Potryk@sCashel 2008; Barbieri et al. 2015;
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Molle et al. 2003). Conversely, when the level ofiro acids becomes high, (p)ppGpp is
degraded by a hydrolase SpoT Encoli) and RelA (inB. subtilis). As a result, the RNAP
then transcribes the genes necessary for baogeoath (Potrykus & Cashel 2008; Dalebroux
& Swanson 2012).

The stringent response was mostly studied durirtigamt starvation, as an adaptive
mechanism to face nutrient exhaustion. However,pitegluction of (p)ppGpp occurs in all
physiological conditions. Actually, the stringemtsponse is the main molecular mechanism
that adjusts the ribosome activity to the metabaktwork (Kriel et al. 2012; Kriel et al.
2014). Therefore, it is one of the main moleculaechanisms that coordinate resource

allocation between the cell processes.

GTP level
decreases
GTP / \
i (p)ppGpp + AMP Stringent
FrA | ffeR b [ A response
@ 1. LIJ Ll'.' ux W@ C
i vl 7—’ T‘
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replication Y biosynthesis
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Figure 2.17 The mechanism of (p)ppGpp stringemaoese

(&) Amino acid starvation generates large poolsiratharged tRNAs. (b) RelA detects a blocked

ribosome with uncharged tRNA in the A site (c) Reh&diates the conversion of GTP to (p)ppGpp in

the presence of the uncharged tRNA at the A gileREIA continues to the next blocked ribosome,

and the synthesis of (p)ppGpp is repeated. When Ievd? decreases, it turns on stringent response.
The DNA replication, rRNA synthesis and fatty atidsynthesis decrease, the CodY repressor is
released so it leads to the up regulation of amaicid biosynthesis, nutrient transport, sporulation,

competence, and extracellular proteases. Adapbed fvwendrich et al. 2002)

2.5.3 The CtsR heat shock response
The third example of molecular mechanisms is #wulation of the quality control

system in response to stressful conditions. Th& @¢pressor iB. subtilis and other Gram
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positive bacteria, controls the expression of gemeslved in the heat shock stress (Kruger et
al. 1994). CtsR_(fass_hree_sress_epressor) acts on the genes coding for class &l $leock
proteins which are thepC, clpE,andclpP operons (Kruger et al. 1996; Kruger et al. 1997).
The ctsR gene forms the first gene in tiogpC tetracistronic operon. It is regulated by the
sigma factow®(Kruger et al. 1996). Moreover, it is modulatedtivp proteins, the MscA and
McsB (nodulator of @sR repressor) [Figure 2.18]. At low temperature, RCtepresses
expression of genes encoding the proteases invaitvéte heat shock responspC, clpE
andclpP. However, upon a temperature upshift, CtsR isagad from the DNA binding site.
Then, McsB inactivates CtsR by phosphorylation ulyio its kinase activity. Finally, the
inactive CtsR is degraded by CIpCP (Kruger et @1) and CIpXP (Derre et al. 2000).Hn
coli, a similar mechanism occurs but with the alternasigena factos>%. Upon a temperature
rise,s>2 is kept at high concentration to regulate posigitiee clp genes. In normal states”

is negatively modulated by the DnaK chaperone angeted for degradation by the FtsH

protease (Tomoyasu et al. 2000).

The regulation network of gene expression in respdo the environment is highly tuned.
Proteases are modulated in the cell when requoegkt rid of the misfolded proteins upon
stressful conditions. Therefore, we can emphagiaemaon the cell ability to tune the resource
distribution to what is crucial and important taoromize protein production and maximize

growth rate.
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Figure 2.18 Heat shock responsdirsubtilis

McsA and McsB are adaptor proteins for ClpC, arelytmodulate CtsR. During heat shock ClpC
releases McsA and McsB to degrade misfolded pretdiltsA stimulates the kinase activity of McsB.
McsB-P interacts with CtsR leading to its degramatby ClpCP. Through unknown signal, YwIE
dephosphorylates McsB to deactivate its actiontté3t et al. 2017)
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Summary:

The phenotype of the cell is obtained through thetafmolic and genetic regulatory
network. These molecular mechanisms drive resoaitoeation in the cell in response to
environmental conditions. The first example is seéection of a preferred sugar from the
medium. In the presence of more than one carborcsprtegulatory pathways take place
to produce the required proteins for the sugar kgptand metabolism. The carbon
catabolite repression system (CCR) represses ttakei@and the utilization of a second
available sugar. Second, molecular mechanisms piédee when bacteria switch from
respiration to fermentation. Third, the stringeasponse is an adaptive mechanism to
protect bacteria from nutrient starvation. Transton and translation are regulated |in
response to the metabolic network through varicatbvways. Lastly, the CtsR response
regulates the transcription of proteases. Theynavdulated in the cell when required to
get rid of the misfolded proteins upon stressfuhdibons. Therefore, several different
molecular mechanismsdrive the cell to tune theuwesodistribution to what is crucial and

important to economize protein production and maazéngrowth rate.

2.6 Bottlenecks of protein production in Bacteria

2.6.1 Effect on the growth rate

The tradeoff in resource allocation to the celbgasses is of high importance to
maintain normal cell growth. However, the attemjptsengineering strains to overexpress
recombinant proteins cause a disruption in théscghysiological state. The over-production
of a gratuitous protein is not contributing to tbell's growth; in contrast, it occupies an
intracellular space and takes resources at thenegpef the proteins needed for growth.
Consequently, it leads to a burden on the cell Bnd growth rate decrease that was
experimentally proved. Mathematical models (as ehmesented in the former chapters) are
capable to predict the consequence of the resauergagement at a given condition. For
example, RBA can predict the secretion rate of\@rexpressed protein to be decreased with
increasing growth rate. In [Figure 2.19], RBA wasdated to compute the secretion rate of
the AmyE amylase iB. subtilis while including and neglecting the activity of gesones.
What is obvious is that the secretion decreasesvimduding the cost of the chaperones.
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Therefore, this illustrates the ability of the &aim to tune its resources for achieving a

balanced distribution that serves all the necedsegtions.

Predicted AmyE excretion flux
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Figure 2.19 RBA simulation to predict the AmyE exttwn flux when including and neglecting the
chaperon cost.

When neglecting the chaperon cost, the AmyE flupresdicted to be higher than that when including
the chaperon cost.

From an experimental point of view, the attemptstudying the cell physiology in response
to high protein production go back to many yearstatlies (Bertrand & Lenski 1989; Dong
et al. 1995). Dong et al. showed growth inhibitiwhen 30% of normal proteins iB. coli
were replaced by a gratuitous protein [Figure 2.@B)ng et al. 1995). More recently, the
effect was shown on baking yeast by integrating@tles of thegfp andmCherry genes into
the chromosome (Kafri, Metzl-Raz, et al. 2016). leger, inB. subtilis the effect of protein
overproduction was not shown yet, as researchethisncommunity focused more on the

secretion bottlenecks.
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Figure 2.20 Gratuitous protein effect shownEooli
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The growth rate reduction . coli when the amount of LacZ protein expression rea@®8d (Dong
et al. 1995).

2.6.2 Effect on the protein folding

Overexpression of a heterologous protein is ofecompanied by the formation of
protein aggregates. This means that the producetiprbecomes insoluble and loses its
function, so it forms what is called inclusion besliGeorgiou & Valax 1996). IB. coli for
example, inclusion bodies are formed in the cytodok to changes in the original
environment of the produced protein such as pH,otesity, cofactors, and improper folding
(Carrio & Villaverde 2002; Hartley & Kane 1986). &lsame challenge is facedBnsubtilis
due to a limited amount in chaperones (Wu et &88)9so that Wu et al. (1998) worked on
increasing the production of chaperones to avoidtepmn aggregates. The chaperones
overproduction resulted in less protein aggregates higher protein secretion. In general,
eukaryotic or mammalian proteins need post-traiesiat modifications that can not be
performed in bacteria (Villaverde & Carrio 2003)erte, the absence of post-translational
modifications leads as well to misfolded and aggted proteins, which consequently
upregulates the stress-related cell responses.

2.6.3 Effect on the cell size

The effect of gratuitous protein does not only egrpon the growth rate, but also on
the cell size as well. The limitation of resouraesaccompanied by the limitation of
intracellular cell density. This later is known lte constant irkE. coli andB. subtilis (Marr
1991; Vazquez et al. 2008; Goelzer et al. 2011;itsabek 1984; Kubitschek et al. 1983). It
is the relation between the mass and the volumeshem the macromolecular mass increases
the volume increases as well to keep a constardceitular density to allow the stable
diffusion of the cellular components within thea@swl. The relation between the cell size and
protein production was observed Bncoli (Basan et al. 2015) and & cerevisiae (Kafri,
Metzl-Raz, et al. 2016). However, they did not daestmate an experimental explanation for
the reason behind the cell size increasé&. leoli, Basan et al. (2015) correlated the change in
size with the growth rate when overproducing Latée authors also characterized the dry
cell mass and the change in the macromolecular oconengs of the cell with the growth rate.
Then, they built the threshold initiation model &dn the idea that the amount of proteins
required for cell division (X-fraction) has to réaa fixed threshold for the cell division to
occur. Thus, the production of an additional profgiacZ) results in a decrease in the X- and
G- protein fractions. Consequently, the cell hasdhance to grow longer until the X-fraction
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reaches the required threshold [Figure 2.21]. énlthdding yeast, Kafri et al (2016) observed
an increase of 40% in cell size when they addeddiies ofmCherry in the genome. Kafri
and coworkers explained that the increase in volismm®nsistent with the estimated fraction

of added proteins, and so the increase in sizéribwted to the extra proteins produced.

LacZ,,,

cell size

Division
threshold

Py

X: Division proteins
G: Growth rate dependent proteins
Q: Growth rate independent proteins

Figure 2.21 Scheme of the cell's response to higtein production

The threshold initiation model of cell size contpotoposed by (Basan et al. 2015). Q is the
housekeeping proteins, G is the protein fracticat th growth rate dependent, and X is the protein
fraction responsible for cell division. When LacZaverproduced, it decreases the fractions ofé¢he c
division proteins (X), thus the cell size keepsgoowing until X reaches the quantity required fell
division.

Cell division is mediated by the polymerizationtbé FtsZ ring at the midcell (Bi &
Lutkenhaus 1991). FtsZ requires GTPase activityisratcompanied by regulatory proteins,
which help the ring assembly in a controlled manReasitive regulators aid in the assembly
and stabilization of the FtsZ ring such as ZapMirsubtilis andE. coli, and ZipA inE. coli.
However, negative regulators prevent the ring abbenm wrong sites and maintain the
dynamic assembly in the midcell such as EzrB.igubtilis and the Min system iB. subtilis
andE. coli (Anderson et al. 2004; Levin PA et al. 1999; Hu&®urand-heredia 2013)n
addition, cellular levels of FtsZ were found to @mconstant during the whole cell cycle in
both B. subtilis and E. coli and were growth-rate independent, but the frequesfcthe
assembly dynamics changed with the growth rate i Durand-heredia 2013; Weart &
Levin 2003). Thus, it is not the FtsZ concentratibat determines the polymerization of the

ring, but it is rather cell cycle signals, whicldutes the ring formation, or released inhibitors
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from FtsZ. For instance, down below are two molacahechanisms presented that drive the
cell division control, the response to the glucasailability in the medium, and the response
to nutrient availability through the ppGpp stringezgulator.

The presence of UDP-glucose in the medium plagaeain cell division and thus in
the determination of cell size. UDP-glucose is datelic product generated from glucose-6-
phosphate in the glycolysis. It is the substratetéolic signal) of glycosyltransferase UgtP
in B. subtilis and OpgH inE. coli. Binding to their substrate, they interact witlsZFtthus
inhibiting the formation of FtsZ ring and result @ongated cells. However, in the lack of
UDP-glucose (nutrient poor medium), the UgtP forchssters away from the division ring
formation so FtsZ is activated. Therefore, the dalides at smaller size. Levin et al. (2016)
suggested that the cell size is coordinated wighgtowth rate through nutrient dependent
changes (Levin et al. 2016; Weart et al. 2007)yFeg2.22].

The mediators to the stringent response that as(fppGpp accumulation at low
growth rate lead to the decrease in GTP levelschvin turn inhibits the transcription from
rRNA promoters (Gourse & Kra 2004). A (p)ppGpp ease leads to the decrease of lipid
synthesis by the inhibition of fabHDG coli, and the ppGpp role here is to control the lipid
synthesis in relation to the cytoplasmic metabstate in response to nutritional availability

to maintain the cell envelope integrity (Vadia et2818).
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Figure 2.22 UDP-glc availability affects the loealiion of the cell division inhibitors

In nutrient poor medium when UDP-glc is at low lexke enzymes UgtP (&. subtilis) is distributed
in the cytoplasm at low concentrations, and the KDfaf E. coli) is distributed at the cell periphery,
allowing FtsZ ring formation and cell division. utrient rich medium, when UDP-glc is at high
amounts, the enzymes concentrate at the mid ofdgténhibiting the FtsZ ring formation. (Levin et
al. 2016)

2.7 Explanations around the gratuitous protein effect

The cost of recombinant protein production is istealy studied in microorganisms. There
are many challenges and bottlenecks that were slamdnthe investigations to find out the
explanations of these bottlenecks were presentetifferent studies. The main and general
description of the cost of high protein productisna result of the competition on the
resources between the essential proteins and tkkesss over-expressed protein. The
regulation of gene expression in bacteria shows raroorganisms tend to optimize the
expression in response to the environment and tieeids. Right now, the focus will be on the
main assumptions that were given on the limitati@asising the consequences of the

gratuitous protein production.

2.7.1 Ribosomes constraint
Ribosomes directly affect protein synthesis soy/thee considered as indispensable
resources for the cell. The regulation of theirtbgsis in response to the growth conditions is

a part of the mechanisms that economize the respuRhenomenological models suggested

51



CHAPTER 2. Resource Allocation Principle

that the over-produced protein leads to decreamezld of ribosomal protein fractions and of
the growth rate-dependent protein fractions (Weifid. 2015; Scott et al. 2010).

2.7.2 RNA Polymerase constraint

Ribosomes and RNA polymerase are crucial for geq@ession. In addition, their
activity and amount are growth rate-dependent. dfbee, it was suggested that the limitation
in RNA polymerase forms a limitation when over-pmoohg a gratuitous protein. When
heterologous genes are added in multicopy plasrmoidén multiple integrations in the
chromosomes, a competition of RNA polymerases aGcclis a result, it happens to be a

limiting resource (Gyorgy et al. 2015).

2.7.3 Translation and transcription processes

Some studies considered that the protein burdeaused by the process of producing
it. Transcription of the heterologous gene resultsucleotides and RNA polymerase wasting.
On the other hand, translation limitsee ribosomes, tRNAs, and wastes amino acids to
produce a useless protein. Therefore, the prodegsoduction by itself is more costly than
the product (Stoebel et al. 2008). Each of thesegases may become a limitation depending
on the growth conditions (Kafri, Metzl-Raz, et 2016). Therefore, the relative importance of

these processes is altered according to the gnowthium quality.

2.7.4 Quality control system constraint

The quality control system composed of proteasescdaperones was suggested to
form a limitation for gratuitous protein productig@ookson et al. 2011; Daraba & Alma
2018). The limitation in the proteases and chapes@asults in the accumulation of misfolded
and aggregated proteins. This results in the inoluctf the stress response. When the cell
faces starvation, the malfunctional proteins quieneClpXP protease (Cookson et al. 2011).
The accumulation of misfolded proteins in this caseses the ClpXP to be charged and
limited, which leads to the buildup of sigma faatGithat is targeted by ClpXP & coli. The
accumulation ok° then, leads to the stress response. The limitatfochaperones as well
proved to be a bottleneck for high protein produrttin some studies they increased the
production of chaperones to aid in the folding etenologous proteins; mainly eukaryotic
proteins. InE. coli, the co-expression of GroEL/GroES resulted indvgitoduction of rhlFN-
y protein; a human interferon, and even a bettewtiralue to the enhanced protein folding
and reduction in toxicity (Yan et al. 2012). B subtilis, Yan and coworkers co-expressed

intracellular chaperones moderately for not causiggowth burden (GroEL, GroES, DnakK).
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It resulted in a 2-fold decreased protein aggreg@téu et al. 1998). The authors of Wu et al.
co-expressed as well the extracytoplasmic chapelRss8. They noticed an increase in a
soluble protein in the cytosolic and secreted foast

These studies indicate that there is not only ‘gost' in overproducing gratuitous
protein, but a combination of all the above-mergmbtottlenecks. The availability of all the
macromolecules (RNA polymerase, ribosomes, metabehzymes, chaperondc.) in
sufficient amounts to do their proper function ssential to overcome a growth burden.
Adding to that the importance of the availabilitiy mmetabolites, energy precursors, and all
kind of cell resources that have to supply the maciecules for their proper function. The
tradeoff in the resource allocation to serve cedicpsses is the key to have a normal growth.
When a heterologous protein is added, the res@ungely is re-allocated to produce it besides
all the other essential proteins [Figure 2.23]. Ttw@den occurs when the machinery
(translation, transcription, is saturated

quality control systeretc.) leading to the

accumulation of proteins in the cytosol.
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Figure 2.23 lllustration of the tradeoff betweea thfferent proteins produced in the cell

Each protein requires cellular resources and h@aslato fulfill so that the cell grows at a normal

growth rate.
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Summary:

The over-production of a gratuitous protein resutsa competition with the essential
proteins for the limited cell resources. As a resitldisrupts the cell's physiology and
results in a burden. The consequences on the aelbe shown on the growth rate, on the

protein folding, and on the cell size. Differenudies investigated on knowing the
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3 Quality control system
In this chapter, the focus will be on the chaperprotease system B subtilis that is

known as the quality control system. Its role ire tbell occurs during translation (co-
translationally) or during the post-translationedgesses of protein production. It ensures that
the protein will be well folded and functional, etwise it will be sent for proteolysis. In
addition, it plays an important role in the stressponse of the cell. The protein quality
control system forms a part of the cell machinesgources. Their role in maintaining the
proteins in good structure is required. In thisptha we will present an overview of the
proteases and chaperones in the cell. How arerdggptated to equilibrate the cell resources?
What are their targets? And, how can they be useohtover the limitations of recombinant

protein production?

3.1 Overview on the quality control system

During a normal growth, the proteases and chagsrane present moderately in the
cytoplasm. They target the mutated, non-functiomasfolded and, truncated proteins. Some
said that during early stationary phase the cellidaels of some proteases increases more
than the exponential phase; mainly ClpAFEircoli (Farrell et al. 2005)The same thing was
also shown inB. subtilis. Under non-stress conditions the proteins werelestaring
exponential phase, then the degradation rate isedeapon entry into the stationary phase
(Kock et al. 2004). But in general, when the caltds stressful conditions such as a
temperature rise, it efficiently deals with the tein aggregates and protein folding by
synthesizing molecular chaperons and proteasesighroegulated mechanisms. Inde&d,
subtilis is a soil bacterium well adapted to environmentanges. It developed systems to
cope with environmental stresses differently tBarmoli. For instance, whild. subtilis can
survive temperature over 50°€, coli cannot. This means that although they have much of
similarities, the quality control system and itgukation inB. subtilis differs from that ofE.
coli (Vdlker et al. 1994).

B. subtilis and E. coli share different classes of chaperons such as G&EES,
DnaK/DnaJ/GrpE, trigger factor, Hsp90/HtpG, and tgases such as the AAACIp
ATPases/Hsp100 family. This family has an unfoldastvity and a protease activity. The
unfoldase activity is carried on by the Clp ATPaseRile the protease activity is carried on
by the protein ClpP, common to all Clp ATPases. FEaember of the AAA Clp
ATPases/Hsp100 family selects its targets with Isigicificity through the Clp ATPases.
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Summary:

Proteases and chaperons form the quality contstésyin the cell. They are responsible| to
target misfolded and mal functional proteins. Imlifidn to their role in stress condition

JvJ)

they are produced in regulated mechanisms to tamgéein aggregate®. subtilis andE.

coli share many molecular chaperons and proteases sch GroEL/GroES,
DnaK/DnaJ/GrpE, trigger factor, Hsp90/HtpG, andt@ases such as the AAACIp

ATPases/Hsp100 family. However, the quality contsgstem and its regulation iB.

subtilis differ thanE. coli.

3.2 ATP dependent proteases

3.2.1 Family and Structure

ATP dependent proteasesbelongs to the AAA+ supdifg ATPase ssociated with
diverse cellular_etivities), whose function requires ATP. They camlifferent cellular
regulations through proteolysis such as targetiagscription factors. Thus, they have a role
in the cell cycle regulation, cellular developmantd adaptation (Sauer et al. 2004; Frees et
al. 2007; Gottesman 2003). One family of the Ashiperfamily is the Hsp100/Clp proteases.
Each member of this family is a complex of an ATéesaperone component (AAA domain
or the NBD domain for nucleotide binding domain)osh role is to unfold the protein and a
protease component responsible for degrading thieiprinto small peptides of (6-15 amino
acids) (Gottesman 1996). The AAA domains such &lpX, ClpC, and CIpE are hexameric
rings with a hole in the center to allow the tracsltion and the unfolding of the protein by
using ATP. They have several conserved motifs tholy those responsible for ATP binding
and hydrolysis. Moreover, they are divided into telasses, class | contains two highly
conserved AAA core domain and includes CIpE, ClpCB( subtilis), ClpA, and ClpB (irE.
coli), and class Il contains only one conserved AAAecdomain and includes ClpX and
ClpY. In addition, there is a less conserved N-iteahdomain (N-domain). The N-terminal
domain modulates the binding with the substratetheradaptor proteins and thus provides
the specificity of the Hsp100 chaperons and preedseviewed in (Dougan et al. 2002)].
Moreover, the active sites of the ClpP complex siteated inwards, thus avoiding the
degradation of unwanted proteins (Moliere & Tur@®09; Baker & Sauer 2006). Besides,
there are other members of the AAA+ proteases wihaste both activities, the unfoldase and
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the protease, in the same polypeptide chain onentexameric subunit such as Lon and FtsH

proteases (Baker & Sauer 2006).

3.2.2 Members of the AAA+ proteases and their targets

In B. subtilis there are seven ATP dependent proteases, CIpCHEEPCIGIpXP,
ClpYQ, Lon, and FtsH (Chan et al. 2014) [Figure]3The Hsp100/Clp are implicated in the
heat shock response B subtilis and others. Each member of the Clp ATPases reaegniz
specific targets and thus has a specific role. latwlollows, a summary of the different
members of the AAA+ family and their targets isqaeted.

AAA*superfamily

HsplOO!CIp proteins AAA* Proteases

ClpCP ClpEP ClpXP ClpYQ Lon FtsH

N domain «<—

AAA domain

Protease

Figure 3.1A scheme for the AA&uperfamily

It shows the members of the 2 subfamilies (Hsp1pOo&Dd AAA" proteases) and their structure. The

protease domain is the bottom part, the AAA donmithe upper part which could be 2 core domains
(class 1) or 1 core domain (class Il), and the Nndm which modulates the substrate or adaptor
protein binding. Adapted from (Elsholz et al. 2017)

* ClIpCP is involved in the controlled degradationrefulatory proteins such as the
transcription factor ComK that is required for thepression of competence genes
(Kursad Turgay et al. 1998), the CtsR which is attshock repressor (Kruger et al.
2001; Kirstein et al. 2007), the SpollAB an antttasigma factor involved in
sporulation(Pan et al. 2001), and the SIrR a regulaf biofilm formation (Yunrong
Chai, Roberto Kolter 2010). In addition, CIpCP ttsymisfolded proteins so that its
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absence results in their accumulation (Kruiger.e2@00). CIpCP degrades enzymes in
the central carbon metabolism in response to poowty conditions (Gerth et al.
2008).

» CIpEP is highly involved in the heat shock resporsse thatclpE mutation affects
ClpP expression and the regulation by CtsR (Miettkal. 2006).

* ClpXP is involved in heat, thiol and oxidative se It targets Spx for degradation
which is a global transcriptional regulator thatves in thiol homeostasis and
competence (Chan et al. 2014), and it inhibits swing motility upon exposure to
heat and oxidative stress (Moliére et al. 2016pX0hteracts with the adaptor protein
YjbH to degrade Spx in normal conditions. In contrainder stress conditions YjbH
form aggregates and becomes inactive which leadheoincrease of Spx levels
(Engman & Wachenfeldt 2015). In addition ClpXP ewsuproper spore envelop
formation. When the cell has defects in the spareelop maturation, the adaptor
protein CmpA interacts with ClpXP to degrade theatconorphogenetic protein
SpolVA leading to spore lysis (Irene S. Tan 20Eally, ClpXP is involved as well
in non-stress conditions such as degrading trudgateteins [more details in section
3.4].

* ClpYQ contains the protease activity in the Clp@ pad the ATPase activity in ClpY
part. ClpYQ regulates multicellular developmens. deletion caused robust and early
biofilm formation, impaired swarming and swimmirgjt was not important for the
heat shock response (Yu et al. 2018).

* Lon protease is implicated in the regulation of smiag and swimming depending on
the surface. When the surface is liquid, Lon pregdeprevents cell swarming by
degrading SwrA, the master activator of flagellasynthesis. However, Lon activity
is inhibited when the surface is solid, and thusrASvaccumulation allows the
synthesis of the flagella (Mukherjee et al. 2015).

* FtsH is a cytoplasmic protease responsible fornignbrane protein quality, cell
division heat shock response, and biofilm formatma sporulation (Deuerling et al.
1997).

3.2.3 Substrate recognition

Protein degradation is achieved by a diverse $egpeptide signals which act as
degradation tags (degrons) allowing the recogniiod engagement of the substrate to the
ATPase [Figure 3.2], or by attaching the substiatethe ATPase, thus increasing the
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substrate's concentration and the probability gfraigation (Sauer et al. 2004). The degrons
can be located on the N-terminal of the substnaté as the N degron, the C-terminal such as
the ssrA tag, or in an internal region (Kirsteirakt2009). The location of the peptide signals
can be the clue to allow a specific degradatioheyspecific ATPase. For instance, the ssrA
tag; a well-known peptide signal B coli andB. subtilis, is added to the C-terminus of the
substrate to be degraded by ClpXPBnsubtilis and ClpXP/CIpAP inE. coli. Another
example is the N-degron generated on the aminoiriasmof the substrate is targeted by
CIpAP (Dougan et al. 2010).

Substrate —

Unfoldase

Peptidase

Figure 3.2 Representation of the mechanism of diegjen

The substrate is recognized by a degron (peptateahi then it passes through the unfolding process
in the ATPase part, and then it is degraded byptb&ease part in an ATP-dependent manner [Taken
from (Sauer & Baker 2011)]

3.2.4 Adaptor proteins

The specificity of degradation is mediated in socases through adaptor proteins
besides the recognition tags [Figure 3.3]. The tioncof the adaptor protein is to aid the
ATPases to recognize their wide spectrum of diffeubstrates. They are relatively small
proteins (Dougan et al. 2002). They recognize bigdegions on the substrate's recognition
tag and they have a binding site to anchor on thEases. IrB. subtilis there are 5 known
adaptor proteins; MecA,YpbH and McsB which interaath ClpC, YjbH which interacts
with ClpX, and SmiA which interacts with Lon (Mukijee et al. 2015; Kirstein et al. 2009).

* MecA functions in the competence developmenB.rsubtilis. In addition, it plays a
role in targeting misfolded and aggregated prot@nslegradationin non-competent
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states, MecA recognizes ComK; the master compeategilator,and mediates its
degradation by ClpC (Schlothauer et al. 2003). Wthencell develops competence
state, ComS is synthesized which then binds to Mdes inhibiting the interaction
with ComK. The release of ComK from the proteolys@nplex contributes to its
accumulation, thus turning on the expression ofttirapetence-related genes (Kursad
Turgay et al. 1998).

* YpbH is a paralogue of MecA, which suggests thaytmay have similar interactions
with CIpC. It contributes to the protein qualityntml by enabling the degradation of
misfolded and aggregated proteins by CIpC. YpbH &a®le in competence and
sporulation, but it does not contribute to the ddgtion of ComK or ComS (Persuh et
al. 2002).

* McsB plays a role in the regulation of class lllahshock genes. It aids CIpCP to
degrade the CtsR repressor. McsB is a protein &nakich can auto-phosphorylate
and is activated by McsA. During heat shock, attiga(phosphorylated) McsB-P
phosphorylates CtsR. Then, the inactive CtsR-Peigratled by CIpCP, and thus
leading to the up regulation of the heat shockarsp genes (Elsholz AKW et al.
2011).

* YjbH is an adaptor protein that interacts with CiaXt recognizes the transcriptional
regulator Spx and facilitate its degradation una@mal conditions. However, under
stress conditions, a small protein named YirB diyemteracts with YjbH, thus
inhibiting its action. This results in Spx stakdiion and protection from degradation
(Kommineni et al. 2011).

« CmpA is an adaptor that interacts with CIpXP tordedg SpolVA. This later is
required for the assembly of the spore envelop @videy et al. 2010). When the
spore envelop misassembles, SpolVA is targetedlégradation. Therefore, CmpA
forms part of the quality control system that emsuthe assembly of proper spore
envelope (Irene S. Tan 2016).

* SmiA is a swarmer inhibitor, which helps Lon pratedo regulate the switch between
swarming and swimming. When the cell is in a liqevironment, Lon protease
degrades SwrA; the master activator of flagellasjanhesis, by the presence of SmiA
(Mukherjee et al. 2015).
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Substrate A

Adaptor protein
' ADP i '

Substrate binding  Unfolding and translocation Degradation I
—

Figure 3.3 The process of ATP-dependent proteolgbia substrate recognition by means of the
adaptor protein

Summary:

ATP dependent proteases are referred to the AAAgersamily. They contain th
Hsp100/Clp proteases and the AAA+ proteases. Thelfas a chaperon subunit (the Clp
ATPases) which recognizes the protein and is resplenfor protein unfolding. It has al

AAA+ proteases (FtsH and Lon) have both roles ie palypeptide. IB. subtilisthere are
seven ATP dependent proteases, ClpCP, CIpEP, CIE¥Q, Lon, and FtsH. The
have different roles in cell cycle regulation, o&l development and adaptation. |In

3.3 Regulation of proteolysis

The expression of the protein quality control egstin B. subtilis costs resources
(proteins, energy, cytosolic space, etc.). Like futher cellular processes, regulatory
mechanisms are there to produce the appropriagé déthe protein quality control system in
agreement with the needs of the cell, in respoa@vironmental conditions. It is important
to point that the regulation iB. subtilis differs from that ofE. coli. In this later organism, all
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the heat shock genes are controlled by the sigotarfa®? encoded by thepoH gene which

upregulate the expression of the related geneseshperature up shift between 30°C to 42°C
[reviewed in (Tomoyasu et al. 2000)]. HoweuBrsubtilis, which can tolerate temperature up
to 50°C, has different regulatory pathways and ragims controlling several classes of heat

shock proteins. The most known classes will begresl in the following paragraphs.

