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Étude de l’implication des espèces réactives de l’oxygène dans la réponse 

chimiotactique négative de Caulobacter crescentus 

 

LAMOT Thomas 

 

Résumé 

 

Le cuivre est un métal lourd bien connu pour être toxique à forte dose chez la plupart des 

organismes. Récemment, la réponse unique face au cuivre de la bactérie dimorphique 

Caulobacter crescentus a été décrite. Là où la cellule pédonculée expulse le cuivre de son 

périplasme, la cellule flagellée engage une réponse de fuite vers un environnement sans cuivre. 

L’hypothèse actuelle est que cette réponse de fuite est médiée par un système de 

chimiotactisme. Cependant, le cuivre est capable d’induire un stress oxydatif in vitro. De ce 

fait, deux hypothèses non-exclusives sont possibles : les chémorécepteurs sont soit capables de 

sentir directement le cuivre, soit des espèces réactives de l’oxygène générées par le cuivre. 

La première partie de cette étude avait pour but de déterminer si le cuivre est capable d’impacter 

l’équilibre redox de C. crescentus en générant des espèces réactives de l’oxygène. Des analyses 

par fluorimetrie et microscopie à fluorescence en utilisant une sonde YFP sensible à l’état redox 

ont permis de montrer que le cuivre est capable d’altérer la balance glutathion oxydé/réduit en 

faveur du glutathion oxydé. 

La seconde partie avait pour but de tester le chimiotactisme envers l’H2O2 et le paraquat 

dichloride de mutants KO pour des gènes candidats impliqués dans la perception du cuivre. 

Etonnement cela a permis l’identification de potentiels candidats pour la perception de l’O2. 

Finalement la délétion de yaaA, une protéine potentiellement impliquée dans la résistance à 

l’H2O2 semble augmenter la fuite à l’H2O2 de C. crescentus. 
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copper-induced negative chemotaxis system 

 

LAMOT Thomas 

 

Summary 

 

Copper is a heavy metal which is well-known to be toxic at high doses for most organisms. 

Recently, an original defense strategy has been described in the dimorphic bacteria Caulobacter 

crescentus when exposed to copper stress. Whereas the stalked cells expel copper from their 

cytoplasm, the swarmer cells accumulate copper and engage readily a flight response to find a 

copper-free environment. This flight response is likely mediated by a chemotaxis system. 

However, as copper is known to induce oxidative stress in vitro, it is not clear whether the cues 

sensed by the chemoreceptors are either copper or copper-induced reactive oxygen species. 

The first part of this study aimed to determine whether copper is able to impact the redox 

balance of C. crescentus by generating reactive oxygen species. Using a redox-sensitive YFP 

as a reporter of the in vivo glutathione redox state, fluorometry analysis and fluorescence 

microscopy showed that copper is able to shift the normal oxidized/reduced glutathione 

equilibrium toward oxidized glutathione. 

On the second part, chemotaxis of KO mutants of candidate genes for copper sensing was tested 

toward H2O2 and paraquat dichloride. Interestingly, some candidates for O2 sensing were also 

described. Finally, a KO mutant of yaaA, a protein thought to be involved in H2O2 resistance, 

was found to display an increased H2O2 flight. 
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(adapted from Solioz, 2018) 



7 

INTRODUCTION 

1. Heavy metal stress 

Heavy metals like copper (Cu), cadmium, lead, zinc (Zn) or uranium always existed in 

relatively scarce quantities in soils and waters. However, with the rise of modern technologies, 

the extensive use of those metals in anthropogenic activities such as the agriculture and the 

industry led to huge increases in heavy metals concentration in the environment. As those are 

not easily detoxified, they tend to accumulate even more, leading to a heavy metal pollution. 

This causes huge impacts at every level, from changes in the composition of microbial 

communities to health issues in humans through the bioaccumulation of such metals. So 

researches on how some organisms are able to cope with heavy metal stress became more and 

more important (Ahemad, 2012; Etesami, 2018). 

2. Cu the double-edged element 

Cu is a transition metal often found in two main forms: an oxidized form (Cu2+) and a reduced 

form (Cu+). Sometimes, Cu can also be found on the scarcer more oxidized forms Cu3+ and 

Cu4+. One of the main differences between Cu+ and Cu2+ for biological processes is that Cu2+ 

is soluble in water making it more bioavailable than Cu+. Cu2+ is the predominant Cu ionic form 

found in the oxidant periplasm. However, Cu2+ is likely reduced into Cu+ when entering the 

more reducing cytoplasm (Solioz, 2018). 

2.1. The origin of Cu 

Three billion years ago, the first photosynthetic organisms appeared and the O2 generated by 

their photosynthesis modified the redox conditions at the cell surface, turning insoluble Cu+ 

into soluble Cu2+ (Figure 1). Concomitantly, soluble Fe2+ was oxidized into Fe3+, thereby 

reducing its solubility and its bioavailability. When most of the Cu and Fe were oxidized, the 

O2 atmospheric levels were allowed to rise up to the current level of 21%. This rising of O2 

levels created new stresses, the oxidative stresses, and the need for new defenses and strategies 

to face them (Solioz, 2018). 

2.2. Necessity 

At low doses, Cu is an essential element for a wide range of biological processes. It is needed 

for the activity and stability of a lot of proteins and complexes e.g. the Cu-Zn superoxide 

dismutase; the hemocyanin, a respiratory pigment often found in arthropods and mollusks; or 

even the complex IV of the electron transport chain (Bondarczuk and Piotrowska-Seget, 2013; 

Solioz, 2018). Some species are able, in case of Cu deficiency, to synthesize chalkophores. 

Chalkophores are the Cu pendant of siderophore, they are molecules able to chelate Cu to 

improve its import in the cell although some have others functions such a signaling factors or 

superoxide dismutase activity (Kenney and Rosenzweig, 2018). 

2.3. Toxicity 

However, at high doses, Cu can become toxic. Indeed, Cu is able to take the place of other 

metals in metalloproteins. A well-known example is the displacement of iron-sulfur (Fe-S)  



 

  

Figure 2: Toxicity mechanisms of copper. A) Order of stability of divalent metals in complexes as described by 

Irving and Williams. B) Copper taking place of a iron-sulfur cluster. C) Formation of copper-induced non native 

disulfide bond on periplasmic protein. D) ROS formation throught Fenton-like reaction catalized by copper ions. 

E) ROS formation through Fenton reaction catalized by iron ions displaced by copper ions (see panel A). F) ROS 

generated by copper sequestration through the glutatthione redox buffer. 

A B 

C

 
 A 

D

 
 A 

E

 
 A 

F

 
 A 
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cluster in Fe-S proteins as it is thought to be the main source of Cu toxicity (Macomber and 

Imlay, 2009) (Figure 2B). A lot of these proteins are involved in essential pathways such as the 

aconitase in the TCA cycle. These displacements are mostly due to the high stability of Cu2+ in 

complexes as shown by the Irving-Williams series (Figure 2A) and explained by the Hard-Soft 

Acid-Base (HSAB) concept of Pearson. The Irving-Williams series is a data collection of the 

stability of complexes formed by bivalent ions of the first row of transition metals. Irving and 

Williams observed that in those kinds of complexes, the ones formed with Cu2+ are always the 

most stables (H. Irving and R. J. P. Williams, 1953; Solioz, 2018) (Figure 2A). The HSAB 

principle shows that hard acids and soft acids tend to better react with hard bases and soft bases, 

respectively. Cu2+ is an intermediate acid but reacts easily with soft bases like thiols. In the 

HSAB principle, Cu+, the Cu form that is mostly found in the cytoplasmic space, is 

characterized as softer than Cu2+ and the other metals like Fe2+. In this case, it is not surprising 

to see Cu+, and sometimes Cu2+, compete for the native binding sites of the other metals in 

metalloproteins. 

Cu might also be able to trigger non-native disulfide bonds formation on periplasmic proteins 

(Figure 2E). Indeed, under normal conditions, the thiol-disulfide oxidoreductase DsbA 

catalyzes the correct formation of disulfide bonds in E. coli periplasm. However, upon incorrect 

disulfide bond formation, the main disulfide isomerase DsbC will correct the misfolded 

proteins. An E. coli strain lacking dsbC was found to be more sensitive to Cu. Accordingly, Cu 

was shown to form disulfide bonds in some periplasmic proteins in vivo and to form non-native 

intramolecular disulfide bonds in RNaseA in vitro, leading to its inactivation. RNase A activity 

was restored with the addition of DsbC, further supporting the hypothesis (Hiniker et al., 2005). 

Finally, Cu might be able to generate an oxidative stress by the production of reactive oxygen 

species (ROS) like superoxide anion (O2
•-), hydroxyl radical (HO•) or hydrogen peroxide 

(H2O2) by either a Fenton like reaction-mediated (Figure 2C), a Fenton reaction mediated by 

the Fe released from the Fe-S clusters (Figure 2D), or by its sequestration by the glutathione 

redox buffer (Figure 2F) (Freedman et al., 1989; Nies and Herzberg, 2013; Solioz, 2018). 

However, the in vivo relevance of such an oxidative stress is still not clear. It has been shown 

that Cu does not seem to generate DNA damages in E. coli as it would be the case with an 

oxidative stress (Macomber et al., 2007). However, as most of the Cu is localized in the 

periplasm, this could explain the absence of DNA damages as any ROS generated by Cu would 

react before reaching the cytoplasm (Chaturvedi and Henderson, 2014). Still, even if the level 

of ROS produced are not enough to generate a proper stress it does not mean that they cannot 

be sensed by the bacteria.  

2.4. Defenses against Cu 

Bacteria have developed multiple strategies to protect themselves against Cu stress.  

The first line of defenses in E. coli is the Cu efflux (Cue) system (Figure 3) that mainly acts 

when the cytoplasmic Cu levels are still low. This system mainly relies on CueR that is able to 

regulate the expression of the efflux pump copA and the multi-copper oxidase (MCO) cueO. 

CopA transport Cu+ ions from the cytoplasm to the periplasm where they are detoxified into 

the Cu2+ form by CueO (Bondarczuk and Piotrowska-Seget, 2013; Hobman and Crossman, 

2015; Ladomersky and Petris, 2015; Solioz, 2018). 

  



 

  

Figure 4: Incompletes reductions of molecular oxygen and main 

detoxification mechanism for some of the reactive species created. 

Numbers indicate the order of the reactions for the detoxification process 

to regenerate the initial redox state of the enzyme. 

Figure 3: Overview of bacterial defenses against copper stress. Cytoplasmic Cu+ is expelled from the cytoplasm by 

efflux pumps like CusCBA or CopA. Cu+ can also be detoxified into Cu2+ by multicopper oxidases like CuoO or 

PcoA. The Cu2+
 ions can then be expelled from the cytoplasm by efflux pump like CusCBA or PcoB. Extracellular 

Cu ions can also be sequestered by EPS or siderophore like the Ybt. EPS: exopolysaccharide. Ybt: Yersiniabactin. 

Cus: Cu sensing. Cue: Cu efflux. Pco: Plasmid borne Cu resistance. 
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When the CopA/CueO system is overwhelmed, E. coli induces the expression of  the Cu sensing 

(Cus) system (Figure 3), allowing periplasmic and cytoplasmic Cu to be expelled out of the cell 

by the CusCBA efflux pump (Bondarczuk and Piotrowska-Seget, 2013; Hobman and 

Crossman, 2015; Kim et al., 2011; Ladomersky and Petris, 2015; Solioz, 2018). 

The last system is the plasmid-born copper (Pco) resistance system (Figure 3) found in E. coli 

isolated from pigs fed with Cu-supplemented food. It uses the two-component PcoRS to induce 

pcoABCDRS and pcoE. Briefly, this system is believed to rely mainly on the CueO related 

MCO, PcoA and the efflux pump PcoB (Bondarczuk and Piotrowska-Seget, 2013; Hobman and 

Crossman, 2015; Ladomersky and Petris, 2015; Lawarée et al., 2016; Solioz, 2018). 

However, MCOs and efflux pumps are not the sole way bacteria possess to cope with Cu. 

Pseudomonas aureofaciens uses its exopolysaccharides to physically block Cu ions from 

reaching its cell wall (Bondarczuk and Piotrowska-Seget, 2013; González et al., 2010) 

(Figure 3). E. coli siderophore, yersiniabactin (Ybt), is able to form complexes with Cu2+ thus 

preventing its reduction into the more toxic Cu+ and its intracellular penetration (Figure 3) 

(Chaturvedi et al., 2012). Moreover, these Ybt-Cu2+ complexes seems to be able to catalyze 

O2
•- dismutation (Chaturvedi and Henderson, 2014; Chaturvedi et al., 2014). 

Cu2+ − Ybt + O2
•− → Cu+ + O2 

Cu+ − Ybt + O2
•− + 2H+→Cu2+ − Ybt + H2O2 

3. Oxidative stress 

Oxidative stress appeared with the rise of O2 in the atmosphere (Solioz, 2018). They are  defined 

as a shift in the oxidants/anti-oxidants equilibrium towards the oxidants, leading to a disruption 

in the redox signaling and control and/or molecular damages to either lipids, nucleic acids or 

proteins (Sies, 2015). This shift is often due to an abnormal exposure or production of reactive 

species (RS). RS can be classified by the element they originate from i.e. ROS for RS derived 

from O2 (Figure 4), reactive nitrogen species (RNS) for those derived from nitrogen, and the 

same goes for a series of elements. They can also be separated between radical and non-radical 

species (Sies et al., 2017). Two important factors of RS are their reactivity and, directly linked 

to that, their stability. Indeed, more stables RS like H2O2 tend to do fewer damages than more 

reactive species such as HO•. However, the more stable RS tend to spread more inside the cell 

whereas the damages generated by more reactive RS will display a shorter range of action. ROS 

and particularly the ones generated from incompletes reductions of O2, i.e. O2
•-, HO• and H2O2 

are the most studied RS (Figure 4). 

Among them, O2
•- and H2O2 can be detoxified by superoxide dismutase (SOD) and 

catalase/peroxidase, respectively (Figure 4). Other detoxification mechanisms involving natural 

antioxidants like ascorbic acid or glutathione also exist (more details on some of those 

mechanisms in the part related to C. crescentus) (Gardès-Albert et al., 2003).  

Resistance against heavy metals like Cu and oxidative stress requires the synthesis of a lot of 

proteins for the sole purpose of surviving with not many others benefit. If this strategy is the 

sole available for weakly-motile bacteria, some of the motile ones might rely on a process called 

chemotaxis to detect and avoid those noxious compounds as well as having the benefit to detect 

favorable compounds and aim toward them. 



 

  

Figure 5: Random walk vs biased walk comparison. Each arrow represent 

a step i.e. a straigh forward movement for a certain period of time 

(represented by the lenght of the arrow. Each step is followed by a random 

change of direction. Random walk: the step length is random for each step. 

Biased walk : the length of a step depend if the bacteria is swimming 

toward an increasing nutrient concentration or not. 

Figure 7: Structure of a methyl-accepting 

chemotaxis protein. LBD: ligand binding 

domain. TM: transmembrane helixes. 

HAMP: Histidine kinase, Adenyl cyclase, 

Methyl-accepting chemotaxis proteins and 

Phosphatase region. MH: methylation 

helixes. FB: flexible bundle. SSD: 

signaling subdomain  

Figure 6: Motility patterns of swimming bacteria. A. Run-and-tumble. B. Forward-backward. C. Forward-

backward-flick. 