The first class of the heat shock genes is contpo$eroE (groEL, andyroES) and

dnaK operon @naK, dnaJ, andgrpE). They are under the control of the vegetativarmter
A 43
o (67)

spacer (Zuber & Schumann 1994). CIRCE is situatetdvéen the transcriptional and the

and a 9-base pair inverted repeat CIRCE sepabgtedhighly conserved 9-base pair

translational sites in both operons. The first gehtéhednaK operon is thércA, which codes
for the transcriptional repressor HrcA. In normahditions, HrcA interacts with the CIRCE
element, thus inhibiting the expression of bothrops. Upon a temperature rise, HrcA
changes its conformation then dissociates fromtwlte CRICE elements. Consequently, the
transcription of both operons turns on (Schulz &Buann 1996). HrcA becomes active
again when interacting with GroESL chaperons. WHenatured proteins are refolded or
degraded, more free GroESL become available tddréfccA (Mogk et al. 1997).

The second class is under the control of sigmifaC and it is known as the general
stress response. Th&regulon contains the heat shock genes and additiemes related to
other kind of stresses such as salt, oxidatiom, atarvation stressesic. It is said that the®
regulon is the largest among the different classessisting of 127 members (Price &
Fawcett 2001). Under normal conditior$,is regulated by an anti-sigma factor encoded by
the rsbW gene so that it cannot interact with the RNA payase. RsbW has a kinase
activity. It phosphorylates through its kinase dtgi an anti-anti-sigma factor RsbV to
inactivate it, so that RsbW stays active and capabl inhibit 6. In response to an
environmental stress factor, the RsbU phosphatasetivated, so it removes the phosphate
from RsbV. Then, RsbV becomes free to attack tHeARs® complex. Finallygs® is released

and can upregulate its corresponding regulon [Ei@#] [reviewed in (Schumann 2003)].
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Figure 3.4 Sigma B regulation in stress conditions

Under normal conditions, mosf molecules are bound to anti-sigma factor RsbwWRgba kinase
that phosphorylates the anti-antisigma factor R$b\keep it inactive. Energy stress leads to the
dephosphorylation of the anti- antisigma factor YRsby the RsbP phosphatase, whereas
environmental (physical) stress activates the Rphbkphatase. Dephosphorylated RsbV targets the
RsbW-o® complex. Then thesigma factor is released. Finafiytranscribes all the genes of th
regulon.(Schumann 2003)

The third class of heat shock genes is the CtgRloa. CtsR regulates the expression
of some of the Hsp100/Clp proteins, as discussediqusly: theclpC operon ¢tsR, mcsA,
mcsB, clpC) and the monocistroniclpP and clpE operons [Figure 3.5]. In addition to the
abovementioned genes, the authors of (Hecker 1@@@psed thatlpX is classified in class
Il since it is transcribed from &"-dependent promoter and it has neither a CIRCE etem
nor ac°-dependent promoter. The CtsR is thus the repréisabmhibits the expression of the
protease complexes. McsA and McsB are modulator§tsRR activity. The 3 operons are
preceded by an upstreasfi and downstreana” dependent promoters. The CtsR has a DNA
binding site domain which interacts with the trams@nal start site of the operons, thus
preventing the RNA polymerase binding to #fé dependent promoter site (Kruger et al.
1996; Kruger et al. 1997). CtsR has a conservaddigtine loop that senses temperature
change. When the temperature increases, the coationmof the loop changes, and thus the
DNA binding is impaired. As a result, the genestodted by CtsR are induced (Elsholz et al.
2010; Fuhrmann 2009). In response to heat stresgethsMcsB detaches from ClIpC, then

becomes active as a protein kinase (Kirstein 2@)5; Alexander K W Elsholz et al. 2011).

65



CHAPTER 3. Quality control system

Consequently, McsB phosphorylates CtsR to inaaivafElsholz AKW et al. 2011). Then,
CtsR is targeted for degradation by CIpCP [FiguBgd @erre et al. 2000; Kruger et al. 2001;
Derre et al. 1999). Moreover, McsB is inactivatgdie phosphatase YwIE. This phosphatase
has a cysteine residue that is sensitive to oxidatamage. In this case, the YWIE loses its
phosphatase activity (Fuhrmann et al. 2017). Initeohd McsA, which usually attaches to
McsB in normal conditions, becomes oxidated. As cmsequence, it releases McsB.
Consequently, McsB regains its kinase activity lteggiin CtsR inactivation and degradation.
In parallel, native CtsR is also targeted by theX® protease. This means that CtsR must be

maintained at a required level to keep the bagalession level of the operons.

Repression by CtsR ClpP
[ heat stress | -Qbob- PP o (i
eat stress
UL
P“ CtsR degradation
P

oB oA

E E Derepression of transcription (CtsR regulon)

ctsR mcsA mesB cipC

MecsA-McsB-ClpC

oxidative stress

e W
McﬁncsB REB McCtsR . O @ %

® ClpC ClpP  CtsR inactive McsB
McsA* Q RARTS
Repression byCtsR ® @ @ @
McsA oxidized YwIE oxidized
MesA YwlE

Figure 3.5 CtsR regulation under different enviremtal conditions

In normal conditions, McsB is dephosphorylated hylE, and bind to ClpC. Upon heat exposure,
CtsR change conformation and is released from DMAsB is released in response to heat, and
regains its kinase activity. McsB-P phosphorylatsRC Then, CtsR is targeted to degradation by
ClpCP. During thiol-reactive stress conditions, ¥ws inactivated by oxidation (YWIE*). McsA is
also oxidized (McsA*), to it is released from McsBhen, McsB becomes active and free to
inactivated CtsR (Elsholz et al. 2017).

What is evident in the preceding information is thgh level of regulation and specificity in
proteolysis. There are classes of chaperone-pmtaamplexes which share conserved motifs
for ATP binding and hydrolysis, and mechanisms efjutation. Nevertheless, each
chaperone-protease complex has its own targetadagkor proteins determined by specific

domains. The targeted degradation deduced fronkibgvledge about the system made it

66



CHAPTER 3. Quality control system

applicable in synthetic biology as tools to finalye the degradation of specific heterologous

or endogenous proteins.

Summary:

In response to environmental conditions, regulapathways are developed to express jthe
necessary genes and turn off others. There arerelff regulatory pathways and
mechanisms controlling several classes of heatkspoateins. The first class of the heat
shock genes is composedgnbE (groEL, andgroES) anddnaK operon @naK, dnaJ, and
grpE). They are under the control of the vegetativermters” and HrcA that binds the

\3 54

inverted repeat CIRCE. The second class is thesagpnsisting of 127 members and it is
under the control of sigma factef. The third class of heat shock genes is the GtsR

regulon. It controls some of the Hsp100/Clp pratethe CIpE, ClpX and ClpP.

3.4 Targeted protein degradation in synthetic biology

One role of the CIpXP protease is to target trtegtgoroteins. This mechanism
happens irE. coli andB. subtilis. When a ribosome reaches the 3' end of mMRNA withou
finding a stop codon a tmRNA (transfer messengeAR&harged with alanine at its 3' end
enters the acceptor position of the ribosome. Taeirze residue is transferred to the nascent
polypeptide chain. Then, the ribosome switcheshotthnRNA to continue translation. The
tmRNA is encoded by thssrA gene (mall gable RNA A) (Karzai et al. 2000; Wiegert &
Schumann 2001). The ssrA tag which consists of Miin@ acids in E. coli
(AANDENYALAA) and 15 amino acids ifB. subtilis (AGKTNSFNQNVALAA) is added to
the C-terminus of the truncated protein. While $eeA-tagged protein is degraded by ClpXP
in B. subtilis, it needs an adaptor protein named SspEE.ircoli that tethers it to ClpXP
[Figure 3.6]. The tagged substrate can also beadegrby CIpAP without the means of SspB
in E. coli (Flynn et al. 2001).
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E. colissrAtag

AANDENYALAA

SspB-recognitionsite  ClpX-recognition site

Figure 3.6 SsrA sequence amino acid sequence rizedgnE. coli
It shows the SspB binding site (N-terminal) and @eX binding site (C-terminal)

The ssrA-tagged system was used to develop synttoeils to target proteins for
degradation in a controlled way (Cameron & Coll@2814; Griffith & Grossman 2008;
McGinness et al. 2006; Guiziou et al. 2016). Tdide that can provide means to tune a
protein of interest without interfering with theatrscriptional or translational processes. It
allows to understand a protein function for insggmar to design a genetic circuit, or even to

establish a metabolic model.

Summary:

Researchers took the insights of the ssrA-targetettin degradation used by bacterial in
order to make use of it in synthetic biology. TiseAstag is added to truncated proteins
which are recognized by the ClpXP. Different stgdengineered ssrA tags to obtain

controlled systems to use as biological tools. uin project we aimed to use an ssrA-
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4 Problem Overview

Improving protein production iB. subtilis is needed to fulfill the high demand on
industrial enzymes in the market in an easy andxpemesive way. However, the
overproduction of a heterologous protein leads graavth rate decrease in microorganisms
(Dong et al. 1995; Kafri, Metzl-Raz, et al. 201®) addition, heterologous protein production
is accompanied by lower secreted yields than tipeaed amounts (20-25 g/L) Bacillus
species (Ploss et al. 2016).Bnsubtilis, the bottlenecks were identified at the secreligmel,
which is known as the secretion stress. The atenmpunderstanding the bottlenecks are
focused on studying the secretion machinery, thamlomane protein complexes and
interactions, and the cell signaling pathways ttaimbthe super secreting strains. But until
today, the consequences of high production levehercell physiology and the growth rate of
B. subtilis have not been documented yet. When the cell iswdhvdmed with synthetic
circuits, it is expected that to a certain levas thystem would disturb the cell by consuming
all forms of resources (machines, energy, metadmétc.). Therefore, in my PhD project we
were interested in (1) understanding the cell piggly, to investigate the effects of protein
overproduction on the cell physiology and on dé#far cell processes, (2) pinpoint the
bottlenecks and the type of limiting resource, 83 to overcome this limitation to improve

protein production.

First, the project aimed to investigate the effettan overproduced non-secreted
gratuitous protein orB. subtilis physiology. To do that, we focused on choosing the
expression system, the right protein, and the matemnlocus on the genome. First, high gene
expression requires strong promoters and TRr(slation Initiation Region) to ensure high
levels of MRNA and recruitment of ribosomes. Sec¢dine gratuitous proteins were preferred
to be stable and costly in their amino acids reseasirReporter proteins such as GFP, mKate2
and LacZ were used since they are stable and cémllbeed during their productionThird,
the genetic constructs were integrate@®.subtilis genome to ensure a stable expression. The
gene dosage was also considered to ensure high eggmession. After constructing the
strains, we used Live Cell Array (LCA) to followelprotein abundance by measuring the
fluorescence and growth. LCA is a high-throughmdhnology that allows to monitor the
optical density and protein fluorescence using av8b microplate. The measurements were
done in different growth conditions in chemicallgfihed media. The data collected from the
measurements were treated by Matlab to computgrtveth rates and the protein abundance.

The results will be presented in ttiegapter 5.
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Second, the project aimed to understand the bettlkes of gratuitous protein
production. The re-allocation of resources to poedthe gratuitous protein deprives the cell
to feed the production of essential endogenousp®tequired for the cell's physiology and
growth [Figure 4.1]. Cell resources can be metad®lsuch as amino acids or energy, cell
machineries such as ribosomes, chaperones, or pges that are present in a limited
cytosolic density. Different assumptions were pahdid around the main resource causing the
growth rate decrease in the presence of a gratupootein. Hence, in order to investigate
more in detail the reallocation of resources, wdgomed relative protein quantification for
strains overproducing different levels of GFP. Rartanalysis to investigate the limitations
was done by the means of a targeted degradatis@nsyseviously engineered B subtilis
using ClpXP protease (Griffith & Grossman 2008; ftau et al. 2016). Targeting the
gratuitous protein for degradation is a way to cbeyamino acids to the pool of resources and
to release the constraint on the constant cytosidiesity. The growth of the cell was
monitored while degrading the gratuitous protefnthe growth rate was restored, it would
help us to conclude that the amino acids recydhelped the cell to restore the growth rate.
Therefore, we used the targeted degradation syagzimst the overproduced protein. Next,
we monitored the growth rate of the cell duringtpno degradation. The results will be

presented in thehapter 5.
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Figure 4.1 A representation of the resource allonab the cell tasks

The expression of the synthetic circuit requiresotgces that are taken on the expense of the
endogenous genes, and therefore it results i burelen (Borkowski, Ceroni, et al. 2016).
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Third, to overcome the amino acid limitation, wecidled to improve the degradation
system in order to reach higher levels of degradatFor this purpose, we overproduced
ClpXP protease fronk. coli andB. subtilis together with the adaptor protein SspB fr&m
coli. This tool will allow us to target proteins forgtadation, and thus to save resources, in
order to favor the production of our protein ofergst. Moreover, we aimed to investigate if
the overproduction of ClpXP had negative consegeemmn the cell physiology, so we did
relative protein quantification for a wild type aad overproduced ClpXP. The results will be
presented in thehapter 6.
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5 Gratuitous Protein Overproduction Alters B. subtilis Cell Physiology

5.1 Introduction

The first part of my PhD project is dedicated e tanalysis of the consequences of
high protein production oB. subtilis. My investigations focused on the gene expressosl
and on the cell physiology consequences. The nilady Ihypothesis at present is that the
over-expression of a heterologous gene is costiythfe cell in terms of cell resources and
cytosolic space occupation. Consequently, a deereaghe cell growth rate is expected.
Recent studies oB. subtilis showed that this microorganisms can unexpectedéydte the
production of very high amounts of protein withetibwing any effect on the growth rate of
cells grown on rich LB medium (Sauer et al. 2018).the present work, we aimed at
revisiting these results and firmly conclude on ¢fffect of protein overproduction on the cell
physiology using various growth media of definedhposition (from poor to rich media). For
that purpose, we built mutants Bf subtilis strains expressing heterologous genes, and the

mutant growth and gene expression were monitorelifferent growth media.
The level of gene overexpression was controllethbge different means:

1. The expression system.g the 'strength’ of the genetic sequences contgollin
transcription and translation),

2. The gene of interest.¢. shortversus long coding sequences),

3. The location of the gene of interest on the cincelaromosomeif(e. close to or far

from the origin of replication).

First, we built a small set of inducible promotdos control gene expression at
different levels. Many efforts have been madeBinsubtilis to build synthetic expression
systems enhancing protein production. Some of witieke use of inducible promoters such
as the Ry, the xylose-inducible promoter (Kim et al. 1996)¢ R.es, the sucrose-inducible
promoter (Steinmetz et al. 1985), and thgpdank (Prs) the IPTG (Isopropylp-D-1-
thiogalactopyranoside)-inducible promoter. We dedido use a non-metabolized inducer
such as IPTG (analogous to allolactose), as metaimalucers such as xylose or sucrose are
also used as energy sources by the cell. AdditiGuch a 'metabolic' inducer would alter the

growth rate in synthetic media and interfere witin conclusions.

Second, we used reporter proteins that can béyeasnitored. Genes coding for

proteins such as GFP, LacZ, and mKate2 were inegjrim single or two copies into the
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genome oB. subtilis. The use of proteins of different size and amina @amposition shoul
allow us to deeply revisit the effect of proteiregeroduction on the cell physiolox

Third, thegene integratin locus on the chromosome matters with respect to the
number {.e. gene dosage) as a function of the growth In B. subtilis andE. cali, it was
shown that genecated ne: the origin of replication exhibit high levels of gnession a
high growth rate¢Sousa et al. 1997; Bryant et al. 2014; Sauer. &04l6. The genes near ti
origin are rplicated earlier than those close to the termiansl, in fast growing cells mo
than one replication fork takes place, meaning tnaeplication round starts before
previous one finishes. Hencthe gene dosage increases at regions close teeplication
origin (Sousa et al. 1997; Couturier & Rocha 2(. Gene dosage was also observed
quantified inB. subtilis, for which it was shown that the expression ofetefologous gen
can differ up to Folds depending on its location the chromosomeHigure5.1] (Sauer et al.
2016).

oriC
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Figure 5.1Gene dosage is influenced by location on the chgome

(A) GFP is brighter when the gene is integrated elbse locus to the origoriC than that integrated
close to the terminatder. (B) The DNA copy number measured by qPCR decseadh increasing
distance from the origin of replicatic(Sauer et al. 2016)

5.2 Design and characterization of suitable expressiorcassettes fol

overproduction of gratuitous proteins

5.2.1 Construction of a set of inducible and we-controlled promoters
A set of inducible, welkontrolled pomoters was required in order to widen the ranggeok
expression. Such a range of gene expression ‘aWals to determine the level of express

at which the growth rate decree in B. subtilis. Besides, we thought thusing a controlled
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production through an inducible promoter would timduring the process of strain
construction, the occurrence of unexpectedgeneaptations (such as point mutations) that
may be fixed in the population to overcome the adsproducing useless.€. gratuitous)
proteins (Sleight & Sauro 2013).

We built a set of inducible promoters based onattohitecture of the IPTG-inducible
Phs. IPTG induces expression by binding to the remnegscl fromE. coli, thus preventing
Lacl from binding to thdacO operator DNA sequences (present in the, Rlose to the
binding region of the RNA polymerase. Thereforee tise of an IPTG-inducible promoter

first requires the insertion of thacl gene in thd3. subtilisgenome.

PLswas associated in tandem with constitutive pronsoferth the Bs downstream of
a constitutive promoter such as,RBPns) in order to increase the level of expression as
compared to thefpPalone in the presence of IPTG. The use of diffecenstitutive promoters
will allow to obtain a range of strength [see s&tt8.3.1 for more details]. The constitutive
promoters chosen are natural promoters controlBagsubtilis genes. The Ru is the
promoter of the putative signal recognition paetiC(bRP) component encoding gene. It was
selected based on transcriptomic analysis (Nicaasal. 2012). It allows relatively
constitutive gene expression across growth comditiB,.a is the promoter of the fructose 1-6
biphosphate aldolase encoding gene (Ludwig et @D1p it leads to a constitutive
transcription level across environmental growthdittons (Nicolas et al. 2012;Borkowski,
Goelzer, et al. 2016). Lastly, the.f, is the second promoter element controlling the
expression of thernJ gene coding for ribosomal RNA (Samatrrai et al. D0Therrn genes
are usually controlled by tandem promoters nameahB B and the transcription is enhanced

with increasing growth rate (Wellington & Spiegeimeal 993).

The different promoters alone or in tandem werepted with variable Translation
Initiation Regions (TIRs). The TIRs were selectednf previous studies as well. The
g’“XTIRgﬂx is from the work of (Sauveplane et al., unpubli§hend corresponds to the 5'UTR
of theB. subtilis gltX gene. Thé"*TIRgnoris a modified form of the natural TIR &ifaA, and
the "TIRmwaa is a modified form of the TIR of the artificiakdand of the natural TIR dbaA
(Borkowski, Goelzer, et al. 2016). A summary of f@moters and TIRs is presented in
[Table 5-1].
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Table 5-1 The constitutive promoters and the THr&nts constituting each of the synthetic inducible
promoters

Name Promoter TIR
sP, Pyixw T TIRgix
sP, Prbaa P TIRshort
SP; Pyixm "“TIRmaa
Sk, Prap2 9T Rgtix
shs - I TIRgux

The inducible synthetic promoters were fused gfpagene. The genetic constructs
were then integrated in the chromosome by singleszover at éocus close to the origin of
replication to maintain high gene dosage. The lacas chosen based on the work of (Nicolas
et al. 2012) and (Sauvepladeal., unpublished).

The growth of the strains and the fluorescenct®iGFP were followed by Live Cell
Array (LCA). It is a high-throughput methodology wh allows to monitor the growth d@3.
subtilis cells and the expression of a gene of intereS6imicrotiter plate reader (Botella et
al. 2010; Buescher et al. 2012). To evaluate thength of the different synthetic genetic
constructs, measurements were performed in richumedlrhe growth curves obtained for
the strains grown in triplicates with and withouuction by IPTG. The growth of the
wildtype and each of [Rfp, sRdfp, sRgfp, are plotted in [Figure 5.2 A, B, and C

respectively].

The result in [Figure 5.3] shows a range of GF&dpction. Moreover, without IPTG
induction there is no GFP production, which mednad the promoters were well controlled.
We expected that the action of two tandem promatexdd result in higher expression levels
than the synthetic,® However, the results showed that &d sk (Prmjngt'XTleﬂx ofp) are
the strongest promoters among the synthetic prasdfmowing that the synthetic TIR ofd
was not used in this set, this suggests that ifwweld have used it with other promoters we
may have obtained higher expression levels. BesidesP, is made of the R, derived from
the natural promoter of the&nJ gene encoding rRNA, which is a very strong promaoteB.
subtilis (Samatrrai et al. 2011). This is consistent withresult of high GFP production when

using this promoter next tq,f
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Figure 5.2 Growth curves followed by LCA for thelavtype versus the strains carrying the synthetic
inducible promoters upstreagfp in CHG medium

(A) Growth curves for the wild type vs8fp, (B) wild type vs sR)fp, (C) wild type vs. sRfp. The
strains were grown in triplicates, with and with¢h induction by IPTG (1 mM).
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Figure 5.3 GFP abundance variation with the syrtipgbmoters ¢P)

LCA measurements in rich medium CHG with IPTG initut (1mM) shows the GFP abundance
when expressed under the control of the synthetimpters $P) and thePys.

5.2.2 Selection of the gratuitous proteins to be overpraaced

First, we decided to build a fusion protein betw&FP and3-Galactosidase frorg.
coli. This fusion should produce a costly protein immig of amino acids. In addition, its
expression should be easily monitored by fluoresgemhe fusion protein was built by
adding a linker of 12 amino acids (ASGGGGSGGGGSfHatmlitate the folding of both
proteins. The resulting chimeric protein was of ka. Thegfp-lacZ fusion was assembled
downstream the abovementioned inducible promoiérs. genetic constructs were obtained
in E. coli, verified by sequencing and finally transformetbiB. subtilis. Growth and gene
expression were monitored by LCA. The measuremeats performed in defined media for
the strains carrying the GFP alone or the GFP-lfasibn. The results showed a decrease in
fluorescence in the GFP-LacZ-carrying strains asygared to the GFP-carrying strains
[Figure 5.4 A]. However, the growth rate of theasts producing the GFP or the GFP-LacZ
were similar to that of the control strain growntire very same media. The growth rate is
shown in [Figure 5.5] for some of the strains espneggfp or gfp-lacZ under the control of
the strongest g and two of the synthetic promotesp, (Prrjngt'xTIRgﬂx ofp) and sPs
(PhsgtIXTIRgﬂx ofp), of high and moderate strength, respectively. Thairg presented in

[Figure 5.5] were grown in the defined medium, $thva fullLacl derepression.¢. 1 mM
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IPTG). However, no significant growth rate decreasecompared to the control strain was
observed. Similar results were observed with theerotpromoters whatever the growth

medium being used.

A. B.
x10¢ Negative cyp  GFp.LacZ
Control
8
T 7 @ GFP e gy €— 150 kDa
g 6 ¥ GFP-LacZ
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g 4
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© , , , i " . €— 30kDa
P sP, sP; sP; sP, sP; I —

Figure 5.4 GFP-LacZ protein is less abundant irctie

(A) LCA measurements for GFP abundance (FluorescétODsoq%) in strains expressing GFP or
GFP-LacZ under the control of inducible promoteyd®TG 1mM. There is a clear low fluorescence
in the GFP-LacZ carrying strains. (B) Western bigainst GFP of the strains expressing GFP or GFP-
LacZ controlled byP,s. The cell extract was loaded two times in différamounts for each of the
strains. The bands of GFP in GFP-LacZ are veryt kgmpared to GFP.

g IPTG()

U PTG

Growth rate (h'")

Figure 5.5 Growth rate is not affected with thetbgtic promoters

When expressingfp or gfp-lacZ fusion under the control of,for the synthetic promoters no
significant decrease in the growth rate is obsere®& medium with maximum IPTG induction
(Imm).
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To check whether the 'quite low' fluorescence I@leerved on the GFP-LacZ fusion strains
[Figure 5.4 A] was due to a low abundance in preten to a low fluorescence activity
because of folding issues of the chimera proteia, guantified by western blot the GFP
produced by the strains producing GFP and GFP-lLexdier Rs[Figure 5.4 B. The western
blot indicated that the quantity of GFP in the proed fusion protein was much lower than
that of the GFP alone, which is consistent with tR#\ results. The lower abundance of the
GFP-LacZ fusion protein than the GFP alone mighidbe to protein folding issues since
LacZ is a tetramer larger than GFP, which may affee proper folding of GFP. Therefore, to
check whether there are misfolding problems in@##-LacZ fusion strains, we performed
microscopic images for the GFP and GFP-LacZ fusioains. As shown on [Figure 5.6 A],
when GFP alone is produced it shows a homogendoages$cence in the cells. However,
when GFP is fused to LacZ, it shows clear aggrelijfaestructures at the cell poles which

could mean that low fluorescence is due to imprgpetein folding [Figure 5.6 B].

Due to the very low level of protein detected e tcells, the fusion protein was
obviously not a good candidate to study the impdcprotein overproduction on the cell
physiology. Indeed, there was not any negativecefba the cell at the level of growth. We
thus decided not to overproduce chimera to invastidurther the consequences of protein

overproduction on the cell physiology.

Figure 5.6 Microscopic images showing the GFP #goence
(A) Homogenous fluorescence of GFP in GFP-produsingins. (B) Aggregate-like structures of the
GFP-LacZ fusion protein appear at the cell poles.

84



CHAPTER 5. Gratuitous Protein Overproduction AltBrsubtilis Cell Physiology

Beta-galactosidase is a large protein (112 kDad) iamvas shown to cause a growth
rate defect ort. coli when massively produced (Dong et al. 1995). Theeefwe constructed
new strains by integrating one or two copiesag¥ at 2loci in theB. subtilis chromosome.
The firstlocus is amyE, a non-essential gene, close to the origin oficapbn and known as a
usual integratiotocus in B. subtilis. The secondiocus is nprE, a non-essential gene as well,
located near the terminus of replication. Two ind¢ige plasmids each carrying the
homology regions for eithemyE or nprE were built to integrate the gratuitous reporterese
using the StarGate cloning method; an efficient &éinte saving technique in molecular
biology (see section8.1.1.2). This methodology aeguired in DSM in the Netherlands and
we made use of their in-house plasmids. Two copligfp or lacZ, or one copy of each afp
and lacZ were constructed. The abovementioned set of styotppeomoters was used to

control the expression of the reporter genes.

Miller Assay was performed to estimate the Lac#vdy in the strains carrying single
or two copies ofacZ. The results of the assay is shown in [Figure &fi¢re LacZ(2x) has
nearly twice higher activity than the LacZ produgstrain. Cell growth was monitored using
LCA in rich defined medium. The effect on the grbwtate in rich medium was not
significant even in fully derepressed growth coiodis (1 mM IPTG), although IPTG was
either added at the beginning of the experimennjected during the exponential growth. In
poor medium, the 'expected' growth defect was aegbronger nor significant (M9 Pyruvate
which normally gives rise to a growth rate of abBi® h* for a wild type strain) [Figure 5.8].
We concluded that the level of expressionaoZ, when present in two copies and expressed
under the control of Rin the presence of 1 mM IPTG, was not high enoogtatise a growth

rate decrease . subtilis.

Alternatively, this result may indicate that theesists in B. subtilis a compensation

mechanism to maintain a normal growth rate whempreducing a gratuitous protein.

The level of production of the gratuitous protean be further increased by various
means. For instance, this can be achieved by isioigdhe gene copy number through a
multi-copy plasmid or by increasing the productgirength using stronger promoters. Since
multi-copy plasmids are not highly stable Bn subtilis (Bron et al. 1991; Wong 1995), we

decided to build new expression cassettes usiti@ager promoter/TIR DNA sequence.
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Figure 5.7 Miller Assay fop-Galactosidase activity

The assay was performed on the strains expressiadaoZ copy (RdacZ) and twolacZ copies
(Prndacz (2x)).
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Figure 5.8 Growth rate of LacZ strain and a condtrin

Double integration ofacZ showed a similar growth rate to the control stiaipoor defined medium
(M9P).
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5.3 Overproduction of a gratuitous protein and consequeces on theB.

subtilis cell physiology

5.3.1 Overproduction of a gratuitous protein in B. subtilis reduces the rate of

growth

The promoter used in our previous strategies was @f the strongest inducible
promoters, yet we did not observe any growth dedscéxpected. Therefore, we decided to
use the constitutive,g, the strongest native constitutive promoteBirsubtilis known so far
(Guiziou et al. 2016). The transcription qffs almost ten times higher than that of theif®
derepressed conditions as shown in [Figure 5.9¢ §thains used in [Figure 5.9A] carry the
gfpmut3 gene (Cormack et al. 1996) under the control gfaRd thesfgfp gene (superfolder
ofp) (Pedelacq et al. 2006) under the control @f. fhe sfGFP folds faster and is brighter
than the GFPmut3 variant. Similarly, the overexpi@s oflacZ (as reporter gene) showed a

10-fold increase when usingdfinstead of B [Figure 5.9B].
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Figure 5.9 Comparison betweepjfand Bs promoters fused tgfp andlacZ in a rich medium

(A) LCA measurements for strains carryiRg, gfp or Py gfp. (B) Miller Assay performed for strains
carryingPglacZ or Py lacZ.

A strain carrying RglacZ in theamyE locus was built (see the Materials and Methods
section) and LCA measurements were performed to itororcell growth. First, the

measurements were performed in S medium (a minmedium with glucose as carbon
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source, which allows thB. subtilis wild type strain to reach a growth rate of abodt I0%).
The growth rate of the g lacZ carrying strain decreased by ~15% [Figure 5.10].
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Control lacZ

Growth rate (h')

Figure 5.10 Growth rate reduction shownBrsubtilis upon expression ¢écZ gene under the control
of Py promoter

In poor defined medium (S),&lacZ carrying strain had a 15% growth rate decrease acedpto a
control strain.