B C A 
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4. Chemotaxis 

4.1. Movements  

Every organism has its own way to sense its environment. For this purpose, many flagellated 

bacteria rely on a mechanism called chemotaxis. Chemotaxis is based on two movements: a 

straightforward swimming for a determined time (i.e. a step of a determined length in 

modelizations) and a random change of direction between each step. Chemotaxis uses a biased 

walk method to direct bacteria in their environment. Opposite to random walk, where the length 

of every step and the changes of direction are both random, biased walk step length is increased 

toward favorable compounds (chemoattractants) and decreased toward the noxious ones 

(chemorepellents) (Figure 5). Thus, the overall progress of a biased walk is far superior to a 

random one. As mentioned before, in both methods the changes of directions are random and 

happen when one or more bacterial flagella change their directions of rotation.  

Different bacteria possess a different number of flagella, this led to the apparition of different 

motility patterns: most of the multiflagelleted bacteria move according to the “run-and-tumble” 

pattern whereas the uniflagelleted ones often follow either the “forward-backward-flick” or the 

“forward-backward” pattern (Figure 6). Possessing 4 to 6 flagella, E. coli follows the “run-and-

tumble” pattern (Figure 6). When all flagella rotate counter-clockwise (CCW) the bacterium 

swims straightforward (run). This movement is only interrupted when one or several flagella 

change their sense of rotation to clockwise (CW), inducing a sudden change of direction of the 

bacteria (tumble). On another hand, some uniflagellated bacteria like C. crescentus follow the 

“forward-backward-flick” pattern (Figure 6). When the flagellum rotates CW, the bacterium 

swims straightforward (forward). When the flagellum changes its sense of rotation to CCW, the 

bacterium reverses its swim (backward) and a tension starts to accumulate at the base of the 

flagellum. When the flagellum changes back its direction of rotation, the accumulated tension 

is released, leading to a change of direction of the bacteria (flick). One last model is the simpler 

“forward-backward” model (Figure 6) where bacteria perform turning angles of almost 180°. 

This model is often found in marine bacteria (Taktikos et al., 2013). 

4.2. Signal sensing 

Chemoattractants and chemorepellents are sensed by chemoreceptors called methyl-accepting 

chemotaxis proteins (MCPs). MCPs are often localized in the cytoplasmic membrane but some 

of them are cytosolic. MCP structure is composed of a ligand binding domain (LBD), able to 

bind ligands directly or through binding proteins; transmembrane helices (TMH); and a 

cytoplasmic signaling domain (SD) (Figure 7). The SD is subdivided into a Histidine kinase, 

Adenyl cyclase, Methyl-accepting chemotaxis proteins, and Phosphatase (HAMP) region, 

responsible to transfer the signal from the LBD to the rest of the SD; methylation helices (MHs), 

where glutamate residues can be methylated/demethylated by the couple 

methyltransferase/methylesterase CheR/CheB responsible for the adaptive system; a flexible 

bundle (FB) where a conserved glycine hinge is important for the formation of supramolecular 

MCPs complexes; and a signaling subdomain (SD) that interacts with the adaptor protein CheW 

and the histidine kinase CheA to transfer the sensed signal to the flagellar motor (Salah Ud-Din 

and Roujeinikova, 2017; Wadhams and Armitage, 2004). An analysis over 3524 MCPs 

sequences classified them into 7 different topologies (Ia, Ib, II, IIIm, IIIc, IVa, and IVb) based  



 

  

Figure 8: Lacal classification of methyl-accepting chemotaxis protein based on their 

topology.  

Figure 9: Supramolecular structures of MCP in association with CheA and CheW. A. Core complex. B. Core complex 

90° rotation. C. Sandwich-like structure of cytoplasmic MCPs core complexes. D. Sensing array pattern. 

A 

B 

C  

D 
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on the number of TMHs and the presence and the position of the LBD (Figure 8) (Lacal et al., 

2010; Salah Ud-Din and Roujeinikova, 2017).  

Membrane-bound MCPs assemble into dimers then into trimers of dimers along with two CheA 

and two CheW to form the core complex (Figure 9A, B), i.e. the minimal unit capable of sensing 

and transmitting the signal. Cytoplasmic MCPs assemble into sandwich-like structures 

composed of 2 CheA-CheW plates with the 2 MCPs arrays at the center with LBDs facing each 

other (Figure 9C). Those core complexes pack hexagonally to form sensing arrays that can 

contain thousands of proteins (Figure 9D) (Collins et al., 2014; Parkinson et al., 2015; Salah 

Ud-Din and Roujeinikova, 2017). Membrane-bound MCPs sensing arrays tend to have polar 

localizations inside the cell although some exceptions exist. Cytoplasmic MCPs arrays are 

either polar or dispersed along the cell body (Salah Ud-Din and Roujeinikova, 2017). As an 

example for these localizations, Rhodobacter sphaeroides possess mainly polar clusters and 

minor smaller lateral clusters, as well as a mid-cell cytoplasmic cluster (Jones and Armitage, 

2015).  

4.3. Signal transduction 

E. coli chemotaxis uses the following mechanism (Figure 10). In absence of chemoattractants 

or upon chemorepellents binding by the cognate MCP, the signal will induce a trans-

autophosphorylation of the histidine kinase CheA. Then the phosphate group will be transferred 

to an aspartate residue of the response regulator CheY. CheY~P freely diffuse through the 

cytoplasm and is able to interact with two proteins of  the flagellar motor switch complex by 

binding to the C-terminal region of FliM and interacting with FliN to induce a change in the 

rotation direction of the flagellum (CCW to CW) (Sarkar et al., 2010). The signal is then 

terminated by the action of the constitutively active phosphatase CheZ on CheY~P letting the 

flagellum switch back to a CCW rotation. However, upon chemoattractant binding by the 

cognate MCP, CheA remains unphosphorylated and inactive thus letting the flagella rotate in 

CCW direction. This defines a basic kinase ON/OFF mechanism that is supported by an 

adaptative branch allowing the bacterium to know whether the concentration of 

chemoattractant/repellent is increasing or decreasing (Hazelbauer et al., 2008; Wadhams and 

Armitage, 2004). 

4.4. Adaptative system 

When moving along a gradient, it is important for bacteria to determine the position of the 

source of the gradient. So, bacteria compare the current concentration sensed to the previous 

one using the adaptive system. Typical MCP adaptation in E. coli occurs by methylation and 

demethylation of the MHs glutamates residues. On one hand, the methyltransferase, CheR, is 

able to methylate glutamate residues in the MHs of MCPs thus increasing their ability to 

phosphorylate CheA. On the other hand, in addition to CheY, CheA is able to phosphorylate 

the methylesterase CheB. CheB~P is then able to demethylate MHs, thus decreasing the ability 

of the MCP to activate CheA. This adaptation will have the following effect: when bacteria are 

stuck in an environment where the concentration of chemoattractants remains unchanged, the 

MCPs will tend to phosphorylate CheA thus increasing the number of direction changes of 

bacteria (Collins et al., 2014; Wadhams and Armitage, 2004). 

  



 

  

Figure 12: Model of ROS sensing by Helicobacter pylori chemoreceptor TlpD. 

Figure 10: Signal sensing and transduction and adaptation by a 

classical bacterial chemotaxis system. 
Figure 11: Model of aerotaxis and 

energy taxis by Escherichia coli 

chemoreceptor Aer. 
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4.5. Sensory repertoire 

4.5.1. Escherichia coli Aer 

E. coli Aer is a membrane-anchored cytoplasmic MCP and is believed to be an aerotaxis/energy 

taxis receptor (Figure 11). Aer works by sensing the redox state change of a flavin adenine 

dinucleotide (FAD) molecule bound to its sensory PAS domain by a conserved tryptophan 

residue. FAD redox changes within the PAS domain are likely to occur by interaction with the 

electron transport chain or cytoplasmic redox-active compounds (Alexandre, 2010). Those 

redox changes will induce or not the MCP transphosphorylation. 

4.5.2. Helicobacter pylori TlpD 

H. pylori is a Gram-negative bacterium known to colonize human stomach. As stomach is a 

harsh environment with a very acidic pH in the lumen (pH 5 to 1), H. pylori needs to find a 

suitable environment: within 15 µm from gastric epithelial cells and deep within gastric glands. 

The colonization of these environments is partly driven by chemotaxis. To this purpose, H. 

pylori possess 3 transmembrane MCPs (TlpA, TlpB, and TlpC) and a cytoplasmic polar-

localized one (TlpD) (Johnson and Ottemann, 2018). TlpD has recently been found to sense 

cytoplasmic OH• generated by the Fenton reaction as well as O2
•- (Figure 12). A strain lacking 

all MCPs except TlpD was found to react to both Fe and H2O2. However, preincubation of the 

strain with a membrane permeable Fe chelator seemed to inhibit the response to H2O2. This led 

the hypothesis that TlpD was sensing ROS generated by the Fenton reaction instead of Fe and 

H2O2 directly. TlpD was also able to sense paraquat dichloride and metronidazole, two 

compounds known to generate ROS (Collins et al., 2016). Furthermore, TlpD seems to 

colocalize with the catalase KatA at the cellular poles, thus reinforcing its link with oxidative 

stress (Behrens et al., 2016).  

5. Caulobacter crescentus 

C. crescentus is a free-living α-proteobacteria mostly found in oligotrophic aqueous 

environments. It is used as a model to study the cell cycle and the differentiation due to its 

dimorphic nature. Indeed, upon cell division, C. crescentus generates 2 distinct morphotypes: 

1) a motile form with a polar flagellum and two pili, called the swarmer cell (SW) and 2) a 

sessile, substrate-bound form by a stalk, the stalked cell (ST). 

5.1. Redox state & Cell cycle 

The SW cell swims in its environment until it finds an appropriate niche (Figure 13). It will 

then begin its differentiation into a ST cell by losing its flagellum, retracting its pili and 

synthesizing a stalk at the same pole. The tip of this stalk is covered by a polysaccharidic 

holdfast, allowing the ST cell to stick to a substrate. DNA replication will occur in the ST cell 

with the elongation up to a predivisional (PD) cell that will synthesize a new flagellum at 

opposing pole of the stalk. This PD cell will then divide asymmetrically into a ST cell and a 

new SW cell (Curtis and Brun, 2010).  



 

Figure 13: C. crescentus model of cell cycle and asymmetric 

division. Colors represent the cytoplasmic redox state of the 

cell type. Green: more oxidizing. Red: more reducing. SW: 

swarmer cell. ST: stalked cell. PD: predivisional cell. 

Figure 14: Influence of C. crescentus cytoplasmic redox state on DNA replication. Colors 

represent the cytoplasmic redox state of the cell type. Green: more oxidizing. Red: more 

reducing. RNR: ribonucleotide reductase. Trx: Thioredoxine 

Figure 15: Influence of C. crescentus cytoplasmic redox state on DNA decatenation. 

Colors represent the cytoplasmic redox state of the cell type. Green: more oxidizing. 

Red: more reducing. 
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Figure 16: Model of the C. crescentus bimodal response. In a Cu-rich environment, the ST cell triggers a Cu detoxification 

relying on the cell type-specific PcoAB defense system. In the same context, the SW cell accumulates a high level of Cu, 

which may act as an internal cue to escape towards a Cu-free environment. 
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C. crescentus cellular redox state varies along the cell cycle. SW cells cytoplasm is in more 

reducing state and becomes more oxidizing when differentiating into ST cells and PD cells. PD 

cells will then switch back to a reducing state prior to cell division (Figure 13) (Narayanan et 

al., 2015). This redox switch is very important to at many steps of the cell cycle. 

It is needed for a correct DNA replication. Indeed, it has been shown that C. crescentus 

ribonucleotide reductase (RNR) is expressed in the early stage of PD cells when the cytoplasm 

is in a more oxidizing state (Figure 14). However, after catalyzing the reduction of a 

ribonucleotide into the corresponding deoxyribonucleotide, the RNR needs to be reduced in 

order to catalyze further reactions. This is thought to be the role of the unique thioredoxin (Trx) 

of C. crescentus, Trx1. Trxs catalyze the reduction of oxidized cysteine (Cys) residues and thus 

are involved in oxidative stress defenses as well as in a couple of signal transduction pathways. 

Trx1 is expressed together with RNR during the early stage of PD cells and proteins with similar 

folds were already been shown to reduce RNR. This led to the suggestion that Trx1 is 

responsible for the reduction of RNR thus allowing the synthesis of the deoxyribonucleotides 

required for DNA replication (Goemans et al., 2018).  

Moreover, the redox switch seems also important to avoid early chromosome decatenation 

(Figure 15). Indeed, the topoisomerase IV complex, involved in the chromosome decatenation, 

is inhibited by active NtsA. NstA activation is required for the formation of intramolecular 

disulfide bonds. So, when the cytosol is in the more oxidizing state, i.e. in early PD state when 

the DNA is replicating, NstA can form dimers by forming disulfide bonds, and thus is able to 

bind the ParC proteins of the topoisomerase IV complex, inhibiting its activity. When DNA 

replication is over and the cytoplasm is back in a more reducing state, the topoisomerase IV is 

then active and able to decatenate the chromosomes (Narayanan et al., 2015).  

5.2. Response to Cu stress 

Although the Cue and Cus systems are conserved, they do not seem to be part of the main 

response of C. crescentus against Cu stress. C. crescentus rather exhibits a unique response for 

a bacterium (Figure 16). It presents a bimodal response to Cu stress. Indeed, STs use a 

genetically-encoded and cell cycle-regulated PcoAB system, whereas SWs flight from Cu 

source. Inside the ST cells, cytoplasmic PcoA detoxifies Cu+ into Cu2+. Cu2+ is then expelled 

from the cytoplasm by PcoB. The SW cells accumulate Cu and then trigger a flight response 

within a minute to find a Cu-free environment. This flight response is thought to be mediated 

by a chemotaxis system (Lawarée et al., 2016). 

5.2.1. Chemotaxis 

As mentioned previously, C. crescentus SW is a uniflagellated bacterium swimming according 

to the “forward-backward-flick” pattern. C. crescentus chemotaxis is not very well understood. 

Even if most of the proteins related to chemotaxis seems conserved in C. crescentus, some 

genes found in two chemotaxis operons of C. crescentus (cheD, cheL, cheU, cheE, and cheX) 

have currently unknown functions. C. crescentus have 19 MCPs present in either one of the 

two chemotaxis operons or split around the rest of its genome. Among those 19 MCPs, 12 are 

predicted transmembrane MCP among which 2 of them possess a predicted cytoplasmic LBD. 

The 7 last MCPs are predicted to be cytoplasmic. Furthermore, C. crescentus have 2 predicted 

CheA homologs, 4 CheW, 3 CheR, 2 CheB, and 12 CheY but lack a copy of CheZ. Some of  



 

  

Figure 17: Mechanisms of Trx and Grx activity. A. Reduction of a disulfide bond in a substrate protein by a Trx. 