In order to confirm this result, ttsfgfp, mkate2, andlacZ genes were placed under the
control of Regand integrated into thB. subtilis chromosome in either one or two copies. The
first copies were integrated into tlaenyE locus, and the second copies (if present) were
integrated in thenprE locus. Growth was monitored using LCA in cells growngaor (S),
intermediate (SX that is S + asparagine, malate giutamate), and rich (CHG) media. These
media give rise for a wild type strain to growthesaof approximately 0.7 1.0 K, and
2.0 H', respectively. The growth rate decrease previoablerved in the WBlacZ carrying
strain was also observed in cells overproducing @nye three different gratuitous proteins
from both single and double gene copies. The resul presented on [Figure 5.11], which
shows the growth rates (in duplicates if LCA meaments) of the strains carrying the
gratuitous geneglp, mkate, andlacZz) in different media. The growth defect was stram&
and SX media and increased with the double geng iobggrations (indicated by 2x). On the
other hand, when the strains were grown in richioled CHG), the growth rate decrease was
not as important as in the defined minimal median8 SX. It was more significant with the

strains overproducing the gratuitous protein frara gene copies.
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Figure 5.11Slower growth rate for all the strains carryingtgitus genes in different defined me

The graphs show duplicatestbie growth rate for the strains carrying singledouble copies agfp,
mkate, andlacZ grown in (A) poor defined mediu (with glucose) S, (B) SXnedium(S + malate,
glutamate, asparagine), (C) rich defined medium (

89



CHAPTER 5. Gratuitous Protein Overproduction AltBrsubtilis Cell Physiology

After showing a growth rate decrease with hightgiroexpression, we were interested
in quantifying the variation of the growth rate litespect to different levels of protein
expression. This would give us information on tleertance ofB. subtilis to protein
overproduction, by showing the minimum level oftein production resulting in growth rate
decrease. Therefore, we built new expression dassélsed on a library of promoters
selected from the work of Guiziou S. et al. (Guiziet al. 2016). LCA measurements were
performed to monitor the growth rate and the GkBréiscence in CHG, SX, and S media.
The results are shown in [Figure 5.12]; the gragipsesent the variation of the growth rate as
a function of the GFP fluorescence level (measaretiuorescence/Qfgy in arbitrary unit). A
sharp decrease in growth rate in S medium, a srapalcrease in SX medium, and then a
constant variation in CHG medium were observedsTheans that with lower amount of
proteins produced, the cell slowers its growth ratpoor media more than in richer media.
Nevertheless, this suggests that we should betalidéserve a growth rate decrease in rich
medium under the condition that the protein producikevel is increased.
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Figure 5.12 @wth rate variatiowith respect to different levels of GHPdifferent defned media

(A) In medium S the growth rat(h™) drops at relatively low values ¢fAU.ODgog", (B) in the
intermediate SX medium the growth rate shows a $meoalecrease compared to A, and (C) irG
medium the variation is constant

5.3.2 Growth rate is altered when the GFP production reaches a certair

threshold

After showing a burden on the growth rate, we weterestecin finding the quantity

of proteins that contributed to the burden. Fot thapose, we first did an SI-PAGE gel to
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check the heterologous protein abundance with oégpehe total soluble cell proteins. The
strains overproducing GFP, LacZ, and LacZ with GwBre grown in S medium until the
exponential phase. They were harvested and tréata@ak the cells and extract the cytosolic
proteins. The protein extracts were measured byBthdford assay to be able to adjust the
amounts when loading them on the SDS-PAGE gel. CHileextracts were loaded on SDS-
PAGE gel and revealed by coomassie staining [Figui8A]. GFP, LacZ and LacZ with
GFP clearly appear to be abundant in comparisaheaaytosolic proteins [the GFFC in
Figure 5.13 will be explained later in 5.4.2.3]. dnder to estimate the percentage of the
heterologous proteins in the lanes, we did an esiiom based on the signal intensity using
ImagelLab software. The calculated percentageshfoheterologous proteins are as follows
by respecting the order on the SDS-PAGE [Figure354l: (2) GFRsy 9.07%, , (3)
GFP'“%gq, 6.01%, (4)LacZs, 6.92%, (5) GFR., 6.94% and LacZ, 5.49%, (7) GFE.
7.56%.

For a stronger validation of the protein amounatthvas really produced, we
performed western blots against GFP, and one rept@s/e result is shown on [Figure
5.13C]. From a total cell extract of ~6.75 pg inj20total volume, GFP was estimated to be
0.66 ug based on the slope calculated from thasittes of bands corresponding to the GFP
scale of known amounts [Figure 5.13 B, C]. As ailteshe GFP represented ~9.77% of the
total extracted proteins, which is close to theugalcalculated based on the signal intensity.
Moreover, in [Figure 5.13 D] the cells on LB agéatps carrying Bmkate (pink) and Rgafp

(green) show the fluorescence of the proteins byntiked-eye.
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Figure 5.13 The heterologous protein quantificatiath respect to the total soluble proteins extract

(A) A coomassie stained SDS-PAGE gel that showddta soluble proteins extract for the wild type
and each of the strains producing GFP, LacZ, and L@FP. (B) The graph representing the intensity
of the bands measured by ImagelLab software vematsip mass, which was used to quantify the
GFP in the western blot (C) A western blot aga@®sP showing a GFP scale of known amounts, and
the GFP produced in a total soluble proteins exwé6.75 g and 13.52ug. (D) The fluorescence of
the proteins appears on the cells producing mKamelGFP which shows the intensity of production.

In E. coli, 30% of gratuitous protein caused the cell to celasen (Dong et al. 1995). In their
work, the protein was produced using a multi-copgsmid. Obtaining 30% of gratuitous
protein inB. subtilis was not reachable in our case. However, we peddram experiment to
compare the two species producing GFP. In ordestionate and compare the growth rate of
E. coli and B. subtilis with respect to protein production, we used a ruapy plasmid
carrying Redfp in E. coli and an integrated copy in tBesubtilis chromosome. As shown on
[Figure 5.14A], the GFP abundance En coliwas 3.5 times lower than that B subtilis.
However, IinE. coli it led to a growth rate decrease of around 16%H® medium, while a
3.5 times higher GFP abundanceBnsubtilis only led to a 10% growth rate reduction in
CHG medium. In order to confirm that there is m&e€P produced iB. subtilis than inE.
coli, we ran a western blot and estimated the amou@&f in both species by referring to a
known concentration of a purified GFP (already foediin the lab). The western blot showed
that the GFP iie. coli was ~1.5 times less abundant thaB.isubtilis [Figure 5.14B]
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Figure 5.14 GFP abundancelincoli andB. subtilis

(A) LCA measurements in CHG medium, showing the @BBndance iE. coli andB. subtilis. (B)
Western blot against GFP produce(B. subtilis andE. coli from a total cytosolic protein extract o
and 12 ug and a scale of kno@FP amount

These results suggest thila¢ growth rate cE. coli is more affectethan that oB. subtilis for
a given amount of gratuitous prot. How doesB. subtilis as compared tE. coli to
compensate for the overproduction of a gratuitaesem is an issue that will be addresse

the [section5.4bf the manuscrig

5.3.3 Gratuitous protein overproduction affects the bacteriumcell size

Protein ovgoroduction inB. subtilis does not only slowegrowth butit also results in
increased cell sizé. subtilis strains overproducing the gratuitous proteins vesittured in £
medium and harvested during exponential gro(ODgp=0.2). As shown in Figure 5.15],
microscopic analyis revealed a slight increase in the cell sizethef GFP and Lac
overproducing strains as compared to the The WT cells (A) lookegmaller than the cel
overproducing GFP (B), and LacZ (C), [tGFP**®in Figure 5.15will be explaineclater in
5.4.2.4].
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A. B.

Figure 5.15 Microscope images rsubtilis strains over-producing gratuitous proteins

(A) Wild type strain, (B) GFP-producing strain, (GFP*-°®-producing strain, (D) LacZ-producing
strain.

In order to confirm the cell size increase caubgdoverproducing a heterologous
protein, we performed flow cytometry analysis. Flaywtometry allows to analyze a cell
population at the single-cell level and to obtatatistical analysis about the size and
fluorescence of cell populations. As above, cesergrown in S medium, harvested atggD
0.2 and treated for cell fixation before flow cytetnry measurements. A scatter plot for the
Fsc (Forward_Satter; proportional to the cell sizegrsus the SSC (fle Satter; related to the
‘granulation’) for each of the wild type strainda@FP and LacZ overproducing strains are
presented in [Figure 5.16 A, B, D]. Within thesepplations, around 50,000 cells were
selected in an identical ellipse used to gate tae.dThe gated cells were plotted as a
histogram showing the size distribution of all gteins [Figure 5.16 E].
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Figure 5.16 Flow cytometry data

A scatter plot for the Fsc gFward_Satter) versus the SSCi@® Satter) for each of the (A) wild type
strain, GFP (B), GFP®® (C) and LacZ (D) producing strains. The ellipsehis gated treated cells,
which is identical in all of the plots. (E) The gdtcells are plotted in a histogram showing the siz
distribution of all the strains. (F) The Fsc valugfsthe mutant strains presented in boxplot are
normalized to the Fsc value of the wild type.

These results indicate that the cell size of theZLland GFP overproducing strains are bigger
than that of the wild type. The Fsc values of thgants were normalized to that of the wild
type [Figure 5.16 F]. The Fsc mean values and thedard deviation are presented [Table
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5-2]. Note that the computedest (.e. student testp-values were zero, which indicated that
the mean, variance and distribution of the datassts with extremely high significance
(<0.001) from unrelated populations. In other wotte cell sizes were significantly different

between the wild type and overproducing strains.

The results from the previous chapter showed thatgrowth rate of the strains
overproducing LacZ decreased more than that of dtniains overproducing the GFP.
Similarly, the effect of protein overproduction thre cell size also turned out to be dependent

on the 'cost' of the overproduced protein.

Table 5-2 The mean and the standard deviation @étitle size of each of the strains in the gatetezo

Fsc
Data zone (elipse) mean std
WT 198.94 73.11
GFP 276.14 62.88
GFP-c¢ 261.94 66.54
LacZ 347.38 63.85

5.4 B. subtilis cells adapt to a huge overproduction of a gratuitas protein

by alleviating constraints on the use of amino acsl
The next question to address was why as compartx tcurrent knowledge 8. coli
is the growth rate defect only observed after onggtpcing so much of a gratuitous protein?
In order to address this issue, we ran proteonmatyars in GFP overproducing strains.

5.4.1 GFP overproduction in B. subtilis results in reduced production of other

proteins

Proteomics analysis were carried out on threénstexpressing either one copy of the
expression cassette of3fgfp" (strain MZ139) or two copies of this expressionsedt® (strain
MZ140), and a wild type strain (control strain MZ7€ells were grown in S medium until it
reached an optical density (@ of 0.23 meaning that the cells were harvested in
exponential phase. The growth curves of the tipéis of each strain are presented in [Figure
5.17]. Soluble proteins were analyzed by proteorbased on three biological replicates for
each strain. Statistical analysis were performed®hyC. Henry using the PAPPSO software

XITandemPipeline (Langella et al. 2017).

97



CHAPTER 5. Gratuitous Protein Overproduction AliB. subtilis Cell Physiolog’

A. Time (h)

0 05 1.0 15 20 25 30 35 4.0

1.00
2 -‘_
g i + MZ72-R1
% 010 &
E & s MZ72-R2
MZ72-R3
0.01
B. Time (h)
0 05 1.0 1.5 20 25 30 35 40
1.00
nl
o ]
3 n + MZ139-R1
Z 010 n
E = MZ139-R2
—
MZ139-R3
0.01
C Time (h)
0 1 2 3 4 5 6 17 8
1.00
g, »
m " o’
= -, + MZ140-R1
2 010 2 ¥ 2
o et = MZ140-R2
<
| *
MZ140-R3
0.01

Figure 5.17Growth curves of thwild typeand GFP overproducing strains in S mec
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The cells werédharvested around Cgoo 0.23 as indicated by the arrawg) MZ72 the control strair
(B) MZ139 the strain with ongfp copy, (C) MZ140 the strain with twgfp copies. The average
growth rates of edrof the strainwere 0.454 1 (MZ72), 0.364 i (MZ139), 0.307 * (MZ140).

5.4.1.1 Detection and relative quantification of GFF

The poteomics analysis confirmed an increase in GFRIymtion between strair
transformed by one and two copies of the exprescassette. Indeethe NSAF (Normalize:
Spectral Abundance Factor) indicates a proportio@P ranging from 4 to 6% of the to
soluble proteins detected and quantified by thesmsasctromete[Figure5.18 B]. According
to this quantificatiorand in agreement with measured fluoresc [Figure5.18 A], double
integration of the same GFP overexpression casdetteot result in the same increase

GFP production by the strai
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Figure 5.18 GFP abundance in the strains over producing GFPori®y and two copies of tl
expression casseti, sfofp.

(A) The GFP fluorescence measured by LCA. (B) Themalized spectral abundance factor for
GFP in relation to the total soluble proteins cted by the mass spectrometer.

In another growth condition, such a resFigure 5.18 could have been linked to tl
integrationlocus. The second copy of the cassette is integrategecto the terminus «
replication. This integration locus is supposedawer the gene dosa when cells grow
rapidly in comparison with a locus closer to thiyior of replication. However, the impact
thelocus of integration with regard to the gene dosage Istntial when cells grow in a ri
medium. Indeed, DNA replication needs to consate the speed of division of the cells

increasing their number of DNA replication forksu#ing in a bias in gene dosage. Suct
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effect is thus not expected to be as strong imtimemal S medium that allows a cell division

every hours.

One hypothesis to explain the different productidi&FP in these strains is linked to
resource allocation. Strains carrying a double cofthe GFP expression cassette displayed a
decreased growth rate as compared to "single copytd control strains. This decrease is
linked to a non-optimal distribution of resourcedvieen endogenous cell processes and the
heterologous process. The difficulty to increase dhantity of GFP produced by increasing
the cassette copy number somehow indicates thd¢wkeof production of a protein does not

increase linearly with the gene dosage in this ¢gnasendition.

5.4.1.2 Global impact on the proteome oB. subtilis

Regarding the total soluble protein content, mdéngly, the major effect of
overproducing a gratuitous proteinBasubtilis is a decrease in the quantity of many proteins
in the overproducing strains as compared with ttespective amount in the control strain.

To analyze the global impact on the protein préidng we compared the mean
spectral count of the biological replicates foriaeg protein in an overproducing strain and
compared it with that of the control strain. Thaywe were able to select 399 proteins that
are repressed in the “GFP one copy” strain (MZE3®) 423 proteins that are repressed in the
“GFP two copies” strain (MZ140). Although the termepressed’ does not seem to be
semantically accurate in our case, as we do noivkmaw the cell was able to turn off the
production of several proteins, in this subchapterwill make use of the term 'repressed'.
The repressed proteins were categorized in thehae [Figure 5.19] according to the folds
of repression compared to the wild type strain. Kiog at the two pie charts (Figure 5.19,
panels A and B), we can observe that the most sepdeproteins (at least 4 folds) increased
from 1 to 11 when having an additional copygfif. Globally, the intensity of repression of
the selected soluble proteins increased togethdr thie increase in heterologous protein
production. Indeed, comparing the slices of the tnmtense repression factors between the
“one copy” and “two copies” strains indicates agbke shift towards higher repression when

GFP production increases.

In order to analyse the effect of increasing tf&@evel on the protein repression, we
globally compared the distribution of the protefrem one slice of the pie chart for the one-
copy strain into the pie chart of the two-copiesist[Figure 5.19C]. As an example, the first
pie chart of this panel indicates that proteing there downregulated 1 to 1.5 times in the
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one<opy strain show an increase repression in the twoepies strain. Indeed most of the
proteins are repressed more than 1.5 times invtbecopies strain. The other pie charts fr
this panel shows that a few proteins were lessessed in the tw-copies strain than in tr
one-copy However, the general behavior of the repressioowsthat the more a stra

expressed the heterologous protein, the more gedseted proteins were repres

"V/
XXX,

Cluster 1-1.5 Cluster 1.5-2 Cluster 2-3 Cluster 3-4

C.

m At least 4-fold less expressed proteins = 3 to 4-fold less expressed proteins
m 2 to 3-fold less expressed proteins 1.5 to 2-fold less expressed proteins
m 1 to 1.5-fold less expressed proteins

Figure 5.19Pie chart representation ofe number of differentially produced proteins in C
overproducing strains depending on the ratio batwibe level of one protein in the w-type strain
compared with the GFP overproducing str

(A) Repression in strain carrying one copy Pyg-sfgfp(strain MZ139) (B) Repression in strain
carrying two copies oP.-sfgfp (strain MZ140) (C) Level of repression of proteimsthe strair
MZ140 clustered by their level of repression in shrain MZ13¢

This general repressiobehavior indicates a poterl economy of the cell resources
maintain a rate of growth as closepossible to that of the contretrair. We analyzed that
the underlying mechanisms of this ‘possible econammore details to understand what

of the metabolism is potentially affected by the@xpressiol
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5.4.1.3 Overexpression of GFP impacts the production of nomibosomal peptide
synthetases (NRPS)

A list of the most differentially produced protsim the overexpressing strawves sus
the control strain has been generated based apt#wral counts data given by the PAPPSO
platform. In order to keep the most accurate data,decided to focus on the 300 most
detected proteins based on the total number otsp@ounts across all samples. This protein
list has been plotted in a heat map using theylagios of the mean spectral counts for the
biological replicates of a given strain divided thyg mean of the spectral counts for all the
samples analyzed [Figure 5.20 — left side]. In figsire, the list of the proteins has been
sorted by the decreasing order of the dagtios for the strain carrying two copies of tfp

expression cassette.

Generally looking at the heat map, we observentaty proteins are less produced in
the GFP over producing strains compared to the typeé strain. Moreover, we can observe
the difference in the proteins distribution betwdlem GFP strains. The upper part of the heat
map reveals the most affected proteins when oveesszmg a GFP. We made a zoom on the
10 most 'repressed’ protein in the two copies rst(f1Z2140) [Figure 5.20 — right side].
Interestingly among this list of ten proteins, g¢igblong to enzymes involved in the synthesis
of non-ribosomal peptides such as plipastatin ®gi) surfactin synthesis and enterobactin
(also named bacillibactin) synthesis. The genesingodhese non-ribosomal peptide
synthetases are organized in operons. Detectintgipsofrom the same operons that are
differentially expressed in the same way betweea tarious strains confirmed the

significance of the proteomics analysis.
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strain

Lg‘g“’(mean samples

sp|P94459|PPSD_BACSU Plipastatin synthesis
sp|Q07833|WAPA_BACSU Cell wall-associated protein
sp|P45745|DHBF_BACSU Enterobactin synthesis
sp|P39847|PPSC_BACSU Plipastatin synthesis
sp|P27206|SRFAA_BACSU Surfactin synthesis

sp| Q08787|SRFAC_BACSU Surfactin synthesis
sp|P40871|DHBE_BACSU Enterobactin synthesis

0.4

sp|P45744| DHBC_BACSU Enterobactin synthesis
sp| Q04747 SRFAB_BACSU Surfactin synthesis
0 sp|031629|YJCG_BACSU Putative RNA ligase

7 - - TRN I 3 I TU R S

Mz72 MZ139 MZ140

Figure 5.20 Heat map representation of the 298 rafistted proteins in the wild type and GFP
producing strains. On the right, zoom on the 10traffected proteins and their respective metabolic
functions inB. subtilis

Spectral counts for the proteins of the analyzeairst were compared to the mean of spectral counts
in all the strains and lggratios were used for visualization. MZ72 Contrwhs, MZ139P, sfgfp
one copy, and MZ14B,, sfgfp two copies.

NRPS (non-ribosomal peptide synthetases) are \&ngelproteins. Indeed, among the four
proteins coded by th&fA operon, two proteins have a molecular weight highan 400 kDa,
four out of the five proteins coded by thgs operon are bigger than 280 kDa and the biggest
protein encoded by thdhb operon has a molecular weight of 263 kDa. The camgs
produced by enzymes encoded by these operons atersm-ribosomal peptides that have
shown various biological activities as for exampletibiotics, iron transport and active

surfactant (Caulier et al. 2019).

Proteins encoded by the NRPS operons are not tisé nepresented proteins in terms
of protein number. However, the size of these jmetenakes of it heavy proteins in terms of

resources for the cells in these growth conditesevealed in [Figure 5.21].

As shown on [Figure 5.21], [Figure 5.22] and [Fig@.23], they represent the mass of the
proteins as a percentage of the total mass witteatdo their concentration as a percentage of
the total concentration. The relative respectivstcof SrfAA and SrfAB for example
decreases together in mass with an increase in g&duction. While Ef-Tu decreases in
concentration with an increase in GFP productidris Behavior highlights that proteins may
have the same mass, but small proteins (Ef-Tupeesent in high concentrations compared

to big proteins (SrfAA or SrfAB) are present in l@@ncentration. This indicates that the cell
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manages its resources according to the cost of ¢motein when overproducing a
heterologous protein.

We then clustered the detected proteins basettemetabolic subsystems in which
they are involved. Results presented in [Figurelbahd [Figure 5.26] show that the major
effect of heterologous protein expression resuét giobal decrease of the productionof native
protein. The most affected metabolic pathway isitesl to antibiotic synthesis (due to
surfactin synthetase and plipastatin synthetasencegulation). However, these figures also
highlight a potential overexpression of other met&bpathways obviously linked to the
heterologous protein production, with for example,increase in the proportion of ribosomal

proteins with respect to the overall protein contdrthe control strain.

Looking at the zoom on the heat map presentediguf€ 5.20], it is obvious that the level of
production of the 10 most affected proteins de@gawth an increasing level of production
of the heterologous protein sfGFP. We analyzed deigease in more detail by making the
boxplot presented in [Figure 5.26, Figure 5.27 kigiire 5.28]. The upper part of these three
figures represents the genetic organization of dperon. The lower part shows relative

guantity of each of the detected proteins baseti@spectral counts obtained by proteomics.
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Concentration vs. Mass (Strain: WT)
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Figure 5.21 Correspondence between the normaliaedenitration and the normalized mass in the costrain (MZ72). Large proteins have a significant
impact in terms of protein cost with a low concatitm such as srfAB (401 kDA) or srfAA (402kDa). 8linproteins such as the elongation factor Ef-Tu
(tfuA gene - 43kDa) with a concentration ten tirhagher than srfAA has a cost in the order of magtétof that of srfAA
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Concentration vs. Mass (Strain: GFP)
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Figure 5.22 Correspondence between the normal@ecentration and the normalized mass in the ong G&l° strain (MZ139)
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Concentration vs. Mass (Strain: 2GFP)
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Figure 5.23 Correspondence between the normal@ecentration and the normalized mass in the twaesdpFP strain (MZ140)
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Variation of mass repartition dules: WT-strain as varsus the GFP- strain
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Figure 5.24 Protein mass repartition between tlee@RP copy strain (MZ139) and the control strairZ i)
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Figure 5.26 Influencef GFP overexpression on the production of proteimsoded by thpps operon
responsible for plipastatin productionB. subtilis

A.Genetic organization of the operon B. subtilis chromosome. B. Boxplot representation of
spectral counts for eachrqtein encoded by thpps operon in MZ72 (control strain), MZ139 (o
copy of the GFP expression cassette) and MZ140 ¢opees of the GFP expression cass

Figure 5.26represents the data for the plipastatin synthetaseplex. This complex |
encoded by an operon of approximately 38 kb divided open reading frames. All tl
proteins of this complex have been detected irctimrol strain and it is clear that fc out of
five proteins from this operon decreased with iasheg GFP production. Looking at Pp:
the very low number of spectral counts makes iy \ekificult to detect in the GFP producil
strains. Thusevolution of the PpsB level between the two ns MZ139 and MZ140 is n

significant since we are in the background of gahhology
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Figure 5.27 Influencef GFP overexpression on the production of proteimsoded by thdhb operon
responsible for gerobactin production iB. subtilis

(A) Genetic organization of the operonB. subtilis chromosome. (BBoxplot representation of tf
spectral counts for each protein encoded bydhb operon in MZ72 (control strain), MZ139 (o
copy of the GFP exprass cassette) and MZ140 (two copies of the GFPesgion casseti

Figure 5.27epresents the data for the enterobactin (or lizexilin) synthetase complex. Tl

complex is encoded by an operon of approximatelkld divided in 5 open reading fram:

All the proteins othis complex have been detected in the controinstnad as for the proteir

of the plipastatin complex synthetase, the protelative quantity decreased with increas

GFP production.
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Figure 5.28 Influence of GFP overexpression orptiogluction of proteins encoded by #1éA operon
responsible for surfactin productionBasubtilis

(A) Genetic organization of the operonBnsubtilis chromosome. (B) Boxplot representation of the
spectral counts for each protein encoded bystfee operon in MZ72 (control strain), MZ139 (one
copy of the GFP expression cassette) and MZ140 ¢typtes of the GFP expression cassette)

Figure 5.28 represents the data for the surfaghthgetase complex. This complex is encoded
by an operon of approximately 26 kb divided in €opeading frames. Again, all the proteins
of this complex have been detected in the contrairsand as for the proteins of the two

others NRPs operons, the protein relative quadatyreased with increasing GFP production.

The fact that the production of these proteinseweduced when a gratuitous protein
was overproduced may indicate that the pool of amaids was limiting in terms of resource
allocation to feed the production of the esserdiadl non-essential proteins including our
protein of interest. To address this issue we @ekctd tag the GFP protein to be degraded and

allow the recycling of the amino acids used duBfP synthesis.
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5.4.2 Degradation of the overproduced gratuitous proteinrestores the growth

rate

In E. coli andB. subtilis, when a ribosome reaches the 3' end of an mRNAowit
reaching a stop codon, the tRNA encoded bysth& gene adds a tag called the ssrA tag. In
B. subtilis, the ClpXP protease recognizes the ssrA taggeteiprand proceed to its
degradation. We decided to make use of this prgparid generate a ClpXP-based
degradation system to specifically degrade the preeluced gratuitous protein and release

amino acids into the cell without relieving the themn on the ribosome load.

5.4.2.1 Design, construction and characterization of GFP-34 variants

Based on previously published results (Griffith Gossman 2008; Guiziou et al.
2016), we built strains producing GFP tagged at thd¢erminal with five candidate ssrA tags
(ALGG, DDAS, ADAN, ADCS, AASV) in the sequence (AAMENYSENY or
AGKTNSFNQNYV recognized by the CIpXP protease; tke af these two sequences will be
explained in the [section 6.1he synthetic cassettes carrying thg, Bfgfp-ssrA* were
integrated in th@myE locus (ssrA* stands for the various above-mentioned gags) [from
now on we will use the term GFP instead of sfGHRE growth and fluorescence of GFP of
the different strains were monitored by LCA. As whoon [Figure 5.29], we observed that
the GFP abundance of any of the GFP-ssrA* variaatslower than that of the GFP.
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Figure 5.29 Variation of GFP abundance betweentitegged and tagged GFP.

Five engineered ssrA tags whose last 4 aminoacel®BAS, ADAN, ADCS, AASV, and ALGG,
recognized by ClpXP protease were fused to the@hal of GFP.
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The GFP abundance was estimated by the leveluofdscence, assuming that the
transcription and translation processes, as weali@snRNA stability, were not altered by the
C-terminal ssrA tag addition. However as it is #gical assumption for the current work, we
checked whether the lower GFP-emitted fluorescevae related to the degradation of the
GFP-ssrA variants by monitoring fluorescence ugmndddition of a translation inhibitor on
exponentially growing cells. Growth and translatiarhibition was carried out using
tetracycline. If the GFP-ssrA variants are lesblstthan the GFP (which is considered to be
highly stable; half-life over 10h), we expect tosebve a quick drop in fluorescence after
tetracycline addition. This would indicate that t@eterminal tag is well recognized by
ClpX.On the contrary, if the GFP and GFP-ssrA vasare not degraded, we would observe
a constant fluorescence following tetracycline &ddi The consequence would be that
thedifference in the fluorescence level observedFagure 5.29] were not due to the GFP-
ssrA degradation but to an altered efficiency oPG#foduction (transcription and/or mRNA
stability and/or translation) by the C-terminal.tag

We selected one variant of GFP-ssrA (ALGG, latereferred to as GEF*®), which
showed the lowest level of fluorescence in S medguawn cells and tested three different
concentrations of tetracycline (1, 10 and 20 pginLAlthough the three different
concentrations of tetracycline gave rise to simisults concerning the degradation of the
GFP and GF°® variant, we will focus our analysis on the use@fug.mL?*, since the use
of 1 ug.mL* of tetracycline turned out to be too low as cslisrted to regrow after a 2 h
growth arrest and the use of 20 pg:hf tetracycline turned out to be too high as dgtied
quickly after tetracycline addition. When we addeébug.mL* of tetracycline on S medium
exponentially growing cells, cell growth ceaseddfpibut cells remained intact [Figure
5.30A]. As shown on [Figure 5.30 B], the fluorescenn the GFP strain remained constant,
while it quickly decreased in the GFf® strain. This result indicated that the
GFP*““Cvariant is degraded by the active proteases.As stmw{Figure 5.30 C], following
tetracycline addition the specific production rafeGFP decreased down to zero in one hour,
indicating that it took about one hour to complgtnslation and folding of the remaining
GFP. On the contrary, the specific production Gft&FP*-°C became negative in less than
20 minutes, indicating a rapid degradation of tretein. The degradation of GFF°went on
for about 2 h following drug addition in a nonlimeaanner and then stopped. Based on the
fluorescence quantified during the exponential ghoibefore tetracycline injection) and

assuming the absence of degradation of the GFPgestimated by applying the mass
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conservation law the turnover rate of GEF¥ at approx. 0.59 + 0.08 H. Upon tetracycline
addition, this turnover rate seemed to have quiddgreased down to 0.15 £+ 0.08 h-1 for
about two hours before the GEP® degradation ceased.The GE® degradation arrest is
consistent with the fact that CIpXP is an ATP-degmart protease, which requires the constant
production of ATP to remain fully active.
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Figure 5.30Addition of tetracycline on exponentiadirowing cells reveals the quick degradation of
the GFP°® as compared to the unmodified GFP

(A) A representative growth curve of WT, GFP and”&£° strains (each in 6 replicates). The growth
ceased after 10 pg.ritetracycline injection. (B) A fluorescence curve foe two strains showed that
after injection the fluorescence of the GFP in 8P strain remained constant, while it decreases in
the GFP"°C strain. (C) The specific production rate of GFPswamputed for the GFP and GF¥
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strains, and showed that within less than half aur hthe GFP-°° was significantly degraded (<0),
while the GFP was stable for hours (=0).

5.4.2.2 Degradation of the synthesized gratuitous protein@stores the growth rate

In order to specifically degrade the overprodugestuitous protein and release amino
acids into the cell without relieving the burden ttve ribosome load, we tested the ClpXP-
based degradation systemon both GFP and mKate2.gidwth rate was monitored in
different defined media (S, SX, and CHG) [Figur&815.A, B, C respectively]. When
specifically targeting GFP°®, we observed a growth rate restoration mainly ian8 SX
media. The growth rate restauration was of abo@.50/hen degrading the mKat&3® a
growth rate restoration was significantly observadthe S, SX, and CHG media. We
concluded that the degradation of the newly symbdtgratuitous proteins permitted the
recycling of amino acids to be reused by the callthat it allowed growth rate increase.
Hence, the resulting growth rate restoration ingidahat the burden caused on the cell by the

gratuitous protein was mainly due to the limitatioramino acids.

5.4.2.3 The mass quantification of GFP"®Cis half of that of GFP

A western blot against GFP was performed to eséintlae quantities of GFP and
GFP"©® in the extracted proteins. To do that, a scalequdntified purified GFP was
prepared to estimate the amount of the loaded GEPGEP-®® [Figure 5.13 B]. From a
total cell extract of ~6.75ug in 20 pL total volumie GFP amount was estimated to be of
~0.66 pg while the GFE®® amount was of 0.32 pg. As a result, the GFP repteded.77%
of the total extracted proteins, while the GEF represented 4.82%. This result agrees with
the LCA measurements for the GFP abundance, whatet GFP-°® was more or less half
that of the GFP.