B. Reduction of a disulfide bond in a substrate protein by a Grx 
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the CheY homologs have recently been described as involved in attachment of C. crescentus to 

the substrate when the flagellum hits the latter and have been renamed Cle, standing for 

CheY-like cyclic-di-GMP effectors (Nesper et al., 2017). The functions of the others CheY 

homologs have not been tested so far but the main hypothesis is that some of them may act as 

a phosphate sink. This hypothesis is supported by the fact that some closely related bacteria like 

Sinorhizobium meliloti use the same mechanism to counteract the absence of CheZ (Amin et 

al., 2014). C. crescentus seems to possess proteins with unknown function that a probably 

involved in chemotaxis due to their presence in chemotaxis operons. Those are CheD, CheE, 

CheL, and CheU. Homologs of CheD are found in other bacteria but the other 3 seem specific 

to C. crescentus. 

5.3. Defenses against oxidative stress 

5.3.1. Thioredoxins, glutaredoxins & glutathione 

Trxs are involved in the reduction of oxidized Cys residues (Figure 17). They are involved in 

regular metabolism as explained earlier with the reduction of the RNR to keep its metabolic 

activity active. However, Trxs are also involved in the reduction of non-native oxidized Cys 

residues that can arise upon oxidative stress. The N-terminal Cys of the conserved catalytic 

motif is present as a thiolate under physiological conditions. This thiolate will attack an 

oxidized Cys residue to form a mixed-disulfide intermediate. This will trigger the deprotonation 

of the second Cys residue. This deprotonated Cys then attacks the mixed disulfide intermediate 

releasing an oxidized Trx and a reduced target protein. The Trx will then be regenerated by the 

Trx reductase (Ezraty et al., 2017). As explained previously, C. crescentus expresses only one 

cell cycle-regulated Trx, Trx1(Goemans et al., 2018). 

Glutaredoxins (Grxs) are enzymes related to Trx, possessing either a CXXC or a CXXS 

catalytic motif. Grxs with a CXXC motif reduce oxidized Cys in a similar way as Trx proteins 

but are reduced by the low-molecular-weight thiol glutathione (GSH) (Figure 17). GSH reacts 

with the N-terminal Cys to form a mixed-disulfide intermediate that reacts with a second GSH 

molecule, releasing a reduced Grx and an oxidized glutathione molecule (GSSG). GSH can also 

act alone as a redox buffer by reacting with the RS as well as reacting with sulfenic acids to 

prevent the irreversible oxidation of Cys residues into sulfenic and sulfonic acids (Ezraty et al., 

2017). C. crescentus genome is predicted to encode 3 Grxs. 

Some C. crescentus genes related to these proteins were found to be upregulated under 

cadmium stress (Hu et al., 2005) 

5.3.2. Catalase-peroxidase – KatG 

Catalases-peroxidases are enzymes with multiples activities. Although the main activity is the 

catalase with a kcat ~5000 s-1, close to what is observed in monofunctional catalases. The next 

predominant activity is the peroxidase with a kcat ~50 s-1. The other activities are marginal with 

kcat less than 1s-1. Catalase and peroxidase activities both possess a common first part with a 

two electrons reduction of H2O2 into H2O (Figure 18) but differ on the oxidative part used as a 

catalytic turnover. On one hand, the catalase turnover involves a two electrons oxidation of a 

second H2O2 molecule into O2. On the other hand, the peroxidase turnover involves one-

electron oxidations that can happen on a wide variety of aromatic compounds, turning them  



 

  

Figure 18: Working model of the catalase peroxidase KatG 
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into their corresponding radicals. Surprisingly, the active site of katG is closer to a peroxidase 

catalytic site than a catalase one but, as mentioned earlier, this is the predominant activity of 

katG. This fact is explained by the involvement of two cofactors: a heme b, a rather common 

cofactor; and a methionine-tyrosine-tryptophan (MYW) adduct, a tri amino acid moiety with a 

post-transcriptional link of their lateral chains. This cofactor seems to be unique to katG. The 

first of the catalytic activity of katG is the reduction of an H2O2 molecule. The H2O2 will react 

with the Fe3+ ion of the heme b cofactor to form the ferryl porphyrin cationic radical π 

(Fe4+=O[por]•+) by releasing an H2O molecule. Then the turnover will differ depending on the 

activity. Three mechanisms are currently proposed for the catalase activity: 1) a direct 

conversion of Fe4+=O[por]•+ into the initial Fe3+ state (Figure 18A) 2) the formation of the 

Fe4+=O[MYW]•+ intermediate followed by a return to the initial Fe3+ state (Figure 18B) or 3) 

the formation of the Fe4+=O[MYW]•+ intermediate with then the formation of the Fe3+—O2
•-

[MYW]•+ intermediate before a come-back to the initial Fe3+ state (Figure 18C). The peroxidase 

turnover only has one proposed mechanism involving both a tryptophan and a tyrosine residue 

as electrons sources for the reduction of the Fe4+=O[por]•+ (Njuma et al., 2014). 

Little is known about C. crescentus katG. It seems to be part of the OxyR regulon, the main 

transcriptional factor activated in H2O2 stress and is also induced in the stationary phase. KatG 

seems to be localized in both cytoplasmic and periplasmic spaces (Italiani et al., 2011; Schnell 

and Steinman, 1995; Steinman et al., 1997). 

5.3.3. Superoxide dismutases – SodA, SodB & SodC 

Superoxide dismutases are enzymes involved in O2
•- detoxification into H2O2 and O2. This 

reaction occurs by a “ping-pong” mechanism where a reduction followed by an oxidation of a 

metal center will allow the oxidation of one O2
•- into O2 and the reduction of another O2

•- into 

H2O2 (Abreu and Cabelli, 2010). 

M(n+1)+ + O2
•− →Mn+ + O2 

Mn+ + O2
•− + 2H+→M(n+1)+ + H2O2 

2O2
•− + 2H+→O2 + H2O2 

We currently distinguish 4 main categories of SODs based on their folding and their metallic 

cofactors: The Cu-Zn SOD, the Fe SOD, the manganese SOD and the more recently discovered 

Nickel SOD. Among those ones, C. crescentus possess two cytoplasmic SOD, a MnSOD 

(SodA) and a FeSOD (SodB); and a periplasmic CuZnSOD (SodC) (Abreu and Cabelli, 2010). 

In bacteria, the CuZnSOD are usually either periplasmic or extracellular. This fact might not be 

surprising given the facts that Cu and Zn are the most stable metals in the Irving-William series 

and that periplasmic and extracellular spaces are environments where metalloproteins are most 

likely to encounter other metals. So, it is likely that the SODs found in those spaces are 

CuZnSOD rather that FeSOD and MnSOD, the latter probably being more sensitive to 

mismetallation events. They are dimeric enzymes with a catalytic site in each of the two 

subunits. In these subunits, the redox active metal involved in the dismutation reaction is the 

Cu whereas Zn plays a role in the overall enzyme stability and ensure a mostly pH-independent 

activity (Abreu and Cabelli, 2010). 
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Cu2+Zn2+SOD + O2
•− → Cu+Zn2+SOD + O2  

Cu+Zn2+SOD + O2
•− + 2H+→Cu2+Zn2+SOD + H2O2 

CuZnSODs are also known to possess a second catalytic peroxidase-like activity that mostly 

concerns the H2O2 generated by the dismutation. This reaction is a Fenton-like reaction where 

an H2O2 molecule generates OH• and OH-. It has been shown that the OH• generated at the 

active site might react with the histidine residues linking the Cu, leading to a loss of the Cu 

from the active site (Abreu and Cabelli, 2010). 

Cu2+Zn2+SOD + H2O2→Cu+Zn2+SOD + HO2
• + H+ 

Cu+Zn2+SOD + HO2
−→Cu+Zn2+SOD − OH• + OH− 

C. crescentus SodC has been described as a periplasmic SOD. The presence of a periplasmic 

SOD in pathogenic bacteria like B. abortus can be easily understood as a mean of protection 

against the host oxidative defenses. However, in a free-living bacterium like C. crescentus, the 

presence of environmental O•2- and thus the need of a periplasmic SOD is less clear. Some 

authors thought that the presence of cyanobacteria in the close environment of C. crescentus 

might induce a local O2 concentration peak during the day. This high local O2 concentration 

might react with some phenolic compounds to generate O2
•- (Schnell and Steinman, 1995; 

Steinman, 1993).  