This quantification allows us to confirm that wiplartial degradation of the GFP, we were
able to observe a partial restoration of the grosath. This indicates that the recycled amino
acids were enough to increase the growth rate, gveartially restored. Together with the

proteomics data, which gave the hint that some essential proteins of big size were
downregulated when a gratuitous protein was ovelgred, we confirmed that amino acids

represent an important part/factor in cell resosirce
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Figure 5.31 Growth rate restoration upon proteigradeation

The graphs show duplicates of LCA measurements evtier growth rate was followed in different
media for different gratuitous proteins to know Wies the degradation of the proteins will change th

growth rate. (A) S medium, (B) SX medium, (C) CH@dium.
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5.4.2.4 Degrading the gratuitous protein changes the celize

With the partial degradation of the GEF® [Figure 5.29], we checked whether the cell size
changed back to normal. The flow cytometry datgyFe 5.16 E - F] showed a decrease of
the cell size towards the wild type cell size acpanied by the decrease in GFP abundance
[Figure 5.32]. The proteomics data analysis shothetl one of the proteins involved in the
cytokinesis ring assembly, FtsZ, is decreased #§ fimes in the GFP producing strain. This
decrease might be one of the reasons that delajedivision and resulted in higher cell size
when overproducing the gratuitous protein. Thersfdhe released of amino acids after
degrading the overproduced protein reduced theitntm of the synthesis of FtsZ proteins.
Thus, cell division occurs earlier due to moleculaechanisms and resource rerouting
towards the production of the required proteinscill division
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Figure 5.32Fluorescence measurement by flow cytigmet

The GFP and GFF°° fluorescence measured by flow cytometry showing elowGFP-¢¢
fluorescence.
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5.5 Discussion

5.5.1 Demonstration of the gratuitous protein over produdion impacts on B.
subtilis
Engineering cell factories for protein productifaces some difficulties imposed on
the physiology of microorganisms. Bacteria and yedmare similar effects including cell
fitness, and cell size. However, the effect of gjtatis protein production oB. subtilis
physiology was still unknown or neglected. We fouhdtB. subtilis is like other microbes,
I.e. impacted by high protein productioB. subtilis responds to protein overproduction by a

slower growth rate, and a bigger cell size.

In order to investigate the consequences of higitem production, we focused
choosing the right expression system, the rightgmo and the locus of gene integration on
the genome. We had different trials on each ofntfemtioned points until we observed the

impacts on the cell.

First, when we constructed a GFP-LacZ fusion pnoige encountered the problem of
protein aggregates without showing an effect ondhlé fitness. Misfolded proteins diffuse
freely in the cytoplasm and tend to stick togethgrexposing their hydrophobic regions
[Figure 5.33 A]. As the aggregates grow, they ai@usled from the nucleoid due to nucleoid
occlusion (Laloux & Jacobs-Wagner 2014). This megdra occurs because the formation of
big protein aggregates is energetically more faveraway from a bulky polymer such as the
nucleotide [Figure 5.33 B]. As a result, the aggteg diffuse towards the cell poles. In
addition, it was revealed IB. subtilis, that the proteolysis machinery including ClpPhwits
ATPases and the aggregated proteins form clustéin® golar regions of the cell (Kirstein et
al. 2008). Similar observations were showtkircoli, when the formation of aggregates after
protein misfolding were shown to localize at thdl peles (Laloux & Jacobs-Wagner 2014;
Winkler et al. 2010) where the quality control miaehny (Hsp100/Clp proteases) localize.

Second, the inducible promoters did not help t@ioba production level that causes
an impact even with double integrations of the sagee@e in the chromosome. &
cerevisiaefor instance, the authors of (Kafri, Metzl-raz,at 2016) showed a growth rate
decrease with more than 18 copiesghd and mCherry genes. Indeed, the facilities to
integrate many copies iB. subtilis are not available and it is possible to face gene

recombination problems.
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Later, by using the g promoter which is @eld stronger than s, the growth rate
decreased in different edia and was confirmed with 3 reporter proteing. iRstance, twc
copies of RylacZ decreased the growth rate by about 30% in poor umedvith glucose (S
and by about 13% in rich medium (CH
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Figure 5.33ell pole localization of protein aggrega

(A) A Protein diffuses in the cytoplasm until it ete a polar protein with which it has a bind
affinity. (B) Large protein aggregates are exclutiethe cell poles away from the bulky nucleotid
a meanism called nucleotide occlusi

5.5.2 Overproduction of a heterologous protein leads tca reduction in non-

essentialendogenou proteins of the NRPS family

Considered as noessential, NRPS operons encode enzymes from metglathways
that will finally be useful for adaptation of the cells to their eavment (competition wit|
other microorganisms, biofilm formatic(Fan et al. 2017pr optimization of iron uptake fc
example). These adaptation capacities are prolettlgssential for optimizing cell fithness
lab culture conditions. Themay allow the cell to save resources when producing c
proteins (heterologous or native) by decreasingtbduction of these heavy (in term of m

and cost) proteins.

Moreover, norribosomal peptides synthesis consumes metabohtgsrépresents
cost forthe cell. For example, surfactin is a lipopeptidade of seven amino acids anf}-
hydroxylated fatty acid with a length of 13 to lé&rlwons. Plipastatin is also a lipopept
composed of 10 amino acids and op-hydroxylated fatty acid with a length 14 to 18
carbons. Dowmnregulation of no-ribosomal peptide synthetase can thus be a stréte(B.

subtilis to save energy by limiting both the cost of thetbgsis of enzymes and the use
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their substrates (mainly amino acids or amino agpigkcursors) for production of the non-
ribosomal peptides. However, if such a regulatiérthe synthesis of NRPS exists B
subtilis, the strains used in this study derived from t6@ 4train, which have been reported to
not produce surfactin or plipastatin. Indeed, aatioh causing a frame-shift in tisg gene
encoding the phosphopantetheine transferase SYemiréhe production of surfactin in this
genetic background. In the same way, a substitutiotihe -10 box in the sequence of the
degQ promoter prevent its expression which is requfoedplipastatin production (Gao et al.
2017). The impossibility of producing these NRPsoiur strains makes it impossible to
safeguard resources related to the production exfettpeptides. Thus if cells have ‘coded' a
mechanism to reroute resources by decreasing NRRtBesis, in a 168 derived strain, the
main effect will come from saving the resourcesaylecrease in the synthesis of these

specific enzymes.

5.5.3 The amount of the gratuitous protein with respect ¢ thetotal soluble

protein determine the impact on the growth rate

Our results show a direct relation between propgoduction and the impact on the
growth rate depending on the medium. The higherleékel of protein production is, the
higher the impact is as the medium tends to beguodihis result agrees with the result of
(Malakar & Venkatesh 2012) where it was shown ahéigburden when increasing the
production level of the LacZ protein iB.coli, or with less carbon source in the growth
medium. However, Malakar and Venkatesh (2012) ctamed that the burden was caused by
the cost of protein production and by the costRIFG uptake through the proton pumps. In
our case, the gratuitous protein encoding genes exepressed constitutively, which allows

us to conclude that it is the protein productiaelitthat caused the burden.

Recent studies oB. subtilis showed that there is no effect on the growth ate
producing massively a heterologous protein in LRlimen (Sauer et al. 2018). They designed
a large library of synthetic expression modulesl simowed that there is no impact on the cell
fitness even with 13x stronger expression thanth&e;. However, more analysis about the
guantity of protein produced must be performedrareoto understand why they did not show
any impact on the growth rate. First, accordinghi@ir Ry variant, the translation initiation
region is different than the one we used and tbeeethe amount of produced protein might
be less. Second, as it is known, the efficienciyrarislation decreases with increasing growth
rate (Gerosa et al. 2013; Borkowski, Goelzer, eP@l6). Our results are in agreement with
this fact [Figure 5.34], so that as the medium setudbe richer (the growth rate tends to be
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higher), the GFP abundance decreases. QuantificatiGFP by western blot showed that the
GFP ratio to the total cytosolic proteins is of 3CHG, whereas it is of 9% in S medium.
Knowing that the results obtained in LB medium watthigher growth rate for a wild type
strain than CHG, it is possible that the quantitypwotein produced in ratio with the total

soluble proteins is not high enough to cause a tjroate decrease.
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Figure 5.34 GFP abundance decreases with incregsimgh rate

As a function of the growth rate represented by dh@ewth medium, the GFP abundance clearly
decreases when the medium tends to be richer.

GFP abundance (FAU.ODg,'H)
A

Different quantification methodologies were usedthe current work to quantify the GFP
abundance and they all showed similar resultst,Fars estimation by signal intensity on an
SDS-PAGE coomassie stained gel was applied®.osubtilis strains producing GFP, LacZ,
and together LacZ and GFP, andearroli strain producing GFP. The intensity of the band i

related to the mass of the proteins. The resuliveddhat:

 GFPis 1.5% more producedBasubtilis than inE. coli.

* GFP represents 9.07% of the soluble proteins.

* LacZ represents 6.92% of the soluble protein, wisch.15% less than that of GFP,
which could mean since LacZ is a bigger proteimt@&P, its production is limited
not only by the amino acids, but also by the cyliosmcupancy more than GFP.

« GFP (6.94%) and LacZ (5.49%) when present togetheiless present as compared
to when they are produced alone which can be exfeio the cell strategy in saving

resources.
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Second, a quantification made by western blotregasFP, which is based on a GFP
scale of known amounts, showed that the GFP abwedar®.77%. This result confirmed the
previous estimation performed by signal intensity.

Third, we used the relative protein quantificatidone by PAPPSO platform to
estimate GFP quantity to be ~5%Taken all togethesd results confirmed that between 5-
10% of gratuitous protein relative to the totalusdé protein abundance leads to a burden on

the growth rate iB. subtilis.

5.5.4 Relation of cell size and high protein production

Cell size is a parameter correlated with the <gltowth rate, thereby it changes with
the bacterial physiological conditions. Schaecketeal. (1958) were the first to demonstrate
and discuss the increase of cell size and cell ositipn with increasing growth rate
(Schaechter & Kjeldgaard 1958). This observatiors waplored throughout the years to
understand the principles of the growth law and twogrelation between the nutrient
availability, the molecular mechanisms that contt@ cell size and composition, and the
growth rate. On the other hand, and in contrasthéo growth law, the cell size behavior

towards high protein production is the inverseestat

We have reported that when forcing cells to predhggh amounts of proteins, it
resulted in larger cells. The relation between ltheterial cell size and gratuitous protein
overproduction is common in microorganisms. A®Birsubtilis, the same relation applies on
E. coli and baking yeast (Basan et al. 2015; Kafri, M&ak, et al. 2016). Normally, the
relation of cell size is proportional to growtheatepending on the medium nutritional quality
(Schaechter & Kjeldgaard 1958). Therefore, we atwvaxypect that in a rich medium both the
growth rate, and the cell size increase, w@nd versa. However, when a gratuitous protein is
overproduced, the growth rate decreases, but theize increases. The result was confirmed
with two proteins, GFP and LacZ. We showed thatetiect on the cell size depends on the
protein size and cost, so that the LacZ-producgity evere bigger than GFP-producing cells.

But, what is the explanation for this contradicion

This contradictory observation was correlated with proteome allocation (Scott et
al. 2014; Weil3e et al. 2015; Scott et al. 2010)ewWa gratuitous protein is added to the finite
proteome, it changes the proteome allocation, byedecreasing the ribosomal proteins and

the metabolic proteins and enzymes. Researchere mad of the proteome allocation
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principle to explain the relation of high proteiroduction and cell size such as the authors of
(Basan et al. 2015) who explained it by their thodd model this relation. Based on the
proteome partitioning, they assigned a fractiontfi@r proteins required for cell divisionP
When an added protein takes place in the protedrdecreases the fractiorx Bo it leads to
increasing cell size until yPreaches the threshold required for cell divisibtareover, a
coarse-grained theory of bacterial physiology wees@nted by (Bertaux et al. 2016), where
they unified the proteome allocation with the stuwal model of division control. These two
models are examples on recent provided theoretigalanations, which both agree on the
decrease of structural proteins related to cellstim in the presence of a gratuitous protein.
An experimental validation of the threshold hypasikavas recently reported (Si et al. 2019).
In this work, they concluded that cell division g was reasoned to dynamics in proteins
and precursors required for division. A threshofdaocumulation of division proteins and
balanced biosynthesis to maintain proportionalggween their production and cell volume
are required for cell size homeostasis. Althougkythgreed with the threshold hypothesis,
more investigation on the interference of gratwstquotein production with this hypothesis

are missing. How does it affect the division pnosegxperimentally?

According to the threshold theory, reaching thguned threshold is slowed down in
the presence of a useless protein, thereby leaidincell elongation [Figure 2.21]. This
explanation could be true but it is quite generates the process of cell division is controlled
through different means. Cell division is regulatedough different cellular signals. If the
only reason is the insufficient levels of proteiasponsible for cell division, then the level of
FtsZ ring inhibitors would not be enough as welttmtrol the proper assembly and we would
have expected very small or malformed cells. Theriarence of high protein production
with cell size means that some 'regulations' leaddil volume expansion in response to

increase in cellular mass.

5.5.5 Amino acids are the limiting resource in a limitedcytosolic density

Growth rate decrease caused by protein over-ptimauis a result of a lack in cellular
resources. The assumptions on the main limitatitraé stand in front of high protein
production include cell processes such as translatranscription, and protein folding. The
translation process is costly by using amino acrdsgsomes, and tRNAs for a useless
protein. Transcription also uses additional NTPs$ BNA polymerases. Both processes were
the major bottlenecks that were said to controlghmvth rate rather than the protein itself
being produced (Stoebel et al. 2008). Moreover,bibitleneck was attributed to the growth
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medium conditions that alter the relative importaraf the transcription and translation
processes (Kafri, Metzl-Raz, et al. 2016). For anst, when the yeast was grown in a
medium with low phosphate, the limitation was atited to transcription initiation. Whereas
in a medium with low nitrogen it was attributed t@nslation elongation. In addition,
phenomenological models reported the main reasarsmfurce limitations to be the finite
proteome allocation (Scott et al. 2014; Weil3e eR@l5; Scott et al. 2010). The proteome
allocation considers a finite proteome divided lestw growth rate-independent housekeeping
proteins, and growth rate dependent ribosomal m®tand other enzymes. Any additional
gratuitous protein takes part in the finite protegrthus decreasing the resource allocation
towards the synthesis of the ribosomal proteins atiter enzymes. Consequently, this
proteome re-allocation leads to growth rate deereadther studies narrowed their
assumptions to cellular components such as congp&irRNA polymerase (Gyorgy et al.
2015), the proteases (Cookson et al. 2011), andaulalr chaperons (Daraba & Alma 2018).

The constraint on heterologous protein productioes not seem to reside in only one
compartment or one process, it could be a combinatf many cell resources limitations.
However, the real answer to that is not establisfegdWe believe that the limitation is the
combination of all the above mentioned reasonsjdbitiitere a higher impact of one limitation
than another? In order to investigate on the litioites, we used an engineered targeted
protein degradation tool iB. subtilis (Griffith & Grossman 2008; Guiziou et al. 2016).tlie
gratuitous protein is targeted for degradationtgygroteases, it will recycle amino acids back
to the cell and it will liberate intracellular sgadn this case, what would be the effect on the
growth rate? If a growth rate restoration occungs tvould suggest a limitation in the amino
acids and a higher occupation of the intracellsfzace are causing the growth rate decrease
[Figure 5.35]. However, if there was no restoratibnvould suggest more that the machinery

of protein synthesis are saturated.
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Figure 5.35 Representation of applying a targeeggatiation system on the gratuitous protein

By using a targeted degradation system to degtaelgratuitous protein, we had the chance
to see a growth rate restoration during proteirragfion. Knowing that the ClpXP protease
consumes energy in the form of ATP during degradatinevertheless we observed a
significant growth rate restoration. This meand #@iaino acid recycling and the liberated
space were more important than the ATP consump#iotually, depending on the substrate,
the ATP consumption by the protease can reach rii@e 500 molecules to denature a
protein (Kenniston et al. 2003; Baker & Sauer 2008)erefore, if the competition for the
proteases is a bottleneck, we would not had a droate restoration. Hence, the proteases
can be eliminated from being a main bottleneck #mse the burden of high protein

production inB. subtilis.

The amino acid importance in protein productionspres a major cell resource to form a
building block of all the cell proteins. Referrirtig our results, the higher impact on the
growth rate was observed in a poor medium (S)hik medium, the growth decrease ranged
between 15-30% depending on the level and siz@éekkpressed protein. In such medium
that lacks amino acids, the cell is pushed to ®gi#e the necessary amino acids required to
produce all the proteins. As a result, the syntheBaminoacids exhaust the cell resulting in a
low growth rate compared to richer media, and atgreeffect when adding a gratuitous
protein. When the gratuitous protein is degradee resulting growth rate restoration can be

explained by the recycled amino acids which sagesurces by synthesizing amino acids by
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the cell. Thereby, saving enzymes and energy. dllosvs us to deduce that the transcription

is not the main limitation of gratuitous proteirogduction.

The amino acids were not considered as a limitatioa study made oR. coli that
addressed a similar issue related to resourcealiimit (Stoebel et al. 2008). Stoebel et al.
(2008) used the targeted degradation system agbawzt and monitored the growth rate.
LacZ activity decreased by 38.9%, but it had n@affon the cell fitness. Therefore, they
assumed that amino acids are not a limiting celbuece. Knowing that LacZ is a big and
stable protein, it might not be easy to degradehich is clear from their result that the
activity decreased by less than 50%. In additiba,amino acids recycling resulting from the
LacZ degradation might not be enough to allow glovette restoration. In our case, besides
GFP and mKate, we targeted LacZ for degradationa Assult, we obtained similar decrease
in activity (38%) in LB medium [Figure 5.36]. Howex; in poor medium the growth rate was
not restored upon its degradation. Therefore, tfesiult agrees with our result. In contrary to
LacZ, looking at the result of GFP and mKate degtiath, a significant growth rate
restoration occurs. Thereby, assuring that amiih recycling might play a role in forming a
resource limitation for high protein production.rde, this suggests that the released amino
acids from LacZ were not the only resources thaitéd the growth rate. However, the

cytosolic occupancy of LacZ even after its degriadatvas still a limiting resource
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Figure 5.36 Beta-galactosidase activity of LacZobefand after degradation

Growing the strains in LB, and harvesting them nlgirexponential phase, the activity decreased by
38% upon degrading LacZ.
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Protein occupancy in the cytosol forms an impdrtlmitation for high protein
production. This can be explained by the constrafironstant cell density, which pushes the
mass and the volume to change proportionally. Tieease in volume in response to
increased protein production requires the synthesigphospholipids and proteins to be
incorporated to the membrane. Therefore, the allmtaf proteins and phospholipids to the

membrane requires additional resources.
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6 Development of a synthetic biology tool to finelyune gene expression

6.1 Introduction

In E. cali, the recognition of the ssrA tag by ClpXP is defet on an adaptor protein
called SspB. It brings the targeted protein to (pXn contrary toB. subtilis where the
protease recognizes the tag without the need &p®8 $romologue. Griffith and coworkers
(2008) engineered .coli ssrA tags (AANDENYSENXXXX) fused to the C-terminus of a
protein so that the degradation of the tagged prditg ClpXP proteases is dependent on the
adaptor protein "SspB" fronk. coli. As there is no SspB homologue B subtilis, they
assumed that the system was well controlled andttieatagged protein was only degraded
when sspB from E. coli was heterologously expressed (Griffith & Grossn2&08). They
altered the SsrA tag d&. coli by changing the last four amino acids, which aremadly
recognized by ClpX. The ssrA tag @&. coli consists of the SspB recognition site
(AANDENY) and the ClpX recognition site (ALAA). laddition, they added a linker of 4
amino acids (SENY) between the SspB and the ClgXgmition sites that is assumed to
enhance the degradation of tagged proteins. icoli (McGinness et al. 2006). Hence, they
constructedB. subtilis strains producing GFP, tagged with 19 versionssoA with various
ClpX recognition site (GFP*). They clonedsspB under the control of an IPTG-inducible
promoter and integrated one copy of the expressagsette in the chromosomeBofsubtilis.
They quantified the stability of GFP in the absen€énduction and its degradation during
one hour following IPTG induction. Out of the 19rsiens, they selected a single tag
(ALGG), which allowed (1) the tagged GFP (GE?) to accumulate to a level comparable
to that of the unmodified GFP in the absence ouatidn of SspB and, (2) a complete
degradation of GFP®C following SspB induction.

In the previous chapter, we have presented theactaization of the strains carrying
a taggedgfp. We showed that the degradation of GFP was incem@pin our growth
conditions. In this chapter, we characterized tystesn with the use of the adaptor protein
SspB, and we aimed to explore whether we can ingrthe system efficiency by
overproducing the protease ClpXP. Such a systembeajsed to overcome the limitations in
amino acids in order to improve the production gbratein of interest by targeting other

endogenous proteins.
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6.2 Characterization of the targeted degradation systenm the presence of
SspB
We aimed here to investigate the efficiency of diegradation system by using SspB.
P\,eggfpss'A* was integrated in thamyE locus (ssrA* corresponds to the ssrA-like tags that we
used) and the B&spB was integrated in thewprE locus. In addition, we used a tag
(AGKTNSFNQNVAASYV) that allows partial degradatiori GFP in B. subtilis without the
need of any adaptor protein as a control (Guizical.€2016).

The fluorescence of GFP was assayed by LCA irewdifft media to monitor the
degradation in different growth conditions. The G&Bundance [Figure 6.1] of any of the
GFP™ across growth conditions tested so far, was |dten the abundance of the untagged
GFP. The presence of SspB did not result in higlegradation levels even with maximum
Lacl derepression (1 mM IPTG). According to Grlifét al. (2008), the GFE"™ was stable in
the absence of SspB. However, we did not obsemédasiresults. In order to verify if the
decrease in the fluorescence is related to a Idnghtness of the tagged GFP rather than a
degradation, western blot were performed. The rdravere grown until stationary phase
when the degradation is supposed to be higheritithe exponential growth phase (Farrell et
al. 2005). Then, the soluble proteins were extrhdteen they were loaded on the SDS-PAGE
gel by adjusting the amount of the added samplies.Western blot image [Figure 6.2] shows
that the bands of the GFP are more intense thabathes of the GFP”" variants whether the

SspB protein is present or not.

The engineered targeted degradation system peskdnyt Griffith et al. (2008) is
indeed fully effective on only moderate levels obguction of tagged proteins. The reason is
that they used the very same IPTG-inducible promiotexpress the gene of interest and the
sspB gene. Hence, they were able to observe a comgégedation of the tagged protein.
Together with the results presented in the previchepter, it suggests that, SspB or the
ClpXP protease may be limiting for a complete ddgt@n of highly produced proteins. We
aimed at improving the degradation system in otdencrease the level of degradation, as

being able to finely tune protein levels might seseveral biotech applications.

133



CHAPTER 6. Development of a synthetic biology tmofinely tune gene expression

P

x105

GFP abundance (FAU.ODg, ")

@ SspB (-)
u SspB (+)
B.
x103
. 10
=
0 8
2
% 6 u SspB (-)
2 u SspB (1)
< 4
=
=
=
& 2
=
) _
U -+
C.
x10°
g 8]
Q
=
6
g
<
§ il u SspB (-)
= W SspB (1)
2
o 2
=
@]
U -

- A = (<]
& § 5§ §F 7
© & & & §& &
<) (<€) <) & <)

Figure 6.1 GFP abundance of the tagged GFP measuddferent media in the presence and absence
of the adaptor protein

(A) S medium, (B) SX medium, (C) CHG medium. Maximderepression aspB by 1mM IPTG.
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Figure 6.2 Western Blot image showing the sfGF Wit different ssrA*

From the left to the right, untagged sfGFP withestB, untagged GFP without inducinggpB,
untagged GFP with inducirsgpB. sfGFP-ALGG withousspB, sfGFP-ALGG without inductingspB,
SfGFP-ALGG with inducingspB, etc.

6.3 Over-producing SspB, ClpX, and ClpPin a single opeam

6.3.1 Design of the ClpXP-based degradation system

In order to increase the level of degradation qdretein of interest, we decided to
build a strain in which the productions of both ipXP protease and SspB were increased.
Our hypothesis was that this strategy may circurnttea putative limiting amount of ClpXP
and consequently lead to a complete degradationthef GFF* protein when highly

produced.

We designed various operonic structures consistihghe sspB, clpX and clpP
downstream theand strong, synthetic RBSs [Figure 6.3, Table Gfld 8-2]. The design
of the operons was inspired from naturally existoygeronic structures dB. subtilis. We

selected two different operons, ttesbACE and thearoFBH operons because:

1. when comparing transcriptomic and proteomic dataiobd in (Buescher et al. 2012;
Goelzer et al. 2015; Nicolas et al. 2012), it tarroit that the translation of these
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genes/mRNAs led in each operon to proteins withpamaible concentrations across
growth conditions (thus excluding any post-transtal process; Figure 6.3).

2. they possess two different translational structiites genesihbA,dhbC, and dhbE
are separated by intergenic regions containing eaclRBS [Figure 6.3 A]. By
contrast, theroF, aroB andaroH genes overlap and only possess one RBS is present

upstreamaroF on the mRNA [Figure 6.3 B].

Moreover, for each design, we made use of eithen#turalB. subtilis clpX andclpP genes

or the heterologous€. coli clpX and clpP genes. The use of proteases from both
microorganisms allows us to know whether SspB hé&etter affinity to either one of the
ClpX proteins (.e. E. coli or B. subtilis), thus leading to a higher degradation rate.

b T . ? B. f ?
{sspB _clpX clpP ~— — LspB| clpX | clpP -
J Transcription J Transcription
1 Translation J Translation
{ SspB | . ( ClpX | ClpP | SspB | ~w L ClpX | & ClpP
t i 1 i ) |
E. coli E. coli/ B. subtilis  E. coli/ B. subtilis E. coli E. coli/ B. subtilis E. coli/ B. subtilis

Figure 6.3 Operon design for the degradation system

Under the control of g all of thesspB, clpX, andclpP are designed in an operon based on the natural
aroFBH and dhbACE operons ofB. subtilis. Both designs differ by the fact thahbACE has
intergenic regions including RBS, while the aroFBéts not carry any intergenic regions. ClpX and
ClpP are products of either the endogerdsibtilis genes or the heterologolscoli genes.
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Table 6-1 Design of the variosspB clpX clpP operons

Operon name Natural operonic Structure clpXP origin is
structure between genes from
Int-clpXP g, dhbACE Intergenic B. subtilis
region exist
INt-ClpXP geo dhbACE Intergenic E. coli
region exist
Ov-clpXPgg aroFBH Genes overlap B. subtilis
OV-CIpXPEq aroFBH Genes overlap E. coli
ALGG

The constructs were integrated in thprE locus, while the taggedgfp (gfp™~) was

integrated into theamyE locus. Then, LCA measurements of the strains exprestieg

PveggprLGG

to assess the degradation profile in different ¢omts. The results in [Figure 6.4A and B]

and each of the 4 operons were performed in diftameedia (S and SX) in order

show a comparison in the GFP abundance before fearddagradation by either SspB or by
the SspB and ClpXP, in two chemically defined mé&i% and S). GFB°® degradation with

the various operons were close to the degradatisenvwsspB was produced alone in both
media [Table 6-2]. In addition, the operon desigitsch have an intergenic region with a
RBS element (Int-clpXg, and Int-clpXR) resulted in a better degradation (between 18 and
27%) than that of the designs with overlapping ge(@v-clpXRss, and Ov-clpXRg). Hence,
with the Reg promoter the GFP°C was not completely degraded even when ClpXP psetea
was overproduced. Therefore, for the following elcsgrization, we decided to focus on only

one construct (Int-clpX&,) and explore a range of G&S€ production levels.

Table 6-2 Percentage of GFP degradation with SsBtee variousspB clpX clpP operons

SspB Int-clpXPgs,  Int-CIpXP g,  Ov-ClIpXPgsy  OV-ClpXPggo
SX medium 16% 18% 23% 18% 14%
S medium 24% 22% 27% 13% 22%
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Figure 6.4 LCA measurements for the different opsro

The GFP abundance is presented for the strain®iodTg Regfp-ssrA™® and either RsspB or R
sspB clpX clpP,with and without the induction by IPTG in SX medi@A) and S medium (B).

6.3.2 Characterization of the system with different promders
In order to characterize the efficiency of the XWpbased degradation system

throughout a range of protein concentrations, vesl wgrious promoters previously published
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(Guiziou et al. 2016). The genetic constructs doetheach of the promoters fused upstream
of gfp andgfp™-©® in amyE locus, and Rs sspB clpX clpP (Int-clpXPss,) in thenprE locus. In
order to characterize the efficiency of the ClpXdsdd degradation system across growth
conditions, cells were grown in either a definechrimedium (CHG) or a defined poor
medium with glucose (S). Cells were grown in thespnce of 1 mM IPTG to fully induce the
Phs promoter. The profile of GF¥F*®degradation presented in [Figure 6.5 A and B], sttbw
an enhanced degradation at intermediate to lowdefeproduction of GFP. In addition, the
degradation was more efficent in S medium than HGOnedium, maybe due to molee

proteases in S medium.
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Figure 6.5 Different levels of GEF® production and degradation with and without théuittion of
sspB clpX clpP

(A) The degradation profile in CHG medium, (B) amdS medium show a full degradation at
intermediate level of GFP production.
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We next aimed at evaluating the efficiency of ddgten of a synthetic system bas
on thesspB clpX clpP operonversus sspBalone. In addition, we monitored the degradatio
mKate?2 to generalize the results observed with (We usedsome of the strains carrying t
promoters from [Figure 6]5then weperformedLCA measurements to follow the prote
abundance when inducing,&8pB or R.sspB clpX clpP. [Figure 6.6A and B] showsthe
reporter protein abundana# gfp™-°¢ and mkate™°® in CHG and S media respective
Besides [Figure 6.€ and D] shows their degradation in S medium. Agsullt, the nev
degradation system (the selecisspB clpX clpP operon: Int-clpXBy,) did not improve th
GFP*®®, nor the mKat&®® degradatin as compared to strains expressing csspB.
Altogether these results suggest that SspB is titdebeck in the degradation proce
especially when ClpXP are not highly overproducaslif is the case here with the use of

Pns promoter).
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Figure 6.6Protein degradation at different levels of GFP anhte abundanc

With a range of GFP production using a library ofrpoters, the level of degradation of GFP
mKate is enhanced more in S medium tlin CHG medium. (A) GFf#°® degradation in CHG
medium, (B) mKat&°® degradation in CHG medium, (C) G*°° degradation in CHG medium n
medium, (D) mKat&®® degradation in S mediu
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6.4 Consequences of ClpXP over production on the proteee

As we aimed to setup an amino acids recycling sttt tool based on the use of
ClpXP, we wondered whether ClpXP may have off-tergespecially if overproduced
(together with sspB). Therefore, to investigate tdomsequences of an overproduction of
ClpXP on the cell physiology, we constructed g, &lpX clpP operon using thelpX clpP
genes fronmB. subtilis and the strongest promoter known so faBirsubtilis, Py Note that
we used the [Rin the previous chapter, however we aimed at exgjoa much higher level
of clpXclpP expression hoping that this may allow to increfis® degradation system
efficiency and target more proteins. ThggRlpX clpP strain and a wild type strain were
grown in CHG and S media, each in 6 biologicaliogpés in Erlenmeyer flasks. The growth
rates were not significantly different between g clpX clpP strain and the wild type strain
for each medium [Figure 6.7]. Then, the cells weaievested during the exponential phase to
be treated for relative protein quantification lre tUniversity of Greifswald-Germany in Prof.
Dorte Becher's lab (see Material and methods iticse8.9). Moreover, the computational
and statistical treatments were performed by thedees software (Tyanow al. 2016; Cox
et al. 2014).

Here we provide a prelimary analysis of the ddfaseevaluate the impact of ClpXP
over-expression on the total soluble proteome. Irm&dium, only 5 proteins showed
significant differences out of the 886 detectedtgirs, where ClpP showed the highest
increase 5.4 times). In CHG medium, 782 proteinsewdetected. Moreover, 496 proteins
showed a significant difference in abundances batwiiee Ry clpX clpP strain over the wild-
type strain, and ClpX and ClpP showed the highestease (6.8 times). We present in the

next section an analysis of the proteomics datatsetlls grown in the CHG medium.

!In this experiment, the statistical treatments Lsethe Perseus software were stringent, which tégiplain
the few number of statistically significant ratios.
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Figure 6.7 Comparable growth rate between the typeé and the g,clpXP strain.
(A) in poor medium S, (B) in rich medium CHG.

6.4.1 General description

Generally looking at the number of detected pratethere were more proteins in the
wild-type strain than in the g clpXclpP strain [Figure 6.8]. We observed 316 proteins
down-regulated and 181 proteins up-regulated inP{geclpX clpP strain as compared to the
control strain. On [Figure 6.9] are the categodkproteins for which the abundance changed
between the two strains. In addition to ClpX an@RZImost of the proteins that were up-
regulated are related to amino acid biosynthetmtgimms, nucleotides synthesis or t-RNA
synthetases. Proteins that were down-regulated naostly involved in motility and
chemotaxis (flagella synthesis), or controlled g sigma factoo;,, (i.e. the sigma factor that
activates flagella synthesis). The remaining caiegoof proteins slightly varied. Some
proteins involved in the general stress responsk @aadative stress, or other proteases
slightly vary, but no other clear trend emerged.

Since the level of CIpXP increases in thgy BlpX clpP strain, we checked the variation of
known direct targets of ClpXP (see section 3.2aR)y in particular of Spx which regulates
many genes of the heat, oxidative, and generassstresponses. SpolVA, another ClpXP

target, is present only during sporulation andinaxponential growth. However, Spx is not
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detected in our datadebut we checked if the genes under the directrobof Spx show

some variations.

ClpXP overproducing strain vs. wildtype
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Figure 6.8 Changes in the protein abundance imtldetype and the ClpXP mutant strains

(A) General representation of the detected protemindance percentages in the ClpXP
overproducing strain versus wild type strain. (Bifé@entially regulated genes (Ioépld change). The
highest changes are indicated by arrolyd=( IytABC code for autolysinhag andfla-che codes for
motility and chemotaxis genegs, rpl, rpm, rsm code for ribosomal proteins.

2This was also the case in the proteomics datag@aslzer et al. 2015). The method for protein difiaation
used in Greifswald cannot detect low abundant amallssize proteins. Spx is a small protein (~15k(%) the

undetection of Spx is not surprising.
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Figure 6.9 Number of proteins (grouped in cate@rdifferentially expressed between the wild type
and ClpXP mutant

6.4.2 Major differences in the ClpXP overproduction strain

First of all, the major proteins that are moreratant when overproducing ClpXP are
some ribosomal proteins and some other transladfoteins. Many of them are related to
stringent response (see section 2.5.2). Besidespriiteomics data agrees with some of the
results of the DNA microarray analysis performedBorsubtilis after adding sub inhibitory
concentrations of antibiotics acting as a transtatnhibitor [Table 6-3] (Lin et al. 2005). In
addition, more genes encoding translation elongdtotors and initiation factors increased in
the ClpXP strain such a@geA, andefp, which decreaseuyfA, tsf, fusA, andinfA.

Ribosomal proteins that were overproduced areepted in [Figure 6.10]. They are
more abundant than in the wild-type strain by ayeaof 2.4 log-fold down to 0.57 logfold.
Accessory translation factors such as IF1, IF3, THFEF-Ts, and EF-G also showed a
significant increase by a log2-fold of 1.7, 0.821Z) 0.62, and 0.93 respectively.
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Table 6-3 Similarities between the DNA microarraglgsis in the case of translational inhibition and
protein abundances in the case of ClpXP overpraatuct

The data are based on the work of (Limle2005). The abundance of the proteins in the Clp&in
agrees very much with the DNA microarray data.

Function and Gene Protein name Up/Down regulated(Lin  Abundance in

name et al. 2005) ClpXP strain
Protein synthesis
infC Initiation factor IF-3 Upregulated High
rplA Ribosomal protein L1 Upregulated High
rplR Ribosomal protein L18 Down regulated Low
rplU Ribosomal protein L3 Upregulated Low
rpskK Ribosomal protein S11 Down regulated then High
upregulated after 60 min
Transport
yclQ Putative iron-siderophore Down regulated Low
ABC transporter
pyrP Uracil permease Upregulated High
ycgN 1-pyrroline-5-carboxylate Upregulated High
dehydrogenase
Amino acid metabolism
pepT Peptidase T Downregulated Low
rocA pyrroline-5-carboxylate Downregulated Low
dehydrogenase
rocD Ornithine Down regulated Low
aminotransferase
Purine and Pyrimidine Biosynthesis
pyrG CTP synthetase Upregulated High
pyrD Dihydroorotate Upregulated High
dehydrogenase
pyrF Orotidine 5'-phosphate Upregulated High
decarboxylase
pyrP Uracil permease Upregulated High
Heatshock proteins
clpX ATP-dependent Clp Upregulated High
protease ATP-binding (overproduced)
subunit
clpP ATP-dependent Clp Upregulated High
protease proteolytic (overproduced)
subunit
nadE NH3-dependent Downregulated Low
NAD+synthetase

Since the growth rate did not change significariiBtween the two strains, the
stringent response should not be the main mechamesponsible for this adaptation.
However, recently in (Schafer et al. 2019), Schafed colleagues showed a relation between

clpX and r-protein. They showed that the deletiorlpK resulted in a downregulation of the
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r-proteins during heat shock, and that this downlggn was further mediated by Spx. Spx
was shown to downregulate promoters that initisé@dcription of rRNA and, to a lower
extent, promoters of ribosomal proteins, and tlyighe oxidized and reduced forms of Spx.
This suggests, as expected, that Spx is less abumdéhe R clpX clpP strain than in the
WT strain, and that the lower abundance of Spxdbel responsible of the adaptation of the

translation apparatus in our experiments.

On the other hand, the major proteins that deeck#@s the Ry clpX clpP strain in
comparison with the WT strain are the motility gios. They decreased by 3.2- to 1.1- log2-
fold [Figure 6.11]. Moliére and colleagues (201@pwed that Spx plays a role in the
regulation of motility. Spx indirectly and negatiyeegulates motility genes (Moliére et al.
2016). If the level of Spx is decreasing, as exgubdiy the overexpression of ClpXP and
suggested by the readaptation of the translatigparapus, then the motility genes should
increase. Actually, motility is a highly integratkf# style, which is strongly controlled by an
interplay of different regulatory mechanisms sushSpo0OA, CodY, SwrA, DegU, ComK,

AbrB, sigD, etc., and could be the cause of thentexl behavior of motility genes.

Table 6-4 Abundance of the cell division proteimshe CIpXP overproducing strain

Gene name Protein and function Abundance in ClpXP Significant
strain
erzA Negative regulator of cel Low Yes
division

ftsZ Cell division initiation High No

ftsE Cell division ABC Low Yes
transporter

ftsH Cell division and general High Yes

stress protein

ftsX Cell division ABC High Yes
transporter

ftsA Essential for FtsZ ring Low Yes
assembly

sepF Over lapping activity Low Yes

with FtsA, Required for
proper septal morpholog
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6.5 Discussion

6.5.1 Targeted protein degradation improvement

The ClpXP-degradation system we developed was aoedpto that of (Griffith &
Grossman 2008). First, we analyzed the 4 bestwéigsh showed a complete degradation in
the work of Griffithet al. (2008). We used the LCA to give precise measunesnaf the GFP
or mKate2 abundance estimated by dividing the #@soence by the Q. After that we
guantified by western blot to confirm LCA resulSurprisingly, we found that the tag
destabilized the protein to a certain level withthe need for the adaptor protein. Therefore,
if the purpose of such a system was to use inyitune protein production, it would not be
the best choice. But, since our purpose was to tmotiie growth rate of the cells during the

full experiment, it was not crucial to have a wadintrolled system.

Second, the system was limiting when the quawfitgroduced protein was too high.
When using the g promoter for the gene of interest, that is mucbrgjer than R, the
system could not degrade the GE¥® and mKate2-°® completely. In order to improve this
limitation, we decided to overproduce ClpXP togetwéh SspB thinking that CIpXP might
be limiting. So, we constructed some operons aagryinesspB, clpX, andclpP genes under
the control of R. However, unfortunately we did not observe anyrompment in the
reporter protein degradation. Therefore, we hav&etp in mind that we needed to use a
promoter comparable to that used for #spB in order to have a full degradation of our
protein of interest. Griffithet al (2008) used R upstream okspB, and an equivalent to,P
upstreamgfp. But in fact Ry is a very strong promoter, that needs an equivgssmoter
(but inducible if possible) to get a complete degtin of the GF°® and mKate2-°®. To
obtain such a promoter, we thought that controlPag with Lacl by adding théacO regions
upstream and downstreameftould be a way to control &g and to have a very strong

inducible promoter. This strategy may be testeith@future.

6.5.2 ClpXP overproduction reorganizes the proteome

ClpXP overproduction caused 64% of the proteinsedess abundant than in the wild
type [Figure 6.8A]. This indicated that a ClpXP gw®duction caused a major reorganization
in the proteome. Many proteins of unknown functiwsere decreased. Nevertheless, in our

analysis we focused on relating the known targe@l@XP to the data that we obtained.
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The majority of the proteins that were more pralm the R4clpXP strain are the
ribosomal proteins, translation proteins, and athelated to the stringent response. We have
related these observations to two findings. (1) phefile of protein abundances where
similar to the DNA microarray study made @& subtilis in the presence of translation
inhibitors (Lin et al. 2005). (2) The Spx, a main target of ClpXP, downtatgs ribosomal
proteins in a similar pattern to the stringent oese (Schafeet al. 2019). Concerning the
finding (1) a translation inhibition leads to arcri@ase in ribosome abundance because as the
translation slows down, more amino acids becomdadla which consequently leads to the
release of ppGpp from inhibiting ribosome synthgSsott et al. 2010). Concerning the
finding (2), the overproduction of CIpXP causes endegradation of Spx. Consequently, in
its absence all the regulatory pathways that degee to the stringent response will be shut
down. Taking the two findings together, we can ps#pthat ClpXP has an indirect role in

ensuring 'normal’ ribosome abundance in the cell.

Motility proteins are globally regulated througfiferent regulators such as SpoOA,
CodY, SwrA, DegU, ComK, AbrB. In stress conditioBgx plays a major role in suppressing
motility through indirect way (Molieret al. 2016). The overproduction of CIpXP is expected
to rather enhance motility genes as it targets Spawever, our results showed a
downregulation of motility proteins when ClpXP waserproduced, which suggests that
ClpXP has a role in regulating what activates nitgtibo.
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7 Conclusion and Perspectives

My PhD project have brought a new perspective ideusstand the bottlenecks of
obtaining microbial cell factories for protein pradion. We came out with new results and
conclusions on the behavior 8 subtilis when overproducing a heterologous protdsn.
subtilis has been a case study to investigate the secsdtess that it faces when subjected to
protein overproduction. However, we did not know awvtare the consequences at the
production level before being secreted. Does tloavtyr rate change as it is shown on other
microorganisms, and as predicted by mathematicalets® If yes, what causes the growth
rate decrease? What is the resource type thateismibst important? And, how do we

overcome the resource limitation to enhance prgiepduction?

The answers to these questions are presentedsiPhiD project. We now know that
B. subtilis slowers its growth rate when it is exposed tougtaiis protein overproduction. We
investigated the growth rate reduction in differehemically defined media, and by using
different reporter proteins (GFP, LacZ, and mKaté2)cZ resulted in a higher growth rate
decrease because of its size and structure. Ind&eld,and mKate2 are of similar size, but
mKate2 resulted in a higher growth rate decreases might be due to the amino acid
composition of the protein and/or might be that thBRNA abundance between these two
genetic constructs differed. Therefore, we proposperform a qPCR in order to know the
level of MRNA for each strains carrying tg and themkate? geneslf the mKate2 mRNA
abundance is higher, then it may explain the erpamntally observed higher growth rate

reduction.

The use of different media allowed us to know hble@avior ofB. subtilis in different
growth conditions, and especially to identify tleedl of protein to be produced that lead to
significant growth rate reduction in each mediunmow&h rate reduction starts to be more
significant as the medium tends to be poorer, dncbarse with more than one gene copy
integration (in the chromosome). A singlggBfp integrated copy in the genome resulted in
less than 10% growth rate reduction in the riclmstium (CHG), and 15% in the minimal
medium with glucose (S). Besides, the singlgdi copy was estimated to present 3% of the
total soluble proteins in CHG medium, while it westimated to present around 10% in S
medium. This observation agrees with the fact thatefficiency of translation increases in
poorer media because of more available ribosomesk@ski, Goelzer, et al. 2016).
Therefore, GFP was more produced in S medium, hnd tesulted in higher growth rate
reduction. Nevertheless, expressing the casseygffPfrom a multicopy plasmid irk. coli
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resulted in a higher growth rate reduction in CH&diam than inB. subtilis. This
observation raised the question about a compemnssatrategy followed bys. subtilis to re-
allocate its cellular resources to maintain a maxigrowth rate. To answer this question we
performed relative protein quantification with tk&ains overproducing GFP at different

levels against a wild type strain.

We gave a detailed analysis of the proteome aatthé relative protein quantification
where we showed a general decrease in the abundatite endogenous proteins in the GFP
overproducing strains. A general decrease in tltepme is predicted to happen in the
presence of a useless heterologous protein (Scaltt2014; Scott et al. 2010). When entering
in more details on the type of proteins that chanfe most, we found that big-sized, non-
essential proteins related to the non-ribosomaligegynthetases became less abundant with
increasing GFP production. The size of these pisteauses them to be costly proteins in
terms of resources for the cell, rather than beiogtly because of their number. These
findings allowed us to deduce a relationship betwtbe amino acids utilization to produce
the essential and non-essential proteins includimg gratuitous protein, the cytosolic
occupancy of the proteins, and the growth rate ggalu This hypothesis was proved by
applying a synthetic tool of targeted protein degteon against the gratuitous proteins (GFP,
mKate2, and LacZ). The result showed a growth rastoration when degrading GFP and
mKate2, which indicated that the released amindsagiere reused by the cell. On the other
hand, and in agreement with (Stoebel et al. 20@8)degradation of LacZ did not result in a
growth rate restoration even after 38% decreasetinity. Hence, the recycled amino acids
from LacZ degradation were not enough to increasegrowth rate, which suggested that a
second bottleneck is still contributing to the rmd When looking at the percentage (by
mass) of GFP and LacZ with respect to the totalldelprotein in their corresponding strains,
we found that GFP represented ~ 9 % while LacZesgmted ~ 7% [section 5.3.2]. Knowing
that LacZ is bigger than GFP by 4.4 times, it metiiad the amino acids are not the only
limitation in this case, but also the cytosolic mgancy by LacZ prevented the growth rate
restoration. Alternatively, it may be that LatZ° is not fully degraded as we showed it by
western for the GFP®® but degraded enough to lose its activity. To amshis question we
should perform a western blot and a coomassieogeétify whether LacZ is fully degraded
or not. Therefore, depending on the protein sizk iBicompaction, the type of the limiting
resource can be either the amino acid compositonthe cytosolic occupancy, or both. In
addition, it is not the load on the ribosomes, @napes, proteases, or the lack of RNA
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polymerases that are the limiting resources wheampyeducing a gratuitous protein (Scott et
al. 2010; Scott et al. 2014; Weile et al. 2015;KSoan et al. 2011; Daraba & Alma 2018;
Gyorgy et al. 2015). However, we cannot negledi ingportance as machineries required to
be available for all the proteins including thetgitous protein, but they are not the major
cause as it was discussed by the above-mentionidrau To further investigate on the
limitations across growth conditions, we suggesttoproteomics analysis for the strains
carrying two copies of the heterologous reporteregein CHG growth condition. Knowing

that the amino acids availability is not a constram rich media, would amino acids still be a

limitation when proteins are overproduced?

The targeted degradation system can be usedoas @ tdegrade some costly proteins
in order to save cell resources and favor the prtoalu of our protein of interest. On the other
hand, knocking out genes would also help to saseurees and increase the growth rate.
However, if the proteins to target are essenttentapplying the degradation system may
help. In order to assess how efficient this sthateguld be, we propose to target costly
proteins and quantify the gratuitous protein. Besjdknocking out the NRPS would help to

increase the protein production.

For further improvement of the degradation systenobtain a complete targeted
protein degradation, we propose that an equival@nstrength) promoter to,g must be
designed to be strong and controlled. To do so,cam engineer a set of.dp promoter
carrying lacO elements to be regulated by Lacl. Having such anpter would allow to

expressspB or sspB clpX clpP at high levels.

Finally, our findings pave the way for furtherdiies on the overproduction of secreted
proteins. Combining the information on the secretstress and the overproduction of the
secretion machinery to favor gratuitous proteindpiciion and secretion will open new

perspectives to improve microbial cell factories.
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8 Materials and Methods
8.1 Molecular Biology

8.1.1 Methods for strain construction
The Gibson Assembly method, StarGate cloning aasksatal cloning by restriction enzymes

were the methods mainly used to construct thenstnased in the project.

8.1.1.1 Gibson Assembly

The Gibson Assembly® method was set up by Danies@i (Gibson et al. 2009) [Figure

8.1].The principle of Gibson Assembly® isitovitro assemble multiple DNA fragments each

sharing 15-25 base pair overlap with the adjacexgnient. The desired fragments are mixed
with three enzymes, (1) an exonuclease, (2) a DNKmperase and (3) a DNA ligase,inan

appropriate buffer.

1) The exonuclease chews back the 5' end creates\eBiang to allow the annealing
with the adjacent fragment.

2) The polymerase fills the gaps within the anneatagrhents.

3) The DNA ligase joins the nicks in the DNA fragmeatter the gaps were filled in.

The mix is then incubated at 50°C for 15-60 minutepending on the number of fragments.
The resulting product is transformed iBtocoli MachlT1l strain. The NEB Gibson
Assembly® Cloning Kit, and the NEBuilder® HiFi DNAssembly Cloning Kit which is also

based on Gibson Assembly®, were used accordingetsupplier's recommendations.

8.1.1.2 StarGate Cloning

The StarGate® Cloning (IBA GmbH) is a direct trarstloning for rapid assembly and
transformation. The protocol starts by the amptiien ofthe promoter/gene of interest using
primers with a 5' extension containing a sequeercegnized by type Il restriction enzymes.
Type Il restriction enzyme®BémBI is in this work) cut the DNA at defined positgrusually
outside the recognition sequence, and in an odemtanner. An identical restriction site is
contained in the acceptor plasmid. The StarGatetioza consists of mixing the PCR
fragments (4-8 nM), the acceptor vector (4 nM),L1 T4 DNA ligase (400 U/uL)(New
England Biolabs #M0202S), 1 uBsmBI (10 U/uL) (New England Biolabs R0580S), 5 puL
T4 DNA ligase Buffer (5x), and up to 50 pL MilliQater. Then, the mix is incubated for 3
hours at 30°C (optional: additional 1 hour at 376Gncrease the efficiency). Finally, 25 pL
of the resulting reaction is used to transform E5fi1B. subtilis competent cells.
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Overview of the Gibson Assembly Method
dsDNA fragments with overlapping ends.
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Figure 8.1 Gibson Assembly method

In one reaction containing the fragments to berabka each sharing an overlap with its adjacent
fragment, with 3 enzymes: the exonuclease that sh®ek the 5' end creating the 3' overhang, the
DNA polymerase that extends the 3'ends, and the Dibse, which seals the nicks. The mix is

incubated at 50°C up to 1 hour and then the resultroduct is transformed in E. coli competent

cells.(from NEBuilder Gibson Assembly® cloning Kitoduct Information).

8.1.1.3 Classical Cloning using restriction enzymes
The restriction enzymes were chosen and used angotal the desired design and supplier

recommendations.

The digested DNA fragments were ligated with T4 DNgase (New England Biolabs)

according to the supplier recommendations.

8.1.2 Polymerase Chain Reaction

DNA fragments were amplified through successiveles/of synthesis in a total volume of
50 pL. Different DNA polymerases were used depemndin the purpose of amplification.
ThePhusiofi High Fidelity DNA polymerase, the @5 High Fidelity DNA
polymerase(#M0491L), theThermoScientif€xtensor High Fidelity PCR Master Mix, and
the Invitrogen™Platinun ¥ SuperFI™ Green PCR Master Mix wereusedtoamplify sequences
forwhichaveryaccurate amplification isrequired. ream TaqGreen PCR Master Mix (Ref.
K1081) and TaKaRa Ex Taq (Cat# RR001) were useqektiorm colony PCR for screening

purposes. All the enzymes were used accordingetgupplier recommendations.
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8.1.3 DNA fragment purification

The PCR-amplified DNA fragments and the DNA seqasn¢ fragments digested by
restriction enzymes were purified from agarose gsing either the QIAquick® Gel
Extraction Kit (QIAGEN) or Wizard® SV Gel (PROMEGA)or directly purified on

columnusing either the QIAquick® PCR Purificatiort KQIAGEN) or PCR Clean up system
(PROMEGA).

8.2 Bacterial transformation methodology

8.2.1 E. calispecific methodologies

8.2.1.1 Competent cells preparation
The E. coli Machl-T1 competent cells were prepared based enRihbidium Chloride

competent cells protocol. This protocol was adafri@th (Green & Rogers 2013).

8.2.1.2 E. coli Transformation

E. coli transformation was performed by heat shock. Tleat'lshock' protocol starts by
thawing the Mach1-T1 competent cells on ice. 10Mfitells are then mixed with the desired
plasmid (20-200 ng), and incubated on ice for 3@utds. Then, the mix is heat-shocked at
42°C for 1 minute and then returned on ice for utes. 500 puL LB is added to the mix and
incubated at 37°C for 1 hour under constant shaKiige mix is finally plated onto LB-
ampicillin (100 pug/uL) plates and incubated at 36%€rnight.

8.2.1.3 Plasmid Extraction
The plasmids were extracted fro coli strains using the QIAprep® Spin Miniprep Kit

(QIAGEN). The protocol was performed accordinghe suppliers instructions.
8.2.2 Bacillus subtilis specific methodologies

8.2.2.1 B. subtilis transformation

B. subtilis cells (BSB1) used in this work (Nicolas et al. 20Buescher et al. 2012);
prototrophic derivative of 168 pC2B. subtilis) become competent upon entry in stationary
phase when cells are metabolically less activesanaler in size (Sadaie & Kada 1983). To
obtain competent cells, an overnight LB culturalilsited in a minimal medium (MG1) to
ODso= 0.1, and incubated at 37°C under constant shakig cells reach OBy 0.4. The
MG1 culture is then diluted 1:10 in a deficient numd (MG2) and incubated for about 2
hours. At this stage, the cells become ready te tgk DNA found in the medium. This
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exogenous DNA can be used as a nutritional sourckring genetic information to the
bacterium (acquisition of plasmids or insertionDNA fragments into bacterial DNA). The
MG2 culture is centrifuged at 2500 g for 5 minutasd 90% of the supernatant is discarded.
The cells then are resuspended in the remainingumedrinally, the obtained cells are mixed
with DNA (i.e. 100 pL cells + 3-5 pL of plasmid). Usually®tfansformants are obtained per
g of DNA (Ehrlich 1978). After incubation at 37%0Gr around 30 minutes, the cells are
plated onto LB agar plates plus the appropriatiiic.

8.2.2.2 Genomic DNA extraction
The genomic DNA oB. subtilis was extracted using the GenElute Bacterial Gen@iNé

(Sigma- Aldrich) kit.The extraction was performadldwing the supplier’s instructions.
8.3 Bacterial strain construction

8.3.1 The set of inducible promoters

The set of inducible promoters were built by fusiegnstitutive promoters to the
Prypersan(Prs). The Rgcontains thelacO regions (in bold below) recognized by the Lacl
repressor

(AAATGTGAGCACTCACAATTC ATTTTGCAAAAGTTGTTGACTTTATCTACAAGG
TGTGGCATAATGTGTGTAATTGTGAGCGGATAACAATT AAGC) and amplified from
the plC665plasmid (Lab collection). In the abseat® TG, the inhibitor protein Lacl binds
to two operator regiondacO) to prevent the binding of the RNA polymeraserebg acting
on the upstream (constitutive) promoter via a réadbrepression [Figure 8.2].Besides the
different constitutive promoters that give the ahiiity in strength, we used different
translation initiation regions (TIR) from Borkowsldt al. (2016). An illustration of the
promoters design and the TIR sequences are presemt¢Figure 8.3,Table 8-1]. The
inducible synthetic promoters were fused togthegene. They were assembled in an
integrative plasmid after creating cloning regidmshomologous recombination by classical

ligation.
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A Ph:rd Ptcrt
amyE front lacl cat amyE back
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Figure 8.2Representation of the IPTG-inducible pytamPhs

(A) Genetic construct of lacl from E. coli integedtin amyE in B. subtilis (BSOBL1 strain from the
thesis of Olivier Borkowski), (B) Lacl binds to lacregions, thereby blocking the transcription, (C)
IPTG binds with Lacl, thus freeing the promoter RIMA polymerase.

sP1 | Py hiaco [ wewsaiaco|  FXTIR
w2 | Pphan | laco [y lacO | F4TIR,,..

3| Py ! laco izl 1ac0 | A TIR gy,

P4 | Prrnirz D laco | verra lacO|  SXTIR
s | laco | ererull lacO|  TIR yux

Figure 8.3 lllustration of the synthetic inducilpleomoters

Fusion between different constitutive promotershwihe R, in addition to different
translation initiation regions.
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Table 8-1 The sequences of the IPTG-inducible sfittipromoters$P)

Each of the constitutive promoters and the TIR elets are presented. The underlined part is the
+1/+8 element after the,P

Name Promoter Sequence TIR Sequence
sP, Piw  ACAAGATAAAAACTTGACAG " TIRyx GTAAAGGGTTGCCTGAG
TGTCATTAAAACCGTGTAAA GCCATACATGACATGAA

CTAAGTTATC AGGAAGTATTTGAAA
sP, Poaa  AATCATGTCATTATGTTGCC " TIRga: GGAGAAAAAGCGATCT
GATTTGTCGAAAAGTTGGTA GAGTATTTACATATGAC
TCCTAGTTAT AGCAATATATGGGTCAT
GCTAGGGTGGAAAGCTT
TTTTCGCTAGAAGACAA
TCAGGCTACAGGTGGGA

AGGAGGAACTACT
sP; Pyiv ACAAGATAAAAACTTGACAG  "TIRgot GTAAAGGGAGCGGATA
TGTCATTAAAACCGTGTAAA ACAATTGGTGGGAAGGA

CTAAGTTATC GGACATTCGAC
P, Pz~ CTTCAAAAAAAGTTATTGAC  ®TIRyx GTCGCTTGITGCCTGAG
TTCACTGAGTCAACGAGTTA GCCATACATGACATGAA

TAATAATAAA AGGAAGTATTTGAAA
sPs - - PTIRwx GTAAAGGGTTGCCTGAG
GCCATACATGACATGAA

AGGAAGTATTTGAAA

8.3.2 Strains with reporter genes

The strains expressing the reporter genes undecahgol of Rs, the synthetic inducible
promoters or Ry were constructed using either the classical w@g&in/ligation, Gibson

assembly, or StarGate® cloningmethods. This latethodology was acquired at DSM-
Netherlands with their in-house plasmids during/@-tnonth internship.

The Rgwas amplified by the corresponding primers from g88. Thegfp-lacZ fusion was
placed downstream the synthetic inducible promaaeis integrated in a region close to the
origin of replication by single crossing over (thhery same region used to integrajip
mentioned in the previous section).They®gfp(superfolder GFP, later on referred to as
Puegdfp) was PCR amplified from the genomic DNA of SGI1aist (Guiziou et al. 2016) with
primers that contained a 5' extension with BsmBI restriction site. A similar approach was
performed to build the Rmkateand RelacZreporter strains. ThenKate gene  and
lacZ(spoVG-lacZ) were PCR amplified from the pSG15 (Guiziou et28l16) and pDG1661,
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respectively, using primers containing tBemBl restriction site. When the abovementioned
reporter genes were fused to a ssrA tag, the reyeimsier additionally contained the tag with
theBsmBI restriction site.

The amplified fragments were purified, then theatfign reaction was performed by
StarGate® cloning using the right plasmid to in&egrby double crossing overamyE or the
nprE loci [Figure 8.4] The Rey genetic constructs were transformed into the BS#Bdin, and
the Rs genetic constructs were transformed into a BSBivalive strain expressing thacl
gene (see [section 8.3.3]).

oriC

B. subtilis

chromosome

ter

Figure 8.4 lllustration of themyE andnprEloci in B. subtilis chromosome

8.3.3 Lacl-expressing strain

The BSB1 derivative strain expressing thel gene was built by using two plasmids, the
pDRDG2 (Borkowski, Goelzer, et al. 2016a) that eamdthelacl gene and the pAGP18 (kind
gift from Dr. Anne-Gaélle Planson) that containe $acA homology region (as integration
platform). Both plasmids were digested by tBamHI and Xmal restriction enzymes
according to the supplier's recommendations [Fig8u. Fragments were purified and
ligated by the T4 DNA ligase. The resulting ligaticeaction was transformed inkcoli
Mach1-T1 competent cells. Restriction analysis wadormed on the purified plasmids to
select the good assembly, which was then transfbrmi® BSB1 to be integrated in the
sacAlocus.

8.3.4 SspBexpressing strain
The sspB gene was amplified from the genome f coli DH50 using primers with 5'
extension containing th8&smBI restriction site. The jgromoter was PCR amplified as

mentioned previously in [section8.3.2]. After pig#tion of the amplified fragments, they
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were ligated using the StarGate® cloning and tanséd into the Lacl-expressing

strain[section 8.3.3] to be integrated by doubtessrover at thaprElocus.

pAGP18 pDRDG2
BamHI; Xmal BamHI
sacA sacA
downstream upstream lacl
amp
amp 4 cat

Digestion/Ligation

g

sacA Pioc P sacA
downstream upstream

Figure 8.5 The genetic construct scheme of Laelstr

The pDRDG2 containing the lacl gene and the chlptamicol resistance marker was digested by
BamHI and Xmal. The vector pAGP18 containing stheA homology region was digested with the
same restriction enzymes to open the plasmid. Tthenligation between the inserta¢l with
Chloramphenicol) and the pAGP18 vector allowedoushttain the genetic construct ready to integrate
in the BSB1 genome isacAlocus.