FeSOD and MnSOD both possess closely related structures that might witness a putative 

coevolution. Despite this putative coevolution, the metal specificity of both enzymes is widely 

conserved. Indeed, a mismetallation of Fe in a MnSOD leads to a huge decrease in the activity. 

Similar effects are observed for Mn in a FeSOD. They also differ by the number of subunits 

they can associate: MnSOD exists in both dimeric and tetrameric forms whereas FeSOD only 

appears to be dimeric. The mechanism of FeSOD is similar to the one of the CuZnSOD. 

Moreover, they also possess a Fenton-like peroxidative activity (Abreu and Cabelli, 2010). 

Fe3+SOD + O2
•− → Fe2+SOD + O2 

Fe2+SOD + O2
•− + 2H+→Fe3+SOD + H2O2 

Fe3+SOD + H2O2→Fe2+SOD + HO2
• + H+ 

Fe2+SOD + H2O2→Fe3+SOD − OH• + OH− 

The expression levels of C. crescentus SODs were previously tested in response to a series of 

heavy metals. sodA seems to have increased expressions level to every heavy metal tested 

whereas sodB expression level only presents a 2-fold increase when C. crescentus is exposed 

to Cd. It was proposed that SodB could act as a back-up when SodA is unable to counteract the 

oxidative stress alone. sodC expression levels never exceeded twice the basal levels under 

heavy metals exposure (Hu et al., 2005). A hypothesis would be that either the basal expression 

level of sodC is enough to counteract a periplasmic oxidative stress generated by heavy metals 

or that the oxidative stress generated by the heavy metals tested was only relevant in the 

cytoplasm. 



 

  

Figure 19: Putative functions of YaaA in E. coli 
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5.3.4. YaaA 

In E. coli, YaaA is part of the OxyR regulon but only seems to be induced upon important H2O2 

stress (Liu et al., 2011) or under heavy metal cocktail exposure (Gómez-Sagasti et al., 2014). 

It is suggested that YaaA protects the bacteria by reducing the level of free Fe thus inhibiting 

potential Fenton reaction that would produce important levels of OH (Figure 19). However, the 

mechanism by which YaaA reduces the free Fe level likely through a decrease in Fe import, an 

increase in Fe export, a protection against the Fe loss in enzymes hit by H2O2,  a Fe sequestration 

or an increase in Fe transfer to targeted metalloproteins (Liu et al., 2011). 

With the already described bimodal response of C. crescentus to Cu (Lawarée et al., 2016), one 

could imagine a similar response to ROS. SodABC, KatG, and Trx1 could act the main defense 

for the STs meanwhile the SWs would fly away from the ROS source using chemotaxis 

(Goemans et al., 2018). 

  



 

  

Figure 20: Model of the main hypothesis driving the master 

thesis. 
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OBJECTIVES 

As described previously, upon Cu stress, C. crescentus engage a bimodal response. It was 

proposed that the SW flight is mediated by a chemotaxis pathway. In the context of Gwennaëlle 

Louis’ thesis, several chemoreceptors were identified as putative candidates for Cu sensing. As 

Cu is known to generate ROS in vitro by a Fenton-like reaction it was hypothesized that Cu 

sensing could be mediated by those ROS (Figure 20). However, the pertinence of those Cu 

induced ROS are controversial in vivo. In this context, two mains questions are addressed in 

this master thesis: 1) Is Cu somehow able to impact the redox state of C. crescentus? 2) is C. 

crescentus able to fly away from oxidative stress sources?  

  



 

  

Figure 21: Working model of the redox 

sensitive YFP (rxYFP). ROS induce the 

formation of oxidized glutathione dimers 

(GSSG) from two reduced glutathione 

monomers (GSH). GSSG and GSH form an 

equilibrium with the oxidized and reduced 

rxYFP. 

Figure 22: Over time fluorometric quantification of the cytoplasmic redox state of CB15N-rxYFP in culture 

medium (M2G), 158 or 1046 µM copper sulfate (CuSO4), 4 mM hydrogen peroxide (H2O2) or 40 mM 

dithioerythiol (DTT) (γex= 509 nm; γem= 545 nm) (biological replicates = 3; technical replicates = 3) 
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Figure 24: Quantification of the cytoplasmic redox state of CB15N-rxYFP based on microscopy pictures in culture 

medium (M2G), 158 or 1046 µM copper sulfate (CuSO4), 4 mM hydrogen peroxide (H2O2) or 40 mM 

Dithioerythiol (DTT) (γex= 512 nm) Violin plot uses a kernel density estimation to show the distribution of the 

data. Larger portion of the plot represent a higher probability that a bacterium within the population will have on 

the given Fluorescence intensity. White dot: median. Thick gray: interquartile range. Thin gray line: 95% CI. (M2G: 

ncells = 4552) (CuSO4 158 µM ncells = 5121) (CuSO4 1046 µM: ncells = 1900) (H2O2 4 mM ncells = 5295) (DTT 40 

mM: ncells =2278) (One-way ANOVA followed by Tukey comparisons) 
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RESULT & DISCUSSION 

1. Assessment of in vivo production of Cu-induced ROS 

Previously in the lab, it was shown that C. crescentus engages a bimodal response to Cu stress. 

The ST cell is expelling Cu from its periplasm by a genetically-encoded PcoAB system whereas 

the SW cell flees away from the Cu source (Lawarée et al., 2016). As Cu might generate a ROS 

and impact the C. crescentus natural redox balance in vivo, it was tempting to hypothesize that 

these ROS might be somehow involved in the Cu flight. The laboratory derivative C. crescentus 

CB15N strain (WT) was used to address this question. First, to determine whether C. crescentus 

is able to flee from putative ROS generated by Cu, it is important to assess whether Cu can 

generate ROS in vivo. A C. crescentus strain (WT-rxYFP) constitutively expressing a 

cytoplasmic intensiometric redox-sensitive yellow fluorescent protein (rxYFP) was used to 

address this question. Upon oxidation of the rxYFP, the formation of the C149-C202 disulfide 

bond leads to a decrease of the 512 nm emission peak (Figure 21) (Lukyanov and Belousov, 

2014). Therefore, rxYFP can be used in vitro and in vivo as a sensor of the glutathione oxidative 

state as it slowly equilibrates with both reduced (GHS) and oxidized glutathione (GSSG) 

(Lukyanov and Belousov, 2014; Østergaard et al., 2004). In vivo, this slow equilibrium is 

accelerated by the presence of Grx (Lukyanov and Belousov, 2014; Østergaard et al., 2004) 

Grx are proteins involved in reduction of non-native oxidized Cys residues that might appear 

when the cells are exposed to an oxidative stress (Ezraty et al., 2017).  

The WT-rxYFP fluorescence intensity was monitored over 20 minutes in a poor culture medium 

(M2G), with either 158 µM and 1046 µM CuSO4, 4 mM H2O2 or with 40 mM dithiothreitol 

DTT (Figure 2). H2O2 and DTT were used as positive controls for oxidative and reductive 

conditions, respectively. The two CuSO4 concentrations correspond to concentrations 

impacting C. crescentus growth in PYE (158 µM) and HIGG (1056 µM) media, respectively. 

After 20 minutes, the cells were analyzed by fluorescence microscopy to determine whether the 

fluorescence intensity was homogeneous within the population (Figures 23, 24). In the 

fluorometry experiment (Figure 22), the control condition was correct as the overall 

fluorescence intensity did not vary over time. The addition of H2O2 resulted in a drop of the 

fluorescence intensity whereas the addition of DTT had the opposite effect, indicating that the 

rxYFP is correctly responding to oxidative and reductive conditions in C. crescentus. When 

exposed to CuSO4, CB15N-rxYFP showed a decrease of the fluorescence intensity over time. 