8.3.5 sspB-clpXP operon

The synthetic operon was designed to be assembtedantrolled by the (Rpromoter. Two
different design of thespB clpX clpP operon were proposed. The first design resemiblad t
of the native design of théhbA dhbC dhbE operon where we made use of the very same
intergenic regions (TIR sequences). The second gdesiesembled that of the
aroF aroB aroHoperon, which does not exhibit RBS/TIR-like sequeniollowing the second
and third genes of the operon (without TIR sequemcdetween) [Table 8-2]. In the case of
thearoF aroB aroHoperon, it is believed that translation of the s®tcand third genes occurs
following that of the first gene without disassegnbf the ribosome at the stop codoraodF.
These designs were based on a comparison betvasestriptomic data (Nicolas et al. 2012)

and proteomic data (Goelzer et al. 2015), whicteaéad that these two operonic structures
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led to stoichiometric translation of each gene imitihe operon. ThespB gene was amplified
from E. coli DH50 and theclpX andclpP genes were amplified from bokh coli DH5a and

B. subtilis BSB1 strains. After PCR amplification, the fragrtseand vector were digested by
Dpnl to digest the methylated plasmids to avoid falesitive colonies. Following digestion,
the fragments and vector were purified, then theyevassembled using the NEBuilder® HiFi
DNA Assembly protocol which is based on the Gibassembly® method. The resulting mix
was transformed int&. coli. After screening the colonies to obtain the cdresxssembly by
PCR on colony, plasmid extraction was performedsipiids were sequenced, and then
transformed in thaB. subtilis Lacl-expressing strain [section 8.3.3] to be inbed in the

nprElocus by double crossing over.
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Table 8-2 The sequences of the genes composinydtikerent operons

Each gene is represented by color, sspB (blueX @ed), clpP (green). The intergenic regions foe thbACE design are in bold, and the overlapping
regions in the aroFBH are in underlined bold. sgpBe is from E. coli DHG while clpX and clpP genes are from E. coli D#nd B. subtilis BSB1.

Name

dhbACE_Bsu | ATGGATTTGTCACAGCTAACACCACGTCGTCCCTATCTGCTGCGTGCATTTATGAGTGGTTGCTGGATAACCAGCTCACGCC
GCACCTGGTGGTGGATGTGACGCTCCCTGGCGTGCAGGTTCCTATGGAATSCGCGTGACGGGCAAATCGTACTCAACATTG
CGCCGCGTGCTGTCGGCAATCTGGAACTGGCGAATGATGAGGTGCGCTTAEGCGCGCTTTGGTGGCATTCCGCGTCAGGTT
TCTGTGCCGCTGGCTGCCGTGCTGGCTATCTACGCCCGTGAAAATGGCGGSCACGATGTTTGAGCCTGAAGCTGCCTACGA
TGAAGATACCAGCATCATGAATGATGAAGAGGCATCGGCAGACAACGAAACCGTTATGTCGGTTATTGATGGCGACAAGCCA

GATCACGATGATGACACTCATCCTGACGATGAACCTCCGCAGCCACCACGGGTGGTCGACCGGCATTACGCGTTGTGAAGT
AACTGAATTTAAAGGAGGTTCATGAGA

ACAGAATGAATTGCTGGAGGGATACAAC
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dhbACE_Eco

ATGGATTTGTCACAGCTAACACCACGTCGTCCCTATCTGCTGCGTGCATTTATGAGTGGTTGCTGGATAACCAGCTCACGCC
GCACCTGGTGGTGGATGTGACGCTCCCTGGCGTGCAGGTTCCTATGGAATSECGCGTGACGGGCAAATCGTACTCAACATTG
CGCCGCGTGCTGTCGGCAATCTGGAACTGGCGAATGATGAGGTGCGCTTAEGCGCGCTTTGGTGGCATTCCGCGTCAGGTT
TCTGTGCCGCTGGCTGCCGTGCTGGCTATCTACGCCCGTGAAAATGGCGGSCACGATGTTTGAGCCTGAAGCTGCCTACGA
TGAAGATACCAGCATCATGAATGATGAAGAGGCATCGGCAGACAACGAAACCGTTATGTCGGTTATTGATGGCGACAAGCCA

GATCACGATGATGACACTCATCCTGACGATGAACCTCCGCAGCCACCACGGGTGGTCGACCGGCATTACGCGTTGTGAAGT
AACTGAATTTAAAGGAGGTTCATGAGA

TGCTGGAGGGATACAAC

aroFBH_Bsu

ATGGATTTGTCACAGCTAACACCACGTCGTCCCTATCTGCTGCGTGCATTTATGAGTGGTTGCTGGATAACCAGCTCACGCC

169



CHAPTER 8.

Materials and Methods

GCACCTGGTGGTGGATGTGACGCTCCCTGGCGTGCAGGTTCCTATGGAATGCGCGTGACGGGCAAATCGTACTCAACATTG
CGCCGCGTGCTGTCGGCAATCTGGAACTGGCGAATGATGAGGTGCGCTTAEGCGCGCTTTGGTGGCATTCCGCGTCAGGTT
TCTGTGCCGCTGGCTGCCGTGCTGGCTATCTACGCCCGTGAAAATGGCGGSCACGATGTTTGAGCCTGAAGCTGCCTACGA
TGAAGATACCAGCATCATGAATGATGAAGAGGCATCGGCAGACAACGAAACCGTTATGTCGGTTATTGATGGCGACAAGCCA
GATCACGATGATGACACTCATCCTGACGATGAACCTCCGCAGCCACCACGGGTGGTCGACCGGCATTACGCGTTGTGAAG

TG AATTTAATACCTACAGTCATTGAACAAACGAACCGCGGGGAAAGAGCGTATGACA
TTTATTCTCGTCTATTAAAGGATCGTATCATCATGCTTGGATCTGCGATTATGACAACGTTGCGAACTCCATCGTGTCACAGC
TTTTATTCTTAGCAGCAGAAGACCCTGAAAAAGAAATTTCTCTTTACATCAACAGCCCGGGCGGCTCTATTACAGCCGGTATG
GCGATCTATGATACCATGCAGTTTATTAAGCCGAAGGTATCTACAATTTGTATCGGTATGGCTGCGTCAATGGGCGCGTTCCT
GCTTGCAGCCGGCGAAAAAGGCAAACGCTATGCGCTTCCAAACAGTGAAGTATGATTCACCAGCCTCTTGGCGGTGCGCAA
GGTCAAGCGACAGAAATTGAAATTGCTGCGAAACGCATTCTCTTGCTTCGGACAAATTAAACAAAGTCCTAGCTGAACGTA
CTGGCCAGCCGCTTGAAGTGATCGAACGCGACACAGACCGTGATAACTTCAGTCTGCTGAAGAAGCGCTTGAATACGGCCT
GATTGACAAAATTTTGACTCACACAGAAGACAAAAAGTAA

aroFBH_Eco

ATGGATTTGTCACAGCTAACACCACGTCGTCCCTATCTGCTGCGTGCATTTATGAGTGGTTGCTGGATAACCAGCTCACGCC
GCACCTGGTGGTGGATGTGACGCTCCCTGGCGTGCAGGTTCCTATGGAATSCGCGTGACGGGCAAATCGTACTCAACATTG
CGCCGCGTGCTGTCGGCAATCTGGAACTGGCGAATGATGAGGTGCGCTTAEGCGCGCTTTGGTGGCATTCCGCGTCAGGTT
TCTGTGCCGCTGGCTGCCGTGCTGGCTATCTACGCCCGTGAAAATGGCGGHCACGATGTTTGAGCCTGAAGCTGCCTACGA
TGAAGATACCAGCATCATGAATGATGAAGAGGCATCGGCAGACAACGAAACCGTTATGTCGGTTATTGATGGCGACAAGCCA
GATCACGATGATGACACTCATCCTGACGATGAACCTCCGCAGCCACCACGGGTGGTCGACCGGCATTACGCGTTGTGAAG
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8.4 Growth media

For the transformation d. subtilis, MG1 and MG2 were prepared according to the falgw
description; all the solutions were prepared altdrfsterilized separately.

MG1 is composed of (NH43O,(2 g/L), GHsNa307 (1 g/L), kHPO»3H,O (14 g/L),
KH,POy(6 g/L), glucose(5 g/L), MgS£7H,O (40 mg/L),casein hydrolysate (2.50 mg/L) and
yeast extract (10 mg/IMG2 is composed Of(NPLSOy2 g/L), GHsNasO7(1
g/L),KoHPOe3H,O (14 g/L),KHPOy(6 g/L), glucose(5g/L), MgS@7H,O (100 mg/L),
caseinhydrolysate (1.25 mg/L), yeast extract (2380L) and Ca(N@)2(0.75 mg/L).

Growth media used to study the growth rate andeprqiroduction were the:
* CH medium (Partridge & Errington 1993)

Casein hydrolysate (10 g/L), L-glutamic acid-NgcH (4 g/L), L-alanine (1.3 g/L), L-
asparagine (1.5 g/L), KO, (0.01 M), NH,CI (0.025 M), NaSO, (0.01 g/L), NHNO3 (0.01

g/L), FeC§-6H20 (0.05 mM) ,C6HBO7-H20 (0.1 mM), Mge®@H,O (0.4 mM), CaGt

2H,0 (0.1 mM), MnSQ@-H20 (0.03 g/L).

* CHG medium is a CH with 0.5% (w/v) glucose.

e S medium is a minimal medium with 0.5% w/v gluc¢@Sharpe et al. 1998).
(NH4)2SO, (2 g/L), KoHPO, (14 g/L), KHPO, (6 g/L), Sodium citrate-260 (1 g/L), MgSQ-
7H,O (0.2 g/L), MnSQ@-H,O (0,001 g/L), Glucose (5 g/L), Fe@H20 13.5 mg/L and
CeHsO7-H,0 21 mg/L

 SX is composed of S medium with 0.15% arginine %® glutamate, 0.4% malate

(Wiv).

e M9 minimal medium (Chubukov et al. 2013) with 0.5¥%pyruvate.

» M9 medium (5X): NaHPQ,.2H,0O (42.5 g/L), KHPO, (15 g/L), NHCI (5 g/L),
NaCl (2.5 g/L)

» Trace salts (100X): Mn@KUH,O (100 mg/L), ZnGl (170 mg/L), CuCGl.2H,0 (43
mg/L), CoC}.6H,O (60 mg/L), NaM0O4.2H,0 (60 mg/L).

» MO9Pyruvate: CaGl(0.1mM), trace salts (1X), MgS@1L mM), FeC}-6H20 (13.5
mg/L), GHgO7-H20O (21 mg/L), sodium pyruvate (5 g/L), and M9 medi(iX)
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All the stock solutions were prepared and filteardized separately. The antibiotic
concentration added for selection in the liquid rment agar plates were as follows: Br
subtilis spectinomycin (100 pg/mL), kanamycin (8 pg/mL)locamphenicol (5 pg/mL). And
for E. coli ampicillin (100ug/mL).

8.5 Live Cell Array
Live Cell Array is a high-throughput methodologyhish allows to follow the growth of
bacterial cells and gene expression in 96-well otit@r plates.

8.5.1 Culture preparation and data acquisition

The cell culture is prepared in a 96-well micraplate (CELLSTAR®, Greiner Bio-one)
[Figure 8.6]. It starts by preparing an overnighe-pulture in LB with the appropriate
antibiotic. On the day of the experiment, a fir& pre-culture is prepared by 20-fold dilution
from the overnight LB pre-culture. The LB pre-cu#us grown until Olgy of 0.3-0.4, then it
is diluted in the desired medium (20-fold dilutiom poor media, 100-fold dilution in rich
media) to adapt to the new medium before the finétlire. The second pre-culture is grown
until mid-exponential phase and then it is dilui€iD-fold for the final culture in the same
medium. During all the experiment the culture isuibated at 37°C with continuous shaking
in the Synergy™ 2 multimode microtiterplate reader (Biotek®) whileeasuring every 10
minutes the OBy, and the fluorescence of excitation (485/20 nnd) amission (528/20 nm)
for GFP, and of excitation (590/20 nm) and emisgg885/20 nm) for mKate2.

8.5.2 Data treatment

The LCA data treatment was previously explainedthia work of O. Borkowski et al.
(Borkowski, Goelzer, et al. 2016a) which is basedtlee work of (Botella et al. 2010;
Aichaoui et al. 2012; Buescher 2012).
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G
H

1 2 3 4 5 6 7 8 9 10 11 12
X Fluo 10nM| Fluo 1nM X X X X X X X X
Strain 1 Strain 2 Strain 3 Strain 4 Strain 5 Strain 6 Strain 7 Strain 8 Strain 9 | Strain 10
X Replicate 1] Replicate 1 Replicate 1| Replicate 1] Replicate 1| Replicate 1] Replicate 1 Replicate 1 Replicate 1 Replicate 1
Strain 1 Strain2 Strain 3 Strain 4 Strain 5 Strain 6 Strain 7 Strain 8 Strain 9 | Strain 10
X Replicate 2| Replicate 2 Replicate 2 Replicate 2 Replicate 2| Replicate 2 Replicate 2 Replicate 2 Replicate 2 Replicate 2
Strain 1 Strain 2 Strain 3 Strain 4 Strain 5 Strain 6 Strain 7 Strain 8 Strain9 | Strain 10
X Replicate 3 Replicate 3 Replicate 3 Replicate 3 Replicate 3 Replicate 3 Replicate 3 Replicate 3 Replicate 3 Replicate 3
Strain 1 Strain 2 Strain 3 Strain 4 Strain 5 Strain 6 Strain 7 Strain 8 Strain 9 | Strain 10
X Replicate 4 Replicate 4 Replicate 4 Replicate 4 Replicate 4| Replicate 4 Replicate 4 Replicate 4 Replicate 4 Replicate 4
Strain 1 Strain 2 Strain 3 Strain 4 Strain 5 Strain 6 Strain 7 Strain 8 Strain9 | Strain 10
X Replicate 5 Replicate 5 Replicate 5 Replicate 5 Replicate 5 Replicate 5 Replicate 5 Replicate 5§ Replicate 5 Replicate 5
Strain 1 Strain 2 Strain 3 Strain 4 Strain 5 Strain 6 Strain 7 Strain 8 Strain 9 | Strain 10
X Replicate 6 Replicate 6 Replicate 6 Replicate 6 Replicate 6 Replicate 6 Replicate 6 Replicate 6 Replicate 6 Replicate 6
X X X X X X X X X Fluo 1nM | Fluo 10nM

Figure 8.6 The LCA 96-well microtiterplate prepéwat

The exterior wells contain only sterile medium teyent the evaporation from the inner wells whée dtrains are inoculated. The fluorescein of diffie

concentrations are added in 4 wells in order toembiday-to-day possible variability in LCA expe&ants.
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8.6 Miller Assay for beta-galactosidase activity

Beta-Galactosidase enzyme catalyzes the hydrobydectose into glucose and galactose to
be used as carbon and energy resources in thelrtatholecular biology, it is used as a
reporter gene because it is very stable and rasigigroteolytic degradation in the celland it
can be measured for its enzymatic activity. Bh@al activity protocol; the so-called Miller
Assay, was published by Jeffery Miller in 1972.té&l of lactose, the substrate used is the
synthetic compound o-nitrophenfdb-galactoside (ONPG) which gives o-Nitrophenol
(ONP); a yellow product, when hydrolyzed pygal [Figure 8.7]. The activity of the enzyme

corresponds to the rate of production of ONP (yelk®mlor) measured by spectrometehaix

=420nm
h ; pB-Galactesicase HOﬁOH HO ;

ONPG p-D-Galactose o-Nitrophenol

Figure 8.7 Beta-galactosidase enzymatic reaction

B-Galactosidase utilizes ONPG as a substrate toupeofltD-galactose and o-Nitrophenol, which
gives the yellow color.

The strains expressing LacZ were evaluated for thgjalactosidase activity by growing
them in LB medium until cells reached @g= 1. Then, 1 mL was harvested and centrifuged
at 10,000 rpm for 5 minutes. The cell pellet carstoeked at -20°C if needed.

For the cell lysis, 400 uL of Z buffer (0.06M M O,.7H,O, 0.04M NaHPO,.H,0,0.01M
KCI, 0.001M MgSQ.7H,0, 10°M DTT, adjust at pH 7, then filter and store at moo
temperature) with 2 pL of lysis solution (10mg/nyisdzyme, 1.25 mg/mL DNase) were used
to resuspend the cells. Then they were incubate®7& for 20 minutes. The tubes were

centrifuged at 12000 g for 5 minutes at 4°C andstifgernatant are then stored on ice.

Bradford assay was performedto quantify proteinprdtein of known concentration (usually
BSA) is used to do the calibration curve. 8 dilosovere prepared (0O, 10, 20, 30, 40, 50, 70,
80 pg/mL) which were measured at by adding 200uL Bradford solution to 800uL of
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BSA samples. The extracted samples were measur@Dst by adding 10uL to 790uL

water and 200uL Bradford solution. The graphsgas a function of concentration was
plotted for the BSA values. Then, the equatiorefdtraight line is obtained y = mx; where y
is the absorbance, m is the slope, x is the coret@ of the protein. Then, to calculate the
concentration of each extracted sample, x = samaplorbance/the slope of the BSA

calibration curve, then multiplied by the diluticate.

To perform the assay in a 96 well microplate, theroplate reader must be prepared to be at
28°C, and the absorbance must be sktat= 420nm to read the absorbance of the ONP.

20uL of sample is added to 60uLof Z buffer. Thact®n starts when 20uL of 4mg/mL
ONPG is added (t = 0). When the yellow color stémt@ppear, the reaction is stopped by
adding 50uL of 1M NaC@and the time of the reaction is noted.

Ab5420 * Vreaction
Protein concentration * t * Vsgmpe * 0.00486

1 Miller Unit =

Absyy is the absorbance of o-nitrophenol:a¥ionis the total volume of the reaction (mL); the
protein concentration (mg/mL) is calculated frona@iord assay; t is the time of the reaction
in minutes; Mampieis the volume of the extract sample added in #ation; the 0.00486 is

the molar extinction coefficient of the o-nitroploén
8.7 Protein Gels and Western Blotting

8.7.1 Cell culture

Western Blots were performed to quantify GFP. 8ravere grown in the desired medium

(LB or CH) until cells reached the exponential ghaslater (depending on the purpose of the
experiment). They were harvested by taking 1 mintrdfeiged at the 8,000 g for 5 minutes

and then stored at -20°C.

8.7.2 Celllysis

Pellets were resuspended by a lysis buffer (400.80mM Tris pH7.5 with 0.2M NaCl) and
then sonicated. Sonication is a sound energy apfiiough an ultrasonic probe to agitate
particles in the sample using a high ultrasonigudency (greater than 20 kHz). This leads to
cell disruption and cell content release. Each $amyas sonicated for 15 seconds and
repeated around 5 times. During all this time,dhmples must stay on ice. Less turbidity was

noticed in the samples with each turn of sonicatwhich indicates if they are well lysed.
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When finished with cell lysis, the tubes were céimgred at a highestspeed for30 minutes.
Then, the supernatant (cell extract) was tranddetweclean Eppendorf tubes and stored at -

20°C or kept on ice for the next steps.

8.7.3 Protein gels and sample preparation

The protein SDS-PAGE (SDS-Polyacrylamide gel) gels made of two parts: first, the
resolving gel makes 90% of the total gel and thekshg gel that is poured on top of the first
gel [Figure 8.8]. The stacking differs by the pHtlé Tris-HCI buffer and it is lower in the
polyacrylamide concentration. The purpose is tdkghe loaded proteins so that they reach
the resolving gel well aligned and thus they migraigether at the same time. The resolving
gel is more concentrated in polyacrylamide, whighphthe proteins to migrate differently
depending on their molecular weight. The SDS coetin the gel helps to give the negative
charge to the proteins. For the resolving gel megpm, the 10% acrylamide final
concentration contains: 3.75 mL acrylamide 29/141(.75 mL Tris-HCI Buffer 4X pH8.8,
7.5 mL H20, 90uL APS (10%), 14uL Temed. The stagkyel of 5% acrylamide final
contains: 625uL acrylamide 29/1 (40%), 1.25 mL -H{S| Buffer 4X pH6.8, 3.1 mL H20,
50uL APS (10%), 8uL Temed.

The samples concentration were measured by Bradfsdy, then the volumes are adjusted
to load the same amount of proteins on the gel.ldhaing buffer was added to the samples,
and boiled at 95°C for 5 minutes to denaturatepttodeins prior to loading. The generator

was set at 200 mV.

If the purpose of the experiment was to only prepamn SDS-PAGE stained gel, then gels
were stained by coomassie staining buffer. Howeiethe purpose was to proceed to a
western blot procedure we did not stain. The starkjel part was cut, then it was prepared

for the transfer procedure that is explained below.
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Tris-basepH=8.3

Tris-HClpH= 6.8

migration

Tris-base pH=8.3

Figure 8.8 Schematic drawing representing the SBGHgel setup

The SDS-PAGE gel is the blue part; in the bottorthésresolving gel, on top is the stacking gel, and
the migration buffer (Tris-base pH=8.3) is pouredhie tank (grey color). The migration starts from
the anode towards the cathode (the direction ofé¢tierrow).

Transfer:the gel was incubated for 10 minutes in the tranbigfer (25mM Tris base,
190mM glycine, 10% ethanol, 0.05% SDS). During timse, the membranes (PDVF) were
cut (9cm/7cm) and soaked for 30 seconds in eth&a@0%. Then they were rinsed by the
transfer buffer. The watman papers were cut wighstdame dimensions (9cm/7cm; ~20 papers
in total) and then soaked with the transfer buff#hen everything was ready, 10 papers of
watman were put on the transfer electrode, thennteenbrane was placed on top of the
watman papers, then the gel was placed on topeafémbrane, and finally the remaining 10
watman papers were placed on top of the gel. Thevsah form was well soaked with
transfer buffer to prevent being dried. Any bubbiesst be avoided by pressing well on the
watman papers. Lastly, the negative electrode wdsdon top of the sandwich and it was set
at 36mA for overnight transfer. A scheme of theipas represented in [Figure 8.9].

After_transfer: the membrane was incubated in a blocking bufferSTE10mM Tris pH8,
150mM NacCl, 0.05% tween 20; the pH is adjusted H8 pvith HCI) with 5% milk. The
incubation must be of at least 1 hour at ambientiptrature. Then, the membrane was
incubated for 3 hours in anti-GFP antibodies, whiagdre diluted in TBST buffer with milk
(5%). Then, the membrane was rinsed with TBST bufe, 15 minutes incubation each

time) to remove any unbound antibodies. After ngsithe secondary antibody was diluted in
the same buffer (TBST with milk) and incubated ofoumd 2 hours at ambient
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temperature.The membrane was rinsed again mang.timally, the ECL kit of western blot

from Pharmacia was used to relieve the membrar@diaog to the supplier’s instructions.

L B

electrode
” Watman
o papers = Gel
=3
O ™A Membrane
I Positive
electrode

Figure 8.9Scheme showing the transfer proceduup set

In between the piles of watman papers the geldasga on top of the membrane so that the current
passing from the negative electrode towards théipe®lectrode allows the transfer of the proteins
from the gel to the membrane.

8.8 Flow cytometry

After cell growth, the samples were harvested fell @ixation. Cell fixation starts by
resuspending the cells in 100uL of 4% formaldehyderepared in PBS (v/v). Then, they
were incubated for 7 minutes at room temperatudecantrifuged at highest speed on a bench
top centrifuge for 30 seconds. The pellet was mmuded in 1mL PBS. After that, the
samples were centrifuged again at a 12000 g fae®0nds. Finally, they were resuspended
in 100uL GTE buffer (20 mM Tris-HCI pH8, 10 mM EDTAO0 mM Glucose).The flow

cytometry procedure was based on the protocol is@cerplaetse et al. 2015).
8.9 Proteomics

8.9.1 Relative protein quantification performed at the Unversity of Greifswald-
Germany

The relative quantification of the cytosolic proteiof the over-expressed ClpXP strains was

performed in the University of Greifswald (Dr. DéfBecher lab)- Germany.

The strains were grown in rich (CHG condition) gmabr (S condition) media, they were
harvested at O3 = 0.6.

Cell wash The cell pellet was resuspended in 500uL TE by&mM Tris pH8 with 10mM
EDTA) and centrifuged at a maximum speed for 5 n@auThis step was repeated. Finally,
the cell pellet of the samples was resuspende@0p P of TE buffer.
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Cell disruption: The samples were transferred to tubes containiagsgbeads for cell lysis.

The cell disruption was done through cycles of 3% ¢econds each with cooling on ice for 5
minutes) in a FastPrep tissue homogenizer at 65 Tilven the tubes were centrifuged at a
maximum speed for 5 minutes. This later step waeated twice (15 minutes in the last
repeat). Finally, the lysed samples were trandfetcenew tubes for the determination of

protein concentration (Bradford Assay).

In_solution digest for protein_samples30ug proteins of each sample were prepared in

Eppendorf tubes with RapiGest (1/5 of the totaledigpn volume). RapiGest is a reagent,
which solubilizes proteins making them more expoded digestion. 50mM TEAB
(tetraethylammonium bromide) and 0.071 mg/puL TCHPis( 2-carboxyethyl-phosphine
hydrochloride) were then added, andthe samples imetbated at 60°C for 45 minutes.The
TCEP helps the proteins to be more exposed to itrypEhen, 0.092 mg/uL IAA
(lodoacetamide) was added and incubated for 15 tesnim the dark at room temperature.
During the incubation time, 10x trypsin was actadhfor 15 minutes at 37°C. Then, 1.25uL
of the activated trypsin was added to the samplagh were incubated after that for 5 hours
at 37°C. The reaction was stopped by adding TFAflgbroacetic acid) (0.1% final
concentration). An incubation at 37°C for 45 misutgas followed then the tubes were

centrifuged for 10 minutes at 4°C (maximum speed).

Zip-Dip_purification:  This is a purification method done to desalt thetgins using

Millipore uC18 pipette tips. It is performed in sessive steps of wetting and equilibrating
the tips, peptide binding, washing, and finallytielg the purified peptides in glass vials to
make them ready for the mass spectrometer measuoiteniiestarts by wetting the tips with
the 10uL wetting solution (700uL acetonitrile in0BA. milliQH,0); the supernatant is
discarded. This step is done twice. The second ct@finues by equilibrating the tips by
10pL (30pL acetonitrile, 1uL acetic acid, 970uL liIQIH,0); the supernatant is discarded.
This step is also done twice. Then, the samplapstied 10 times up and down, then the
supernatant is returned to the to the EppendoHd.ttiere the peptides are bound. After that,
the tips are washed bByffer A; 1uL acetic acid and 999uLmilliQ-B) and thesupernatant
is discarded.This step is done twice. Finally, pheified samples are eluted by (600uL
acetonitrile, 1uL acetic acid, and 400uL milliQ®) by pipetting 5 times up and down. The

eluted sample is placed in the glass vials.
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Finally, the samples are concentrated by addind-18lliQ H,O. Then the glass vials are
placed in a vacuum centrifuge to concentrate thapsa to ~5uL and to remove the
acetonitrile. The volume is adjusted to 10uL withffBr A.

The samples then will be ready to be measured bgsnspectrometry. The relative
guantification raw data was generated by MaxQudmcthvis an integrated suite of algorithms

developed for high resolution, quantitative MS d&ax & Mann 2008).

8.9.2 Relative protein quantification performed at PAPPSOplatform at INRA

First the strains were grown in S medium in trigles each until Ofgo 0.23. From a 40 mL
culture, 20 mL were harvested and centrifuged 808§ for 30 minutes. Then the collected
pellet was lysed by sonication [explained in 8.7Nxt, the extracted soluble proteins were
prepared to be loaded on SDS-Protein gels. Theetbadtracts were run through the gel and
stopped once they entered the running gel. Aftergigl was stained and washed [Figure 8.10
each lane was cut into small pieces in order ttrdegted for in-gel digestion. The later steps

were performed by Dr. Celine Henry at PAPPSO.

z 2
= =
N N
= =
=2 A

Bs-MZ72-R3

Bs-MZ139-R1
Bs-MZ139-R2
Bs-MZ139-R3
Bs-MZ140-R1
Bs-MZ140-R2
Bs-MZ140-R3

Figure 8.10 SDS-PAGE gels for the soluble proteinaets which were treated by PAPPSO

Soluble protein extracts migrated on the gel uhily entered the running gel. This image is taken
before being cut
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Table 8-3 Strains used in this work

Name Relevant Genotype Strain construction / plasmid— Strain®
BSB1 Wild type

Bs-OB01 AamyE::lacl/cm (Borkowski, Goelzer, et al. 2016b)
Bs-MZ07 Locus 1:: P gfp/spec, AamyE::lacl/cm pMZ01— Bs-OB01

Bs-MZ08 Locus 1::sP, gfp/spec, AamyE::lacl/cm pMZ05— Bs-OB01

Bs-MZ09 Locus 1::sR, gfp/spec, AamyE::lacl/cm pMZ06 — Bs-OB01

Bs-MZ10 Locus 1::Psgfp-lacZ/spec, AamyE::lacl/cm pMZ07 — Bs-OB01

BsMZ11 Locus 1::sP, gfp-lacZ/spec, AamyE::lacl/cm pMZ11— Bs-OB01

BsMz12 Locus 1::sR, gfp-lacZ/spec, AamyE::lacl/cm pMZ12 — Bs-OB01

Bs-MZ14 AsacA::lacl/cm pMZ13— BSB1

Bs-MZ19 AanyE:: Psgfp/spec, AsacA::lacl/cm pCS75(StarGate cloning)> Bs-MZ14
Bs-MZ21 AamyE:: BlacZ/spe, AsacA::lacl/cm pCS75 (StarGate cloning)> Bs-MZ14
Bs-MZ29 AamyE:: P gfp/spec, AnprE:: P.sgfp/kan, AsacA::lacl/cm pCS72 StarGate cloning> Bs-MZ19
Bs-MZ31 AanyE:: BslacZ/spec, AnprE:: PyslacZ/kan, AsacA::lacl/cm pCS72 StarGate cloning> Bs-MZ21
Bs-MZ38 AamyE::specAsacA::lacl/cm pCS75 — Bs-MZ14

Bs-MZ43 AnprE:: Pysgfp/kan, AsacA::lacl/cm pCS72 (StarGate cloningy> BsMZ14
Bs-MZ44 AamyE:: PsSfafp-ALGG, AsacA::lacl/cm pCS75 (StarGate cloningy> Bs-MZ14
Bs-MZ45 AamyE:: Pesfgfp-DDAS, AsacA::lacl/cm pCS75 (StarGate cloningy> Bs-MZ14
Bs-MZ46 AamyE:: Psfgfp-ADCS, AsacA::lacl/cm pCS75 (StarGate cloning)> Bs-MZ14
Bs-Mz47 AamyE:: Psfgfp-ADAN, AsacA::lacl/cm pCS75 (StarGate cloning)> Bs-MZ14
Bs-MZ48 AamyE:: Psfofp-AASV, AsacA::lacl/cm pCS75 (StarGate cloning)> Bs-MZ14
Bs-MZ49 AamyE:: Psfafp, AsacA::lacl/cm pCS75 (StarGate cloning)> Bs-MZ14
Bs-MZ51 AsacA::lacl/cm, AnprE::kan pCS72 — Bs-MZ14

Bs-MZ52 AsacA::lacl/cm, AnprE::sspB/kan pCS72 (StarGate cloning)> Bs-MZ14
Bs-MZ54 AamyE:: Psfafp-ALGG, AsacA::lacl/cm, AnprE::sspB/kan gDNA of MZ44 — Bs-MZ52
Bs-MZ55 AamyE:: Psfgfp-DDAS, AsacA::lacl/cm, AnprE::sspB/kan gDNA of MZ45 — Bs-MZ52
Bs-MZ56 AamyE:: Psfgfp-ADCS, AsacA::lacl/cm, AnprE::sspB/kan gDNA of MZ46 — Bs-MZ52
Bs-MZ57 AamyE:: Psfgfp-ADAN, AsacA::lacl/cm, AnprE::sspB/kan gDNA of MZ47 — Bs-MZ52
Bs-MZ58 AamyE:: Psfgfp-AASV, AsacA::lacl/cm, AnprE::sspB/kan gDNA of MZ48 — Bs_MZ52
Bs-MZ59 AamyE:: P,sfafp, AsacA::lacl/cm, AnprE::sspB/kan gDNA of MZ49 — Bs-MZ52
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Bs-MZ60 AamyE:: spec, AnprE::kan pCS7Z — Bs-MZ38

Bs-MZ61 AanyE:: P.gfp/spec, AsacA::lacl/cm, AnprE::kan pCS75 (StarGate cloning)y Bs-MZ51

Bs-MZ66 AamyE:: P lacZ/spec pCS75 (StarGate cloningy BSB1

Bs-MZ67 AamyE:: P, lacZ**®/spec, AsacA::lacl/cm, AnprE::kan pCS75 (StarGate cloningy Bs-MZ51

Bs-MZ69 AamyE:: P, lacZ*®/spec, AsacA::lacl/cm, AnprE::sspB/kan pCS75 (StarGate cloningy Bs-MZ52

Bs-MZ71 AamyE:: P,lacZ“/spec pCS75 (StarGate cloningy BSB1

Bs-MZ72 AamyE::spec pCS75(StarGate cloning) BSB1

Bs-MZ73 AsacA::lacl/cm, AnprE:: Py"sspB clpX clpPgg/kan pMZ14— Bs-MZ14

Bs-MZ74 AsacA::lacl/cm, AnprE:: P,"sspB clpX clpPe./kan pMZ15- Bs-MZ14

Bs-MZ75 AsacA::lacl/cm, AnprE:: P> sspB clpX clpPgg/kan pMZ16— Bs-MZ14

Bs-MZ76 AsacA::lacl/cm, AnprE:: P.X"sspB clpX clpPee/kan pMZ17— Bs-MZ14

Bs-MZ77 AamyE::  P.gfp™ ®/spec,AsacA::lacl/cm,  AnprE::™P.sspB  clpX | gDNA of BsMZ44— Bs-MZ73
clpPgs/kan

Bs-MZ78 AaMyE:: Py ™ ®/spec, AsacA:lacl/cm, AnprE::™P.sspB clpX | gDNA of BsMZ44— Bs-MZ74
clpPe/kan

Bs-MZ79 AamyE::  Pydfp™®®/spec, AsacA::lacl/cm, AnprE::°’P.sspB clpX | gDNA of BsMZ44— Bs-MZ75
clpPgs/kan

Bs-MZ80 AamyE::  Pygfp™*®/spec, AsacA::lacl/cm, AnprE::°'P,sspB clpX | gDNA of BsMZ44— Bs-MZ76
clpPe/kan

Bs-MZ113 AamyE:: P mkate/spec pCS75 (StarGate cloning)> BSB1

Bs-MZ114 AamyE:: Pgsomkate/spec pCS75 (StarGate cloning)> BSB1

Bs-MZ115 AamyE:: Pgspgmkate/spec pCS75 (StarGate cloning)> BSB1

Bs-MZ116 AamyE:: Pgszmkate/spec pCS75 (StarGate cloning)> BSB1

Bs-MZ117 AanyE:: Pga/mkate/spec pCS75 (StarGate cloning)> BSB1

Bs-MZ118 AanmyE:: Pgagmkate/spec pCS75 (StarGate cloning)> BSB1

Bs-MZ137 AnprE:: RPejlacZ/kan pCS72 (StarGate cloning)> BSB1

Bs-MZ139 AamyE:: Pe,afp/ spec pCS75 (StarGate cloning)> BSB1

Bs-MZ140 AamyE:: Re,gfp/ spec, AnprE:: Pegfp/kan pCS72 (StarGate cloning)> Bs-MZ139

Bs-MZ141 AamyE:: PlacZ/spec, AnprE:: PjlacZ/kan pCS72 (StarGate cloning)> Bs-MZ66

Bs-MZ142 AamyE:: PlacZ/spec, AnprE:: R gfp/kan pCS72 (StarGate cloning)> Bs-MZ137

Bs-MZ143 AamyE::spec, AnprE::kan pCS72 — BsMZ72

Bs-MZ144 ANprE:: P, "clpX clpP/kan pCS72— BSB1

Bs-MZ145 AnprE:: PygsspB/kan pCS72— BSB1
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Bs-MZ150 AamyE::  Pgpgfp™C/spec,AsacA::lacl/cm,  AnprE::"P.sspB  clpX | pCS75 (StarGate cloning)> Bs-MZ73
Bs-MZ151 Zlng?;&é/kan Pss20gfp - CC/spec,AsacA::lacl/cm,  AnprE::™P.sspB  clpX | pCS75 (StarGate cloning)> Bs-MZ73
Bs-MZ152 lerlzr);&é/kan Pssa0fp™ ©C/spec,AsacA::lacl/cm,  AnprE::™P.sspB  clpX | pCS75 (StarGate cloning)> Bs-MZ73
Bs-MZ153 Zlng?;&é/kan Pssasgfp - CC/spec,AsacA::lacl/cm,  AnprE::™P.sspB  clpX | pCS75 (StarGate cloning)> Bs-MZ73
Bs-MZ154 lerlzr);&é/kan Pssa0fp™ ©C/spec,AsacA::lacl/cm,  AnprE::™P.sspB  clpX | pCS75 (StarGate cloning)> Bs-MZ73
Bs-MZ155 Zlngr);&é/kan Pssasgfp” CC/spec,AsacA::lacl/cm,  AnprE::™P.sspB  clpX | pCS75 (StarGate cloning)> Bs-MZ73
Bs-MZ157 Zlngr);&é/:l:(anPvegmkate‘“LGG/spec,chA: ‘lacl/cm, AnprE::™P.sspB  clpX | pCS75 (StarGate cloning)> Bs-MZ73
Bs-MZ158 Zlngr);&é/kan Psszomkate’™“/spec, AsacA: :lacl/cm,AnprE::"P,.sspB  clpX | pCS75 (StarGate cloning)> Bs-MZ73
Bs-MZ159 Zlgrlzr);&é/kan Paszemkate’-®C/spec, AsacA: :lacl/cm,AnprE::™PsspB  clpX | pCS75 (StarGate cloning)> Bs-MZ73
Bs-MZ160 Zlngr);&é/kan Pssasmkate’“/spec, AsacA::lacl/cm,AnprE::"P,.sspB  clpX | pCS75 (StarGate cloning)> Bs-MZ73
Bs-MZ161 Zlgrlzr);&é/kan Pyss7mkate’-®C/spec, AsacA: :lacl/cm,AnprE::™PsspB  clpX | pCS75 (StarGate cloning)> Bs-MZ73
Bs-MZ162 Z:gris/gtan Pssssmkate’™“/spec, AsacA::lacl/cm,AnprE::"P,.sspB  clpX | pCS75 (StarGate cloning)> Bs-MZ73
clpPgg/kan

* Locus1 coordinates: 213014 213757
« ! Plasmids transformee) in the indicated strains.
« 2pCS75 and pCS72 are the inhouse plasmids from D&Merlands used to construct the strains by StarGaning.
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Table 8-4 The primers used for the strain congtnst

Plasmid/ construction

Amplified sequence

Forward pimer

Reverse primer

VS-P1/ backbone plasmid fdrocus | Amplification on PL1S03 VS-31 VS-32
1 integartion All plasmid downstreangfp to add| CCCCACTAGTGGATCCATGCGT| CCCCGGATCCACTAGTGCTGGG
Bglll and Xmal AAAGGAGAAGAACTTTTCACT | AAAGCCCGCGGTAAAAGTCGA
G C
VS-P2/ backbone plasmid fdrocus | All plasmid upstreamgfp to add| VS-33 VS-34
1 integartion BamHI and Spel restriction GGGGCCCGGGAGATCTTAAGC | GGGGAGATCTCCCGGGTTTGTA
TTAATTAGCTGAGCTTGGACTC | TAGTTCATCCATGCCATGTG
CTG
lacZfussion togfp Amplification on lacZ to add the Pr-MZ05 Pr-Mz06
linker sequence (pdgl661) GCATGGATGAACTATACAAAG | CCAAGCTCAGCTAATTAAGCTT
CTAGCGGCGGCGGCGGCTCAG| ATTTTTGACACCAGACCAAC
GCGGCGGCGGCTCAATGGAAG
TTACTGACGTAAGATTAC
pMZ-01, pMZ-07/ addition of R | Amplification of Rs Pr-MZ12-Phs Pr-MZ13-Phs

promoter

CGTCGACTTTTACCGCGGGCTT
TCCCAGCAAATGTGAGCACTCA
CAATTC

CCAGTGAAAAGTTCTTCTCCTT
TACGCATAGTAGTTCCTCCTTA
TGTAAG

StarGate cloning (Bs-MZ19, Bs- « Amplification of gfp *  Pr-Mz40 * Pr-Mz41
MZ29, Bs-MZ43) «  Amplification of Ry AGCGCGTCTCCTATGCGTAAAG| AGCGCGTCTCCTTATTTGTATA
GAGAAGAAC GTTCATCCATGCC
s Pr-mMz34  Pr-mMz35
AGCGCGTCTCCCCGCAAATGTG| AGCGCGTCTCCCATAAGTAGTT
AGCACTCACAATTC CCTCCTTATGTAAG
StarGate cloning (Bs-MZ21, Bs- « Amplification oflacZ e Pr-Mz36 Pr-Mz38
MZ31) +  Amplification of Ry AGCGCGTCTCCTATGGAAGTTA| AGCGCGTCTCCTTATTTTTGAC
CTGACGTAAG ACCAGACCAACTG
e Pr-mMz34  Pr-Mz35
AGCGCGTCTCCCCGCAAATGTG| AGCGCGTCTCCCATAAGTAGTT
AGCACTCACAATTC CCTCCTTATGTAAG
StarGate cloning for Bs-MZ44 Amplification of Jgfgfpto obtain| VS-34 Pr-Mz55
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ALGG

Pueg Ofp AGCGCGTCTCCCCGCAATTTTG| AGCGCGTCTCCTTATTAGCCGC
TCAAAATAATTTTATTGACAAC | CAAGAGCATAATTTTCGCTATA
G ATTTTCATCATTTGCAGCTTTAT
AAAGTTCGTCCATACCGTGAG
StarGate cloning for Bs-MZ45 Amplification of ,J&fgfpto obtain| VS-34 Pr-Mz56
Pueg 9fp°>"° AGCGCGTCTCCCCGCAATTTTG| AGCGCGTCTCCTTATTATGAAG
TCAAAATAATTTTATTGACAAC | CATCATCATAATTTTCGCTATA
G ATTTTCATCATTTGCAGCTTTAT
AAAGTTCGTCCATACCGTGAG
StarGate cloning for Bs-MZ46 Amplification of ,Jfgfpto obtain| VS-34 Pr-Mz57
Pueg ofp""° AGCGCGTCTCCCCGCAATTTTG| AGCGCGTCTCCTTATTATGAGC
TCAAAATAATTTTATTGACAAC | AATCAGCATAATTTTCGCTATA
G ATTTTCATCATTTGCAGCTTTAT
AAAGTTCGTCCATACCGTGAG
StarGate cloning for Bs-MZ47 Amplification of ,J&fgfpto obtain| VS-34 Pr-Mz58
Puegafp™™™ AGCGCGTCTCCCCGCAATTTTG| AGCGCGTCTCCTTATTAATTAG
TCAAAATAATTTTATTGACAAC | CATCAGCATAATTTTCGCTATA
G ATTTTCATCATTTGCAGCTTTAT
AAAGTTCGTCCATACCGTGAG
StarGate cloning for Bs-MZ48 Amplification of ,Jfgfpto obtain| VS-34 Pr-Mz59
Pueg ofp™ AGCGCGTCTCCCCGCAATTTTG| AGCGCGTCTCCTTATTAAACTG

TCAAAATAATTTTATTGACAAC
G

ATGCAGCAACATTTTGATTAAA
TGAATTTGTTTTGCCTGCTTTAT
AAAGTTCGTCCATACCGTGAG

StarGate cloning for Bs-MZ49 Amplification ofgfgfp VS-34 Pr-Mz60
AGCGCGTCTCCCCGCAATTTTG| AGCGCGTCTCCTTATTATTTAT
TCAAAATAATTTTATTGACAAC | AAAGTTCGTCCATACCGTG
G
StarGate cloning for Bs-MZ52 * Amplification of sspB * Pr-Mz61 *  Pr-mMz62
* Amplification of Ry AGCGCGTCTCCTATGGATTTGT | AGCGCGTCTCCTTATTACTTCA
CACAGCTAACAC CAACGCGTAATG
* Pr-mMzZ34 * Pr-mMz35
AGCGCGTCTCCCCGCAAATGTG| AGCGCGTCTCCCATAAGTAGTT
AGCACTCACAATTC CCTCCTTATGTAAG
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StarGate cloning for Bs-MZ66 «  Amplification of R e VS43 e VS-44
+ Amplification oflacZ AGCGCGTCTCCCCGCAATTTTG| GCGATTAACTAATAAGGAGGA
TCAAAATAATTTTATTGACAAC | CAAACAGCGCGTCTCCCATG
G + Pr-Mz38
+ Pr-Mz36 AGCGCGTCTCCTTATTTTTGAC
AGCGCGTCTCCTATGGAAGTTA| ACCAGACCAACTG
CTGACGTAAG
StarGate cloning for Bs-MZ67 «  Amplification of R s VS-43  VS-44
«  Amplification of lacz*-®® AGCGCGTCTCCCCGCAATTTTG| GCGATTAACTAATAAGGAGGA
TCAAAATAATTTTATTGACAAC | CAAACAGCGCGTCTCCCATG
G s Pr-mMz37

* Pr-Mz36
AGCGCGTCTCCTATGGAAGTTA
CTGACGTAAG

AGCGCGTCTCCTTATTAGCCGC
CAAGAGCATAATTTTCGCTATA
ATTTTCATCATTTGCAGCTTTTT

GACACCAGACCAACTG
pMZ14 Amplification on pCS72 e Pr-Mz100 *  Pr-Mz97
GACTCACACAGAAGACAAAAA | AAATGAATTGTGAGTGCTCACA
Amplification on gDNA of| GTAAGCGCGTCTCCATAAGTTT | TTTTGCCGATCAACGTCTCATT
Bs-MZz52 of phs-sspB AAAC TTC
* Pr-mMz98 * Pr-mMz70
Amplification on gDNA of| GGCGAAAATGAGACGTTGATC | TCTCATGAACCTCCTTTAAATT
BSB1 ofclpX GGCAAAATGTGAGCACTCACA | CAGTTACTTCACAACGCGTAAT
ATTCA G
Amplification on gDNA of « Pr-Mz71 e Pr-mMz72
BSB1 ofclpP CTGAATTTAAAGGAGGTTCATG | GTTGTATCCCTCCAGCAATTCA
AGAATGTTTAAATTTAACGAGG | TTCTGTTTATGCAGATGTTTTAT
* Pr-mMz73 CTTGGC
ACAGAATGAATTGCTGGAGGG *  Pr-mMz99
ATACAACATGAATTTAATACCT | TTTGTTTAAACTTATGGAGACG
ACAGTCATTGAAC CGCTTACTTTTTGTCTTCTGTGT
GAG
pMZ15 Amplification on pCS72 « Pr-MZ102 s Pr-mMz97v

Amplification on gDNA of
Bs-MZ52 of phs-sspB

TTCGATTCTGACCCATCGTAAT
TGAGCGCGTCTCCATAAGTTTA
AAC

AAATGAATTGTGAGTGCTCACA
TTTTGCCGATCAACGTCTCATT
TTC
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Amplification on gDNA of
BSB1 ofclpX

Amplification on gDNA of
BSB1 ofclpP

* Pr-Mz98
GGCGAAAATGAGACGTTGATC
GGCAAAATGTGAGCACTCACA
ATTCA

* Pr-MzZ75
CTGAATTTAAAGGAGGTTCATG
AGAATGACAGATAAACGCAAA
GATGG

e Pr-Mz77
ACAGAATGAATTGCTGGAGGG
ATACAACATGTCATACAGCGG
CGAAC

* Pr-Mz70
TCTCATGAACCTCCTTTAAATT
CAGTTACTTCACAACGCGTAAT
G

* Pr-Mz7e6
GTTGTATCCCTCCAGCAATTCA
TTCTGTTTATTCACCAGATGCC
TGTTG

« Pr-MzZ101
TTTGTTTAAACTTATGGAGACG
CGCTCAATTACGATGGGTCAGA
ATC

pMZ16 « Amplification on pCS72 e Pr-Mz100 *  Pr-Mz97
GACTCACACAGAAGACAAAAA | AAATGAATTGTGAGTGCTCACA
« Amplification on gDNA of| GTAAGCGCGTCTCCATAAGTTT | TTTTGCCGATCAACGTCTCATT
Bs-MZz52 of phs-sspB AAAC TTC
*  Pr-Mz98  Pr-Mz79
« Amplification on gDNA of| GGCGAAAATGAGACGTTGATC | TTCCTCGTTAAATTTAAACATT
BSB1 ofclpX GGCAAAATGTGAGCACTCACA | ACTTCACAACGCGTAAT
ATTCA * Pr-Mz81
» Amplification on gDNA of *  Pr-Mz80 CTGTAGGTATTAAATTCATCAT
BSB1 ofclpP CATTACGCGTTGTGAAGTAATG | GCAGATGTTTTATCTTGGC
TTTAAATTTAACGAGGAAAAA s Pr-mMz99
GG TTTGTTTAAACTTATGGAGACG
*  Pr-Mz82 CGCTTACTTTTTGTCTTCTGTGT
AAGATAAAACATCTGCATGAT | GAG
GAATTTAATACCTACAGTCATT
G
pMZ17 « Amplification on pCS72 «  Pr-Mz102 . Pr-Mz97

Amplification on gDNA of
Bs-MZ52 of phs-sspB

TTCGATTCTGACCCATCGTAAT
TGAGCGCGTCTCCATAAGTTTA
AAC

* Pr-MZ98

AAATGAATTGTGAGTGCTCACA
TTTTGCCGATCAACGTCTCATT
TTC

* Pr-Mz83
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« Amplification on gDNA of| GGCGAAAATGAGACGTTGATC | TCTTTGCGTTTATCTGTCATTAC
BSB1 ofclpX GGCAAAATGTGAGCACTCACA | TTCACAACGCGTAAT
ATTCA e Pr-Mz85
« Amplification on gDNA of « Pr-Mz84 CGTTCGCCGCTGTATGACATCA
BSB1 ofclpP ATTACGCGTTGTGAAGTAATGA | TTCACCAGATGCCTGTTGC
CAGATAAACGCAAAGATG e Pr-mMz1o01
e Pr-Mz86 TTTGTTTAAACTTATGGAGACG
AACAGGCATCTGGTGAATGAT | CGCTCAATTACGATGGGTCAGA
GTCATACAGCGGCGAAC ATC
pMZ18 * Amplification of pCS72 « Pr-MZ100 * Pr-Mz139
« Amplificaton of clpX | GACTCACACAGAAGACAAAAA | CTTTTTCCTCGTTAAATTTAAA
clpPfrom pMZ14 GTAAGCGCGTCTCCATAAGTTT | CATGTTTGTCCTCCTTATTAGTT
AAAC AATCGCTAGCACATTTATTGTA
e Pr-Mz138 CAACACGAGCCCATTTTTGTCA
GGCGAAAATGAGACGTTGATC | AATAAAATTTAACCGGTATCAA
GGCAAATTTTGTCAAAATAATT | CGTTAATAAGAC
TTATTGACAACGTCTTATTAAC e Pr-Mz99
GTTGATACCGGTTAAATTTTAT | TTTGTTTAAACTTATGGAGACG
TTGACAAAAATGGGCTCGTGTT | CGCTTACTTTTTGTCTTCTGTGT
GTACAATAAATG GAG
Bs-MZ150 * Amplification of e Pr-MzZ156 *  Pr-Mz55
Pgs2osfgfp™e© AGCGCGTCTCCCCGCAATTTTG| AGCGCGTCTCCTTATTAGCCGC
TCAAAATAATTTTATTG CAAGAGCATAATTTTCGCTATA
ATTTTCATCATTTGCAGCTTTAT
AAAGTTCGTCCATACCGTGAG
Bs-MZ151 * Amplification of Pysog e VS-43 e Pr-Mz55
sfgfp™-©© AGCGCGTCTCCCCGCAATTTTG| AGCGCGTCTCCTTATTAGCCGC
TCAAAATAATTTTATTGACAAC | CAAGAGCATAATTTTCGCTATA
G ATTTTCATCATTTGCAGCTTTAT
AAAGTTCGTCCATACCGTGAG
Bs-MZ152 « Amplification of Pysas e Pr-mMz153 e Pr-Mz55
sfgfp™-©© AGCGCGTCTCCCCGCCCTTTCT| AGCGCGTCTCCTTATTAGCCGC
TCTTGACTTGATTTCAC CAAGAGCATAATTTTCGCTATA
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ATTTTCATCATTTGCAGCTTTAT
AAAGTTCGTCCATACCGTGAG

Bs-MZ153 * Amplification of Pyas e Pr-mMz151 e Pr-Mz55
sfgfp™-©© AGCGCGTCTCCCCGCACTGCGT AGCGCGTCTCCTTATTAGCCGC
CAATACACGTTGAC CAAGAGCATAATTTTCGCTATA
ATTTTCATCATTTGCAGCTTTAT
AAAGTTCGTCCATACCGTGAG
Bs-MZ154 « Amplification of Pysay « Pr-mMz150 e Pr-Mz55
sfgfp™-©© AGCGCGTCTCCCCGCGTTAAGA AGCGCGTCTCCTTATTAGCCGC
TGGCAAGCTTGAC CAAGAGCATAATTTTCGCTATA
ATTTTCATCATTTGCAGCTTTAT
AAAGTTCGTCCATACCGTGAG
Bs-MZ155 ¢ Amplification of Pyas e Pr-mMz149 e Pr-Mz55
sfgfp™-©© AGCGCGTCTCCCCGCAAAAGG | AGCGCGTCTCCTTATTAGCCGC
GCTTAAATGTTTGC CAAGAGCATAATTTTCGCTATA
ATTTTCATCATTTGCAGCTTTAT
AAAGTTCGTCCATACCGTGAG
Bs-MZ113 * Amplification of Reg * VS-43 e Pr-Mz87
«  Amplification ofimkate AGCGCGTCTCCCCGCAATTTTG| AGCGCGTCTCCCATAGTTTGTC
TCAAAATAATTTTATTGACAAC | CTCCTTATTAGTTAATCGC
G e Pr-Mz158
e Pr-mMz157 AGCGCGTCTCCTTATTAGCGAT
AGCGCGTCTCCTATGTCAGAAC| GTCCCAGTTTAG
TAATCAAAGAG
Bs-MZ159 «  Amplification of mkate’-®® «  Pr-Mz157 «  Pr-Mz159

AGCGCGTCTCCTATGTCAGAAC
TAATCAAAGAG

AGCGCGTCTCCTTATTAGCCGC
CAAGAGCATAATTTTCGCTATA
ATTTTCATCATTTGCAGCGCGA
TGTCCCAGTTTAGACG

Note: For the remaining strains ofcb», Pss2g, Pssas, Psssz, Psass, the forward primer on each of the promoters vii@sstame one used as in the

strains withsfgfp. While the reverse one was Pr-MZ87.
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9 Résumeé Détaillé en Francais

9.1 Introduction

La croissance du marché des enzymes industrialleacouragé les scientifiques a
mettre au point des outils biologiques pour la potin et la sécrétion de protéines. Des
micro-organismes tels qugacillus subtilis, Escherichia coli, Saccharomyces cerevisiae sont
tres utilisés dans l'industrie pour la productienpdotéines. Les tentatives d'amélioration de la
production et de la sécrétion de protéines dansles-organismes sont un sujet important
de la recherche actuelle. Dans mon projet de datgtoous nous sommes concentrésBsur

subtilis comme organisme modeéle pour étudier la producteprotéines recombinantes.

Bacillus subtilis est une bactérie Gram positif en forme de baclles bactéries Gram-
positives (G'® ont une seule membrane sur la face interne daptignglycane épais,
contrairement aux bactéries Gram-négative$(Gui ont une membrane interne et externe,
et un espace périplasmique en forme de gel erte. &e plusB. subtilis peut former des
endospores dormantes résistantes dans des cosdigostress environnemental ou en cas de
carence nutritionnelle (Earl et al. 2018).subtilis n'est pas pathogene et est donc considéré
comme GRAS (Genetically Recognized as Safe) paFdad and Drug Administration
ameéricaine.B. subtilis est utilisé commercialement depuis longtemps esomade ses
enzymes sécrétées comme les amylases, les lipasies @rotéases, de ses propriétés
antipathogénes et de son utilisation dans la ptamu@limentaire du NattoB. subtilis est
génetiquement modifiable, facile a manipuler eturelement compétente (Solomon &
Grossman 1996). En raison de ces propriétés bémsfiqget organisme modele a fait I'objet

de nombreuses études.

Les especesBacillus subtilis et Escherichia coli sont les procaryotes les plus
couramment utilisés pour la production industrieléeprotéines recombinantes (Westers et al.
2004). LesBacillus sp. contribuent a environ 60 % des enzymes comalescdisponibles,
tandis queE. coli est principalement utilisé pour la production inmiede de protéines
pharmaceutiques (Westers et al. 2004). Cependaptptuction de protéines recombinantes
dans les micro-organismes s'accompagne de queldjffesiltés. La surproduction d'une
protéine hétérologue entraine une diminution dx tde croissance des microorganismes
(Dong et al. 1995 ; Kafri, Metzl-Raz, et al. 201®e plus, la production de protéines
hétérologues s'accompagne de rendements sécrédsurs aux quantités prévues (20-25

g/L) chez les espéces dgacillus (Ploss et al. 2016). CheB. subtilis, les goulots
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d'étranglement ont été identifiés au niveau deéleréion, ce qu'on appelle le stress de
sécrétion. Les tentatives de compréhension desotgodiétranglement se concentrent sur
'étude des mécanismes de sécrétion, des complekeinteractions des protéines
membranaires et des voies de signalisation cakul@iour obtenir les souches super
sécrétrices. Mais jusqu'a aujourd’hui, les consécpsed'un niveau de production éleve sur la
physiologie cellulaire et le taux de croissancéBdsubtilis n‘ont pas encore été documentées.
Lorsque la cellule est submergée de circuits syigiings, on s'attend a ce que, jusqu'a un
certain point, ce systeme perturbe la cellule ensemmant toutes sortes de ressources
(machines, énergie, métabolites, etc.). Par comsggulans mon projet de doctorat, nous
voulions (1) comprendre la physiologie cellulaiéddier les effets de la surproduction de
protéines sur la physiologie cellulaire et surétiéints processus cellulaires, (2) identifier les
goulots d'étranglement et le type de ressourcedite, (3) et surmonter cette limitation pour

améliorer la production de protéines.

9.2 Résultats

La premiére partie de mon projet de doctorat emtsacrée a l'analyse des
conséquences de la production élevéede proteineB. subtilis. Mes recherches se sont
concentrées sur le niveau d'expression des genas ées conseéquences surla physiologie
cellulaire. L'hypothése la plus probable actuellemest que la surexpression d'un géne
hétérologue est colteuse pour la cellule en tedaasssources cellulaires et d'occupation de
'espace cytosolique. Par conséquent, on s'attendeadiminution du taux de croissance
cellulaire. Des études récentes Bumsubtilis ont montré que ces micro-organismes peuvent
tolérer de facon inattendue la production de tnesdes quantités de protéines sans avoir
d'effet sur le taux de croissance des cellulesvég$ sur un milieu LB riche (Sauer et al.
2018). Dans le présent travail, nous visons a itevises résultats et a conclure fermement sur
I'effet de la surproduction de protéines sur lagubiggie cellulaire en utilisant divers milieux
de croissance de composition définie (du milieuvpawau milieu riche). Pour cela, nous
avons construit des mutants de soucheB.dabtilis exprimant des genes hétérologues, et la
croissance et l'expression des géenes mutants énsudties dans différents milieux de

croissance.

Le niveau de surexpression des genes a été copadtéois moyens différents :

1. Le systeme d'expression (c'est-a-dire la " forcde% séquences geéneétiques qui

contrélent la transcription et la traduction),
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2. Le géne d'intérét (c'est-a-dire des séquences texlaourtes ou longues),
3. L'emplacement du géne d'intérét sur le chromosdmaelaire (c'est-a-dire proche ou

éloigné de l'origine de la réplication).

9.2.1 Le choix des promoteurs

Tout d'abord, nous avons construit un ensemblpramoteurs inductibles basés sur
l'architecture du promoteur inductible a I'lPTG. R'IPTG induit I'expression en se liant au
répresseur Lacl dé&. coli, empéchant ainsi Lacl de se lier aux séquence®Ni'Ae
'opérateudacO (présent dans len§, pres de la région de liaison de I'ARN polyméradzar
conséquent, l'utilisation d'un promoteur inductipbr IPTG nécessite d'abord l'insertion du
genelacl dans le génome dB. subtilis. Ps a été associé en tandem avec des promoteurs
constitutifs (avec le g en aval d'un promoteur constitutif tel qug.&P.s) afin d'augmenter le
niveau d'expression par rapport ay &eul en présence d’IPTG. L'utilisation de diffésen
promoteurs constitutifs permettra d'obtenir une mamde force. En outre, les différents
promoteurs, seuls ou en tandem, ont été coupléssaéapions d'initiation dela traduction

(TIR) variables. Un résumé des promoteurs et dBsebt présenté au Tableau 9-1.

Les promoteurs synthétiques inductibles ont étéofur®s & un gengfp. Les constructions
génétiques ont ensuite été intégrées dans le clsmm® par un seul croisement a un locus
proche de l'origine de réplication pour maintemrdosage €levé du géne. La croissance des
souches et la fluorescence de la GFP ont été supae "Live Cell Array (LCA)". Il s'agit
d'une méthodologie a haut débit qui permet de suavicroissance des cellules Blesubtilis

et I'expression d'un gene d'intérét dans un leaeuplaque 96 puits (Botella et al. 2010 ;
Buescher et al. 2012). Pour évaluer la force dd&rdntes constructions génétiques
synthétiques, des mesures ont été effectuées mumdhe.