This decrease seems to be faster with increasing concentrations of CuSO4. For the CB15N-

rxYFP incubated with 1046 µM CuSO4, the fluorescence reached what seems the minimal 

intensity after 10 minutes, whereas bacteria incubated with 542 µM Cu only reached the 

minimal fluorescence level after 20 minutes (data not shown). CB15N-rxYFP incubated with 

only 158 µM CuSO4 did not reach the same threshold after 20 minutes. It seems that the 

oxidative impact when adding CuSO4 to the cells is dose-dependent up to a threshold.  

Microscopy analysis was concordant with the fluorometry analysis. As expected DTT increased 

the overall fluorescence (+20%) whereas H2O2 decreased it (-17%) (Figure 23, 24). CuSO4-

exposed cells tend to have a decrease in the fluorescence intensity compared to the non-exposed 

cells. Fluorescence within the population seemed rather homogenous. However, the 

fluorescence intensity for the control M2G condition is more distributed within the population. 

This might reflect the natural propensity of C. crescentus to alter its cytoplasmic redox state 

along its cell cycle. Addition of CuSO4 seemed to impact the redox state of C. crescentus, 

suggesting that Cu is able to generate ROS in vivo. 

 



 

  

Figure 25: In vivo detoxification reactions of Cu+ by glutathione, Fenton-like reaction and equilibrium with the redox 

sensitive yellow fluorescent protein (rxYFP). Red highlight represents oxidants, green highlight represents the 

fluorescent reduced rxYFP. SOD stands for superoxide dismutase, Grx for Glutaredoxin, GSH for reduced 

glutathione and GSSG for oxidized glutathione. When Cu+ enters C. crescentus, it will form a complex with 2 GSH. 

This complex will be oxidized into a Cu+[GSSG] intermediate to form Cu2+[GSSG]. Cu2+[GSSG] is then able to be 

regenerated into Cu+[GSH]2 by reacting with available GSH. This mechanism avoids Cu+ to be used as a catalyst in 

a Fenton-like Haber-Weiss reaction thus producing extremely reactive OH·. Cu+[GSH]2 pool can then be diminished 

by integrating Cu+ into Cu containing proteins and/or can be expelled via the PcoAB system when the swarmer cell 

differentiates into a stalked cell. rxYFP is able to sense the GSH/GSSG ratio in every step of the detoxification. The 

Fenton-like reaction might happen if the previous mechanism is either defective, saturated or inexistent in C. 

crescentus but it can also be sensed by the rxYFP. Adapted from Aliaga et al., 2012; Freedman et al., 1989; Kimura 

and Nishioka, 1997; Lawarée et al., 2016; Nies and Herzberg, 2013 and Østergaard et al., 2004. Ezraty et al., 2017) 
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These Cu-induced ROS might be directly generated through a Fenton-like reaction or through 

a GSH-mediated Cu detoxification (Figure 25). When Cu+ enters C. crescentus, it might form 

a complex with 2 GSH. This complex might then be oxidized into a Cu+[GSSG] intermediate 

to form Cu2+[GSSG]. Cu2+[GSSG] could turn into Cu+[GSH]2 by reacting with available GSH. 

This mechanism could generate O2
•- and H2O2 but should prevent Cu+ to be used as a catalyst 

in a Fenton-like reaction and to produce the extremely reactive OH•. The Cu+[GSH]2 pool can 

be diminished by integrating Cu+ into Cu-containing proteins or might be expelled via the 

PcoAB system when the SW cell differentiates into a ST cell. The basis of this process was 

already shown as a means for a cell exposed to Cu to avoid generation of highly reactive free 

OH• (Freedman et al., 1989; Nies and Herzberg, 2013). Even though this process avoids the 

generation of OH•, it still generates O2
•- and some H2O2 (Freedman et al., 1989; Nies and 

Herzberg, 2013). In this case, the rxYFP would react to the impact on the GSH caused directly 

by Cu and indirectly by the putative disulfides bond generated by the produced H2O2 and O2
•-

. 

These disulfide bonds could be either directly formed on the GSH pool or formed on some 

cytoplasmic proteins. Those then might be saved by the activity of one of the C. crescentus Grx 

that would transfer the non-native disulfide bond of the proteins to the GSH pool (Ezraty et al., 

2017).  

In order to confirm that Cu impacts redox balance in vivo, C. crescentus sensitivity to Cu was 

assessed in the presence of anti-oxidant agents. First, assessment of C. crescentus WT growth 

under H2O2 was performed as a positive control for oxidative stress (Figure 26). Growth under 

40 µM H2O2 stress induced a delay in the bacterial exponential growth. Tentative to suppress 

this delay with the addition of ascorbate were performed. Ascorbate alone was well tolerated 

by C. crescentus up to 0.5 mM, then it started to be deleterious (Figure 27). A hypothesis would 

be that the addition of too much ascorbate would impair the normal cell cycle-associated redox 

switch of C. crescentus (Narayanan et al., 2015). This would lock the cell cytoplasm into a 

reduced state. This reduced state would be a problem for the stalked cell. Indeed, this 

morphotype is normally in a more oxidized state, allowing the correct synthesis of dNTPs 

through the RNR. If this cell type is locked in a more reduced state this might impair the correct 

regeneration of the RNR redox state an thus its activity (Goemans et al., 2018). The addition of 

0.1 to 0.5 mM of ascorbate to 40 µM H2O2 successfully saved C. crescentus (Figure 28). 

However, ascorbate was unable to save C. crescentus from Cu stress (Figure 29). The addition 

of ascorbate to cells exposed to Cu stress was even more deleterious than Cu stress alone. Even 

if ascorbate is able to prevent oxidative stress, it also seems to be able to react with Cu and to 

induce a pro-oxidant effect (Zhou et al., 2016). It seems that the addition of anti-oxidant is not 

an adequate solution to mitigate the Cu-induced ROS.  

An alternative strategy is to measure the Cu sensitivity of various KO mutants related to natural 

anti-oxidant defenses such as the sole catalase-peroxidase katG and the cytoplasmic superoxide 

dismutase sodA, which is the first SOD to be upregulated when C. crescentus is exposed to 

heavy metals (Hu et al., 2005).  Accordingly, sodA has been recently isolated in the lab in a 

genetic screen seeking for more sensitive Cu mutants.  Clean sodA and sodB KO mutants were 

successfully constructed. ΔsodA was confirmed to be more sensitive to Cu (Figure 30). On the 

other hand, ΔsodB does not seem to impact the growth of C. crescentus (Figure 31). As 

mentioned before, sodA is upregulated in most heavy metals stress whereas sodB was only 

upregulated with a very high concentration of Cd (Hu et al., 2005). This suggests a backup role 

of sodB. This also tends to confirm that Cu could indeed be a source of ROS in vivo. In this 

purpose, it might be interesting to assess the cytoplasmic redox state KO and overexpression 

mutants upon Cu stress to see whether those genes are somehow involved in Cu defense by 

diminishing the oxidative stress part. 