Tableau 9-1 Promoteurs constitutifs et éléments ddRstituant chacun des promoteurs synthétiques
inductibles

Nom Promoteur TIR
sP, Pyixm IXTIR gux
sP, Piban P TIRshort
sP; Pyixm "“TIRmaa
sk, Prar2 9T Rgtix
SPs - I TIRgux
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Les résultats présentés en Figure 9.1 montreniganene de production de GFP. De plus,
sans induction a I'lPTG, il n'y a pas de productitenGFP, ce qui signifie que les promoteurs
sont bien contrélés. Nous nous attendions a cel'gction de deux promoteurs en tandem
entraine des niveaux d'expression plus élevés e hatif. Cependant, les résultats ont
montré que R et sR (Prmjng“XTleﬂngp) sont les promoteurs les plus puissants parmi les

promoteurs synthétiques.

x104

7 I
I « IPTG ()
6 4 IPTG ()

I I
2
L
o M Ml M
sP; sP; sP, sP;

Phs SP4

GFP abundance (FAU.OD, 1)
e

Figure 9.1 Variation de I'abondance de GFP aveprimsoteurs synthétiques (sP)

Les mesures en LCA en milieu riche CHG avec indinctPTG (1mM) montrent I'abondance de la
GFP lorsqu'elle est exprimée sous le contrble damgeurs synthétiques (sP) et dyl P

9.2.2 Le choix de protéine

Ensuite, nous avons décidé de construire une ipeote fusion entre GFP @t
Galactosidase dé&. coli. Cette fusion devrait produire une protéine cosgkeen acides
aminés. De plus, son expression devrait étre faeifd surveillée par fluorescence. La
protéine de fusion a été construite en ajoutanpeptide de liaison de 12 acides aminés
(ASGGGGGSGGGGS) pour faciliter le repliement desuxdeprotéines. La protéine
chimérique résultante était de 140 kDa. La fusgip-lacZ a été réalisée en aval des
promoteurs inductibles susmentionnés. La croissatcéexpression des génes ont été
surveillées par LCA. Les mesures ont été effectdéas des milieux définis pour les souches
portant la GFP seule ou la fusion GFP-LacZ. Lesltd@s ont montré une diminution de la
fluorescence des souches porteuses de GFP-LacAg@ort aux souches porteuses de GFP
[Figure 9.2A]. Cependant, le taux de croissancesteshes produisant la GFP ou la GFP-

LacZ était similaire a celui de la souche témoiltiieee dans le méme milieu. Ensuite, nous
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avons effectué un western blot pour vérifier lamjitd de GFP produite par les souches
produisant GFP et GFP-LacZ soug[Pigure 9.2B]. Le western blot indiquait que la gtie

de GFP dans la protéine de fusion produite étatibeup plus faible que celle des souches
exprimant la GFP native, ce qui est conforme agxltats obtenus en LCA. En raison de la
tres faible teneur en protéines détectée dans d#lales, la protéine de fusion n'était
évidemment pas un bon candidat pour étudier l'itlngada surproduction de protéines sur la
physiologie cellulaire. En effet, il n'y a pas €effét négatif sur la cellule au niveau de la
croissance. Nous avons donc décidé de ne pas dum@ale chimere pour étudier plus avant

les conséquences de la surproduction de protéiméa physiologie cellulaire.

A. B.

x10¢ Negative opp  GFPILacZ
Control

@ GFp o <€— 150 kDa
W GFP-LacZ
_ IJ IJ i: . €— 30kDa
P, sP; sP; sP, sP; —

Phs s

GFPabundance (FAU.ODg,™")
(=] - w Fo ] (=AW | -]

Figure 9.2 La protéine GFP-LacZ est moins abondaas la cellule que la GFP native

(A) Mesures en LCA de l'abondance des GFP (Flueresz AU.ORys") dans les souches exprimant

la GFP native ou une fusion GFP-LacZ sous le cnttés promoteurs inductibles par IPTG 1mM. Il

y a une fluorescence nettement faible dans leshesuporteuses de GFP-LacZ. (B) Western blot
contre GFP des souches exprimant GFP ou GFP-LaoZobées palPhs. L'extrait cellulaire a été
chargé deux fois en quantités différentes pourwhacles souches. Les intensités des bandes dans les
souches exprimant la fusion GFP-LacZ sont tresé&ggar rapport a GFP.

La béta-galactosidase est une protéine de graile(ld2 kDa) et il a été démontré qu'elle
provoque un retard de croissance cheroli lorsqu'elle est produite massivement (Dong et
al. 1995). Nous avons donc construit de nouvebeglses en intégrant une ou deux copies de
lacZ a 2loci dans le chromosome d& subtilis. Le premierlocus estamyE, un gene non
essentiel, proche de l'origine de réplication etnecocomme un locus d'intégration habituel
chezB. subtilis. Le deuxieme locus esprE, un géne non essentiel également, situé pres du

terminus de réplication. La croissance cellulaire a ét&eiliée par LCA dans un milieu riche
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et défini. L'effet sur le taux de croissance eniguilriche n'a pas été significatif méme dans
des conditions d’expression totalement induite (@ fRTG), et ce quel que soit le moment
d’induction au cours de la croissance (IPTG ajautélébut de I'expérience ou injecté pendant
la croissance exponentielle). Dans un milieu pauereléfaut de croissance attendu n'était ni
plus fort ni significatif (M9 Pyruvate qui donne maalement un taux de croissance d'environ
0,3 h* pour une souche sauvage) [Figure 9.3]. Nous agonslu que le niveau d'expression
de laczZ, lorsqu'il est présent en deux exemplaires etiedisous le contrdle dendPen
présence de 1 mM IPTG, n'était pas assez élevéprouoquer une diminution du taux de

croissance chel. subtilis.

0.30 -
0.25
0.20 -

0.15 -

Growth rate (h'!)

0.10 -

0.05 -

Control P, lacZ (2x)

Figure 9.3 Taux de croissance d’une souche prodhiisacZ et d'une souche témoin (Control)

La double intégration de lacZ a montré un taux messance similaire a celui de la souche témoin
dans un milieu mal défini (M9P).

9.2.3 Surproduction de protéines et conséquences sur ldysiologie cellulaire de
B. subtilis

9.2.3.1 Effets sur le taux de croissance

Le promoteur utilisé dans nos stratégies précédemdait I'un des plus forts
promoteurs inductibles, mais nous n'‘avons obsemecéradéfaut de croissance. Nous avons
donc décide d'utiliser IByey constitutif, le promoteur constitutif natif le plésrt deB. subtilis
connu a ce jour (Guiziou et al. 2016). Une souclgaeZ dans le locusmyE a été construite
et des mesures en LCA ont été effectuées pour iBarvia croissance cellulaire. Tout
d'abord, les mesures ont été effectuées dans ieunsl (un milieu minimal avec du glucose

comme source de carbone, ce qui permet a la s@acivage d8. subtilis d'atteindre un taux
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de croissance d'environ 0,79)h Le taux de croissance de la souchgl&Z a diminué
d'environ 15 % [Figure 9.4].

0.8 -
0.7 .

0.6 -

0.5
0.4 -

0.3

Growth rate (h'!)

0.2 -

0.1

Control P lacZ

veg

Figure 9.4 Réduction du taux de croissanceBswubtilis lors de l'expression du géhexZ sous le
contr6le du promoteur,g

Dans un milieu synthétique (S), la souchgl&Z présentait un taux de croissance de 15 % infeééeur
celui d'une souche témoin (Control).

Afin de confirmer ce résultat, les géergfp, mkate2 et lacZ ont été placés sous le contrdle de
Pwy €t intégrés au chromosont subtilis en une ou deux copies. La croissance a éte
surveillée par LCA dans des cellules cultivees ddas milieux pauvres (S), intermédiaires
(SX c'est-a-dire S + asparagine, malate et glu@mat riches (CHG). Ces milieux donnent
lieu & des taux de croissance de la souche desgpeage d'environ 0,7 h1,0 h' et 2,0 A,
respectivement. La diminution du taux de croissgréeedemment observée dans la souche
PwglacZ a egalement été observée dans des cellules surgaatl 'une des trois protéines
gratuites différentes a partir de copies de genmeplss et doubles. Les résultats sont
présentés sur Figure 9.5, qui montre les taux dessance des souches portant les genes
hétérologuesdfp, mkate, et lacZ) dans différents milieux. Le défaut de croissaétat fort
dans les milieux S et SX et augmentait avec ledgmtions en double copie des genes
(indiquées par 2x). D'autre part, lorsque les sesi@taient cultivées en milieu riche (CHG),
la diminution du taux de croissance n'était passiausportante que dans les milieux
minimaux définis, S et SX. C'était plus signifi€avec les souches surproduisant la protéine
gratuite a partir de deux copies de genes.
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Figure 9.5Ralentissement de la croissance de toutes les spymbrteuses de génes gratuits
différents milieux définis.

Les graphiques montrergd taux de croissance des souches portant des cimigles ou doubles
gfp, mkate et lacZ cultivées dans (A) un milsynthétiquelavec glucose) S, (B) un milieu SX (£
malate, glutamate, asparagine), (C) un miriche CHG.
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9.2.3.2 Effects sur la taille de la cellule

La surproduction de protéines chBzsubtilis ralentit non seulement la croissance,
mais elle entraine égalementune augmentation dailla des cellules. Les souches Be
subtilis surproduisant les protéines gratuites ont étévéels dans le milieu S et récoltées
pendant la croissance exponentielle §gE0.2). Premiérement, I'analyse microscopique a
révélé une légére augmentation de la taille desllesldes souches surproduisant GFP et
LacZ par rapport aux cellules de type sauvage. Raer caractérisationplus précise, nous
avons réalisé une analyse en cytométrie en fluxcytemeétrie en flux permet d'analyser une
population cellulaire au niveau unicellulaire egldénir des analyses statistiques sur la taille
et la fluorescence des populations cellulaires a&ipd'un diagramme de dispersion, 50 000
cellules ont été sélectionnées dans une ellipsaigle utilisée pour sélectionner les données.
Des histogrammes montrant la distribution de tmitle toutes les souchessont présentés ci-
dessous [Figure 9.6A]. Ces résultats indiquent tpetaille des cellules des souches
surproductrices LacZ et GFP est supérieure a ckiléype sauvage. Les valeurs Fsc des
mutants ont été normalisées par rapport a cellegptusauvage [Figure 9.6B].
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Figure 9.6 Données de cytométrie en flux

(A) Distribution de tailles des différentes souclzmlysées (souches témoins, GFP et LacZ). (B)
Valeurs Fsc des souches mutantes présentées eotbogphalisées par rapport a la valeur Fsc de la
souche témoin.
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9.2.4 Le taux de croissance est modifié lorsque la prodtion de GFP atteint un

certain seuil

Apres avoir montré une charge sur le taux de €anise, NOUS NOUS sommes intéresses
a trouver la quantité de protéines qui a contribugette charge. Pour ce faire, nous avons
d'abord réalisé une analyse par gel SDS-PAGE déeneagavérifier I'abondance des protéines
hétérologues par rapport aux protéines cellulaodgbles totales. Les pourcentages calculés
pour les protéines hétérologues sont les suivantegpectant l'ordre sur le gel SDS-PAGE
[Figure 9.7A] : (2) GFBx 9,07 %, (3) GF°Cgq, 6,01 %, (4) LacZs 6,92 %, (5) GFR,
6,94 % et Lacgy, 5,49 %, (7) GFR, 7,56 %. Pour une meilleure validation de la quérde
protéines reellement produites, nous avons effeatuévestern blot contre les GFP, et un
résultat représentatif est illustré a la FigureC9.La GFP représentait ~9,77% du total des
protéines extraites, ce qui est proche des valalcsilées sur la base de l'intensité du signal
en SDS Page. De plus, en Figure 9.7D, les cellaldsvées en géloses LB portant le

Pwgmkate (rose) et le Rygfp (vert) montrent une fluorescence des protéineableia I'ceil nu.

A. B.
- WT(Bsu) 10 y=77924x +487.5
LacZ —» - P, gfp(Bsu) R?=0,999
116 kD - P, gfp* 96 (Bsu) B
- Py lacZ(Bsu) g
5. PyglacZ P, gfp(Bsu) = ;;‘
. WT(Eco) E =
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Figure 9.7 Quantification hétérologue des protépasrapport a I'extrait total de protéines solsble

(A) Gel SDS-PAGE coloré au bleu de coomassie cpomdant auxextraits totaux de protéines
solubles pour le type sauvage et chacune des soymbduisant GFP, LacZ et LacZ -GFP. (B)
Graphique représentant l'intensité des bandes égesspar le logiciel ImagelLab par rapport a la masse
protéique, qui a été utilisée pour quantifier laRGfans le western blot (C) Western blot contref&® G
montrant une échelle de GFP de quantités conntidga, ®@FP produite dans un extrait protéique
soluble total de 6,75 pg et 13,52u9. (D) Fluoreseates protéines des cellules produisant mKate2 et
GFP indigquant l'intensité de la production.
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9.2.5 La surproduction de B. subtilis par les GFP entraine une réduction de la
production d'autres protéines
La question suivante était de savoir pourquoi, canaivement aux connaissances actuelles
surE. coli, le taux de croissance défectueux n'est obsera@rs la surproduction d'une telle
guantité d'une protéine gratuite? Afin de résoutkeprobléeme, nous avons effectué une
analyse protéomique des souches surproductric€d-&e Des analyses protéomiques ont été
effectuées sur trois souches exprimant soit unéecoe la cassette d'expressioneydfp"
(souche MZ139), soit deux copies de cette cassktbgression (souche MZ140), et une
souche sauvage (souche témoin MZ72). Les celluliegt@ cultivées en milieu S jusqu'a ce
gu'elles atteignent la phase exponentielle. Enuecgncerne la teneur totale en protéines
solubles, il est intéressant de noter que le palceffet de la surproduction d'une protéine
gratuite dan®. subtilis est une diminution de la quantité de nombreusetimes dans les
souches surproductrices par rapport a leur quamt#igective dans la souche témoin. Dans la
heat map ci-dessous [Figure 9.8], les 300 protédieeplus affectées sur les 800 protéines
détectées sont présentées. Les valeurs tracéégeogeénérées en calculant le rapporidog
chaque échantillon divisé par la moyenne des étloaust Ensuite, les protéines ont été triees

selon leur ratio de GFP2x.

strain

La‘g”(mean samples

1 sp| |PPSD_BACSU Plip y
2 sp|Q07833|WAPA_BACSU Cell wall-associated protein
3 sp|P45745|DHBF_BACSU Enterobactin synthesis
4 sp|P39847|PPSC_BACSU Plipastatin synthesis
5 sp|P27206|SRFAA_BACSU Surfactin synthesis
0.4 e ———————— 6 sp|Q08787|SRFAC_BACSU Surfactin synthesis
7 sp|P40871|DHBE_BACSU Enterobactin synthesis
8 sp|P45744|DHBC_BACSU Enterobactin synthesis
9 sp|Qoa747|SRFAB_BACSU Surfactin synthesis
10 sp|031629|YJCG_BACSU Putative RNA ligase

MZ72 MZ139 MZ140

Figure 9.8 Représentation sur heat map des 298ipestles plus affectées dans le type sauvags et le
souches productrices de GFP. A droite, zoom sutOesrotéines les plus affectées et leurs fonctions
métaboliques respectives cligzubtilis

Les numérations spectrales des protéines des soaclatysées ont été comparées a la moyenne des
numérations spectrales dans toutes les souches kig-ratios ont été utilisés pour la visualisation.
MZ72 Control strain, MZ139 Rgfp une copie, et MZ140,Bgfp deux copies.
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D'une maniere générale, en regardant la heat mays onbservons que de nombreuses
protéines sont moins produites dans les souchekigirices GFP par rapport a la souche de
type sauvage. De plus, on peut observer la dift&relans la distribution des protéines entre
les souches produisant la GFP. La partie supéraita heatmap révele les protéines les plus
affectées lors de la surexpression d'une GFP. Bowmss fait un zoom sur les 10 protéines les
plus 'réprimées' dans la souche possédant deugscdpila cassette d’expression de la GFP
(MZ140) [Figure 9.8- coté droit]. Parmi cette liste dix protéines, huit appartiennent a des
enzymes impliquées dans la synthese de peptidesbasomiques tels que la synthéese de la
plipastatine, la synthése de surfactine et la ®g#hd'entérobactine (aussi appelée

bacillibactine).

90.2.6 La dégradation de la protéine gratuite surproduite rétablit le taux de

croissance

ChezE. coli et B. subtilis, lorsqu'un ribosome atteint I'extrémité 3' d'unMR sans
atteindre un codon stop, I'ARNt codé par le gg&nA ajoute un tag appelé tag ssrA. Dahs
subtilis, la protéase ClpXP reconnait la protéine marquék ssprocede a sa dégradation.
Nous avons décidé d'utiliser cette propriété eg@wrer un systéme de dégradation a base de
ClpXP pour dégrader spécifiquement la protéineugeatsurproduite et libérer des acides
aminés dans la cellule sans alléger la charge lmsaimes. Sur la base des résultats déja
publiés (Griffith & Grossman 2008 ; Guiziou et 2aD016), nous avons construit des souches
produisant des GFP étiquetées a leur extremitérririale avec cing tags ssrA candidats
(ALGG, DDAS, ADAN, ADCS, AASV) associés ala séquen&AANDENYSENY (ou
AGKTNSFNQNQNYV) reconnue par la protéase ClpXP. Adim dégrader spécifiquement la
protéine gratuite surproduite et de libérer deslexiaminés dans la cellule sans soulager la
charge ribosomique, nous avons testé le systeme@edeadation basé sur ClpXP sur les
protéines GFP et mKate2. Le taux de croissancé augteillé dans differents milieux définis
(S, SX et CHG) [Figure 9.9A, B, C respectivemeiith ciblant spécifiquement GFF®,
nous avons observé une restauration du taux dsserae principalement dans les milieux S
et SX. La restauration du taux de croissance d'ét&iron 50%. Lors de la dégradation de la

GG une restauration du taux de croissance a étén@esale maniére

protéine mKate
significative dans les milieux S, SX et CHG. Nowsrs conclu que la dégradation des
protéines gratuites nouvellement synthétisées ptainde recyclage des acides aminés
réutilisés par la cellule et la libération de lasp cytosolique, ce qui permettrait une

augmentation du taux de croissance. Par consédaepstauration du taux de croissance qui
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en a résulté a indiqué que la charge causée suellale par la protéine gratuite était

principalement due a la limitation des acides amgtéou de I'espace cytosolique.
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Figure 9.9 Restauration du taux de croissanced®ta dégradation des protéines

Les graphiques montrent des duplicatas de mesore€A& ou le taux de croissance a été suivi dans
différents milieux pour différentes protéines gitasi afin de savoir si la dégradation des protéuzes
modifier le taux de croissance. (A) milieu S, (B)ieu SX, (C) milieu CHG.
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9.2.7 Développement d'un outil de biologie synthétique po affiner I'expression

des géenes

Dans la deuxieme partie de la these, nous avoescleh a développer un outil
synthétique pour affiner I'expression des géneanegliorant le systeme de dégradation ciblé.
Nous avons d'abord caractérisé le travail effepareGriffith et ses collaborateurs (2008) et
nous avons constaté que leur systeme de dégrad#tiér est en effet pleinement efficace a
des niveaux modérés de production de protéines udasg Par conséguent, nous avons
cherché a améliorer le systeme de dégradatiordafigmenter le niveau de dégradation, car
étre capable d'ajuster finement les niveaux dedpres pourrait servir plusieurs applications
biotechnologiques. Afin d'augmenter le niveau dgraéation d'une protéine d'intérét, nous
avons décidé de construire une souche dans ladesljgoductions de la protéase ClpXP et
de la SspB (un adaptateur de ClpX cliexoli) sont augmentés. Nous avons congu diverses
structures opéroniques composéesyiB, clpX etclpP en aval de R et de RBS synthétiques
solides. La conception des opérons s'inspire degtgtes opéroniques naturelles Be

IﬂLGG

subtilis. Malheureusement, la dégradation de la protéitdeei (GF ) n'a pas été

ameliorée avec la surproduction de ClpXP et de SspB

De plus, comme nous voulions mettre en place uil datrecyclage des acides aminés
synthétiques basé sur l'utilisation de ClpXP, noags sommes demandé si ClpXP pouvait
avoir des objectifs hors cible, surtout en cas wprsduction (en collaboration avec sspB).
Par conséquent, pour étudier les conséquences durgoduction de CIpXP sur la
physiologie cellulaire, nous avons construit unropeRe,clpXclpP en utilisant les genebpX
clpP deB. subtilis et le plus fort promoteur connu a ce jour Busubtilis, Py En examinant
généralement le nombre de protéines détectéegmmtate qu'il y avait plus de protéines dans
la souche de type sauvage que dans la sougfoipRclpP. Nous avons observeé 316 protéines
a regulation négative et 181 protéines a régulgtmsitive dans la souchegfelpXclpP par
rapport a la souche témoin. En Figure 9.10 figulemtatégories de protéines pour lesquelles
'abondance a changé entre les deux souches. EndpllClpX et de ClpP, la plupart des
protéines qui ont été régulées a la hausse s@d &éx protéines biosynthétiques d'acides
aminés, a la synthése de nucléotides ou aux swyseetd'’ARNt. Les protéines qui étaient
régulées a la baisse sont principalement impliquidgess la motilité et la chimiotaxie
(synthése duflagelle), ou contrélées par le fact@gmaocyp, (i.e. le facteur sigma qui active la
synthese du flagelle). Les autres catégories deé€ipes varient légerement. Certaines

protéines impliquées dans la réponse généraleraassét au stress oxydant, ou d'autres
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protéases varient légerement, mais aucune autitariee claire n'est apparue. Par conséquent,
les résultats indiguent qu'une surproduction deXEla entrainé une réorganisation majeure

du protéome.

Sigma factors [
Nucleotide biosynthesis L |
Ribosome biosynthesis hod {
Proteases and peptidases L
Transporters |
Cell shape and cell division i_]
Aminoacid biosynthesis and translation L {
Stress Proteins —
Motility and chemotaxis I
Unknown essssssssss——— |
80 60 40 20 0 20 40 60
Abundant in the wild Abundant in the ClpXP
type strain overproducing strain

Figure 9.10 Nombre de protéines (regroupées ergaads) exprimées differemment entre le type
sauvage et le mutant ClpXP

9.3 Conclusion

Mon projet de doctorat a apporté une nouvelle peatsve pour comprendre les
goulots d'étranglement de l'obtention d'usinesedielles microbiennes pour la production de
protéines. Nous avons obtenu de nouveaux résudtatde nouvelles conclusions sur le
comportement d8. subtilis lors de la surproduction d'une protéine hétératoBusubtilis a
fait I'objet d'une étude de cas pour étudier lesstde sécrétion auquel elle fait face lorsqu'elle
est soumise a une surproduction de protéines. @apgmous ne savions pas quelles étaient
les conséquences au niveau de la production al&rd décrétées.

Nos résultats ont montré qie subtilis ralentit son taux de croissance lorsqu'il est sgpi
une surproduction gratuite de protéines. Nous aetudié la réduction du taux de croissance

dans différents milieux chimiquement définis etutiisant différentes protéines rapportrices
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(GFP, LacZ et mKate2). De plus, comiaecoli etS. cerevisiae, B. subtilis augmente sa taille

en réponse a une production élevée de protéines.

Nous avons donné une analyse détaillée des dopnéE®miques pour la quantification des
protéines relatives ou nous avons montré une dtmimugénérale de l'abondance des
protéines endogenes dans les souches surprodasatiec&FP. Une diminution générale du
protéome est prévue en présence d'une protéinelogge inutile (Scott et al. 2014 ; Scott et
al. 2010). En entrant plus en détail sur le typepad#éines qui change le plus, nous avons
découvert que les protéines non essentielles dwlgraille liées aux synthétases peptidiques
non ribosomales sont devenues moins abondantesl|'augmentation de la production de
GFP. La taille de ces protéines en fait des preggolteuses en termes de ressources pour la
cellule, plutét que d'étre colteuses en raisorederiombre. Ces résultats nous ont permis de
déduire une relation entre l'utilisation des acigeminés pour produire les protéines
essentielles et non essentielles, y compris laépretgratuite, 'occupation cytosolique des
protéines et la réduction du taux de croissancide®gpothese a été prouvée en appliquant
un outil synthétique de dégradation ciblée desémes contre les protéines gratuites (GFP,
mKate2, et LacZ). Le résultat a montré une resteuradu taux de croissance lors de la
dégradation de GFP et mKate2, ce qui indique ga@dedes aminés libérés ont été reutilisés
par la cellule. De plus, selon la taille de la phno¢ et son compactage, le type de ressource
limitante peut étre soit la composition en acideéngs, soit I'occupation cytosolique, soit les

deux.

Enfin, nos résultats ouvrent la voie a d'autresddegusur la surproduction de protéines
sécrétées. La combinaison des informations surdessde sécrétion et la surproduction de la
machine de sécrétion pour favoriser la productibiaesécrétion de protéines hétéologues

ouvrira de nouvelles perspectives pour améliorer Usines de cellules microbiennes.
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Résume  La synthese de  protéinediochimiques et de fluorescence. Pou
recombinantes chez les microorganismes @intifier le type de ressources limitantes (2)
d'un intérét majeur pour la production deous avons effectué une gquantification relativ
produits biopharmaceutiques, thérapeutiquedss protéines sur les souches surproductrices
et enzymatiques industriels. Cependant, de@ GFP et montré que certaines protéines ngn
surproduction de protéines a un effet néfastesentielles étaient moins abondantes dans ges
sur la physiologie cellulaire. Les ressource®uches. Nous avons ensuite dégradé
cellulaires (métabolites, énergie, machinergpécifiquement les protéines rapportrices
moléculaire, espace cytosoliquet¢.) sont en l'aide d'un outil de biologie de synthés
effet partagées entre les protéines de I'hdtepetcédemment mis au point poBr subtilis,

la protéine "gratuite". Cette surcharge nafin que les acides aminés puissent étr|
naturelle entraine une croissance plus lenteretyclés dans le pool de ressources cellulaires.
des rendements en protéines plus faibles, Avec une dégradation de 50-60% de GFP
phénoméne connu sous le nom de "burdeniKate2, nous avons observé une restauratign
Dans mon projet de doctorat, il s'agissait (tle 50% du taux de croissance. Ces résultats
de déchiffrer les conséquences de $amggérent que la quantité d'acides aminés (gt
surproduction de protéines gratuites sur j@r conséquent leur utilisation dans |
physiologie cellulaire, (2) d'identifier le typesynthése des protéines) est le principal type de
de ressources limitantes, et (3) de surmontessources limitantes. Pour améliorer |
cette limitation pour améliorer la productioproduction de protéines (3), nous avon
de protéines. Afin de déchiffrer lexherché a développer un systéme synthétique
conséquences de la surproduction de protéinles recyclage des acides aminés basé sur |le
(1), nous avons analysé le taux de croissansgstéme de dégradation mentionné ci-dessus
la production de protéines d'intérét et len surproduisant les protéaseR. aoli et B.

protéome de souches dBacillus subtilis subtilis (ClpXP) avec une protéine adaptatric
surproduisant divers niveaux de protéingSspB) dE. coli. Cet outil pourrait permettre
rapportrices. Les protéines rapportrices ont &é dégrader spécifiguement des protéines ngn
choisies de maniere a étre facilemeessentielles pour économiser des ressources
quantifiables par fluorescence et par des testdlulaires. Nous avons montré que |
d'activité (.e. GFP, mKate2, LacZegtc.). Pour surproduction de CIpXP ou de SspB/ClpX
obtenir les différents niveaux d'expressiogtait suffisante pour permettre une dégradatio
nous avons construit des séquencesmpléte des protéines produites a de
synthétiques par assemblage de promotenigeaux bas et intermédiaires, et jusqu'a 509
constitutifs et inductibles et de régiondes protéines fortement produites. Comm
d'initiation de traduction (TIR, RBS) variésCIpXP est une protéase impliquée dans |
Nous avons ainsi montré que plus la quantit®onse au stress, nous avons cherché a savoir
(et la taille) de la protéine produite étagila surproduction de CIpXP pouvait avoir de
élevée, plus les taux de croissance étaieohséquences négatives sur la physiologi
faibles et plus la taille des cellules était élevéeellulaire. Une quantification relative des
Par exemple, le taux de croissance a diminpkbtéines sur une souche surproductrice de
de plus de 20 % lorsque la GFP étaitlpXP a montré que la surproduction d
surproduite a plus de 5 % de la quantité totaldpXP provoque une réorganisation global
de protéines solubles, selon des quantificatiothg protéome sans toutefois affecter le taux d

croissance de la cellule.
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Abstract: Recombinant protein production idimiting type of resources (2), we performed &
microorganisms is of great interest for theelative protein quantification on the strains
production of biopharmaceuticalspverproducing GFP at different levels. Hence
therapeutics and industrial enzymesve showed that some non-essential protein
However, recombinant protein production hagere less abundant in the straing
always shown a harmful effect on theverproducing GFP. We next targeted thg
microorganism cell  physiology wherreporter proteins for degradation using ¢
excessively produced. Cell resourcese. ( synthetic tool previously engineered B
metabolites, energy, molecular machinerglbtilis, so that amino acids can be recycleq
cytosolic spaceetc.) are used to produce thdack to the pool of cell resources. Degrading
host's proteins and the overproducdte reporter gratuitous protein should alsg
gratuitous protein. As a result, this unnatureglieve the constraint on the cytosolic density
extra load typically leads to slower growtlby liberating intracellular space. With a
and lower protein vyields, a phenomenotegradation of 50-60% of GFP and mKate2
known as‘burdeni. This burden comes fromwe observed a 50% restoration of the growtl
the fact that the recombinant protein has mate. This result together with the proteome
benefit for the microorganism, and that it onlginalysis suggested that the amount of amin
uses cell resources at the expense of #mdds (and consequently their utilization in
production of the endogenous essentipfotein synthesis) was the main limiting type
proteins. In my PhD project, the issues weod resources. To overcome this limitation and
(1) to decipher the consequences of gratuitaugprove protein production (3), we aimed at|
protein overproduction on the cell physiologyexploring a synthetic, amino acid recycling
(2) to identify the limiting type of resourcessystem based on the above mentione
and (3) to overcome this limitation to improveegradation system. We decided to improve
protein production. To address the first issuke targeted degradation system by
(1), we analyzed growth rates, production afverproducing theE. coli and B. subtilis

several proteins of interest, and genome-wi@pXP proteases together with dh coli

proteomes of Bacillus subtilis strains adaptor protein SspB. This tool may allow to
overproducing various levels of reportetarget proteins for degradation in order tg
proteins. The reporter proteins were chosensave resources and improve the production ¢
that they were easily quantifiable by protein of interest. We showed that the
fluorescence andp-galactosidase activityoverproduction of either ClpXP or SspB/
assays i(e. GFP, mKate2, LacZgtc.). To ClpXP were sufficient to allow a complete
obtain the various levels of expression, wadegradation of the proteins produced low an
built synthetic sequences made of thatermediate levels, and up to 50% of
assembly of various constitutive andegradation of the proteins highly produced
inducible promoters and translation initiatioks CIpXP is a protease involved in stresq
regions (TIR, RBS). Hence, we showed thatsponses, we aimed to know whether th
higher was the amount (and size) of thmverproduction of ClpXP may have negativel

protein produced, lower were the rates obnsequences on the cell physiology. We

growth and higher were the cell sizes. Ftinerefore  performed relative  protein
instance, the growth rate decreased down dpyantification on a strain overproducing
over 20% when GFP was overproduced abo@pXP. The results showed that ClpXP
5% of the total soluble protein amountverproduction causes a global reorganizatio
according to both biochemical anan the proteome without affecting the growth
fluorescence assays. To further identify the rate of the cell.
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