 

Figure 26: Growth curves of WT C. crescentus in PYE rich media with different 

concentrations of H2O2 (biological replicates = 3; technical replicates = 3) 

 

Figure 27: Growth curves of WT C. crescentus in PYE rich media with different 

concentrations of ascorbate (VitC) (biological replicates = 3; technical replicates = 3) 
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Figure 28 : Growth curves of WT C. crescentus in PYE rich media with or without 40 µM H2O2, 

with different concentrations of ascorbate (VitC) (biological replicates = 3; technical replicates = 3) 

 

 

 



 

  

Figure 29 : Growth curves of WT C. crescentus in PYE rich media with or without 175 µM CuSO4, 

with different concentrations of ascorbate (VitC) (biological replicates = 3; technical replicates = 3) 
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Figure 31: Growth curves of C. crescentus CB15N ΔsodB compared to C. crescentus CB15N 

WT in PYE rich media with different concentrations of CuSO4 (biological replicates = 2; 

technical replicates = 3) 

Figure 30: Growth curves of C. crescentus CB15N ΔsodA compared to C. crescentus CB15N 

WT in PYE rich media with different concentrations of CuSO4 (biological replicates = 2; 

technical replicates = 3) 



 

 

  

Tested compound plug 

Ctl 
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0 min 25 min 

Figure 32: A. Schematic representation of the PDMS device. Adapted from Lawarée et al., 2016. B. Typical pictures 

obtained after an LCI experiment with flight under the tested condition (Cond). C. WT SW exposed to 40 µM H2O2 

(biological replicates = 3). D. ΔmcpH SW exposed to 40 µM H2O2 (biological replicates = 3). E. ΔmcpR SW exposed 

to 40 µM H2O2 (biological replicates = 4). F. ΔmcpP SW exposed to 40 µM H2O2 (biological replicates = 3). 
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Figure 33: A. Potential Interplay between the positive oxygen chemotaxis and the negative H2O2 chemotaxis. B. Origin 

of O2 by the Haber-Weiss cycle. 

B A 
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2. Impact of ROS on C. crescentus chemotaxis 

Single KO mutants of every C. crescentus MCPs have been realized in the context of 

Gwennaëlle Louis’ thesis and their chemotaxis toward Cu was tested by live chemotaxis 

imaging (LCI). Briefly, isolated C. crescentus SW cells are injected in a small chamber where 

two agarose plugs were previously molded in two opposites corners of the chamber: a control 

plug and a plug with a determined concentration of the tested compound (Figure 32A). Pictures 

are taken over a given time period in the vicinity of the two plugs (Figure 32A, B). This allows 

the identification of mcpH, mcpP, mcpR, mcpC, and mcpG as putative MCPs involved in Cu 

sensing. 

As Cu might impact the C. crescentus normal redox balance, it was then interesting to determine 

whether one of the MCP candidates described above could sense the putative Cu-induced ROS. 

At first, H2O2 was tested as a putative chemorepellent against those MCPs. The idea was that 

H2O2 would react with cytoplasmic free Fe in a Fenton reaction to somehow mimic the putative 

Fenton-like reaction that could happen with Cu. This idea was further motivated by the fact that 

in H. pylori, the addition of either Fe or H2O2 seemed to induce a flight to the Fenton generated 

ROS (Collins et al., 2016). So by adding either Cu and thus provoking a Fenton-like reaction 

or H2O2, provoking Fenton reactions, C. crescentus should flee in both cases. 

Analysis of the first LCI results seemed to indicate a flight of C. crescentus cells from 40 µM 

H2O2 (Figure 32C), but more in-depth analysis revealed issues in these experiments. Classical 

issues and possible improvements of LCI experiments will be discussed later. 

Even if the WT cells do not fly from 40 µM H2O2, ΔmcpH mutant displayed a significant flight 

from H2O2 (Figure 32D) whereas ΔmcpR was fleeing in half of the experiments (Figure 32E). 

Interestingly, McpH and McpR exhibit PAS domains in their predicted ligand binding domains. 

PAS domains are well known to sense a lot of chemical cues, often associated with redox state 

or O2 (Ortega et al., 2017). As C. crescentus display a positive chemotaxis toward O2 (Morse 

et al., 2016), it would not be surprising that at least McpH and/or McpR is involved in O2 sensing 

(Figure 33A). An excess O2 near the H2O2 plug may originate from H2O2 itself (Figure 33B). 

Indeed, as the LCI PDMS devices are reused for multiples experiments, it might be possible 

that some residual Cu remains in holes used to mold the H2O2 plug. If this assumption is correct 

it would not be surprising for O2 to be formed by a Fenton-like Haber-Weiss reaction with Cu. 

This would lead to an increase in the O2 concentration and a decrease in H2O2 concentration 

(Figure 33B). This will lead the cell in a rather positive or neutral chemotaxis as the O2 

attraction and the H2O2 repulsion inhibit each other. So, when one of those two MCPs is 

removed, the cell lost its ability to sense O2 to only sense the H2O2, inducing a flight response 

(Figure 33A). However, the MCP(s) responsible involved in H2O2 sensing remain(s) to be 

determined. As the WT is not fleeing from 40 µM H2O2 (Figure 32C), it is impossible to detect 

mutants with decreased flight. It would be interesting to test whether a higher concentration of 

H2O2 can induce a flight in the WT strain. This might allow determining whether one of the 

remaining candidates do not flee at a concentration where the WT does. If interesting candidates 

are isolated with a reduced H2O2 flight, it might be useful to test them for Fe chemotaxis. 

Indeed, similarly to what is thought to happen when adding H2O2, adding Fe should also 

promote cytoplasmic Fenton reactions. This would be a great way to compare what would 

happen with a Cu-induced Fenton like reaction. 

Interestingly, ΔmcpG mutant flees from both the control and the H2O2 plug (Figure 34), 

similarly to what was observed in the Cu experiment (Gwennaëlle Louis’ thesis). MCPs are 

organized within huge clusters capable of readily amplify a signal (Collins et al., 2014; 

Parkinson et al., 2015; Salah Ud-Din and Roujeinikova, 2017). If McpG is one of the main  



 

  

Figure 35: A. ΔyaaA SW exposed to 40 µM H2O2 (biological replicates = 3). B. Growth curves of ΔyaaA compared to 

C. crescentus CB15N WT C. crescentus CB15N WT in PYE rich media with different concentrations of CuSO4 

(biological replicates = 3; technical replicates = 3). C. Growth curves of ΔyaaA compared to C. crescentus CB15N WT 

C. crescentus CB15N WT in PYE rich media with different concentrations of H2O2 (biological replicates = 3; technical 

replicates = 3) D. Model of the impact of YaaA on H2O2 sensing. YaaA inhibits the Fenton reaction by sequestrating the 

free Fe ions thus reduncing the number of OH •
 that might be sensed by an MCP. Full arrows: displacement of a given 

compound. Dashed arrows: Transformation of a given compound.
 

 

Figure 34: ΔmcpG SW exposed to 40 µM H2O2 

(biological replicates = 3). 
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MCP constituting theses clusters, its deletion could have drastic consequences on chemotaxis. 

The ΔmcpG mutant might be unable to correctly regulate the flagellar rotation, transforming 

the biased walk that is chemotaxis into a more random walk, explaining the behavior of this 

strain in LCI.  

A genetic screen seeking for C. crescentus mutants with altered Cu chemotaxis led to the 

identification of yaaA (Pauline Cherry master thesis). E. coli YaaA is thought to reduce free 

cytoplasmic Fe upon H2O2 stress to avoid Fenton-reactions (Liu et al., 2011). Clean KO mutant 

of yaaA in C. crescentus showed a growth defect under control conditions, which was amplified 

upon H2O2 stress but not upon Cu stress (Figure 35B, C). In E. coli, yaaA expression is induced 

under strong H2O2 stress only. However, C. crescentus presents a basal yaaA expression level, 

suggesting that yaaA might be more important in C. crescentus than in E. coli. In LCI, C. 

crescentus ΔyaaA showed an increased flight from H2O2 compared to the WT strain (Figure 

35A). The absence of yaaA could potentially increase the intracellular level of free Fe and in 

turn the level of cytoplasmic OH• through Fenton reactions (Figure 35D). If OH• is sensed by 

an MCP, a situation similar to what could be hypothesized in H. pylori would be observed. In 

H. pylori, cytoplasmic chemoreceptor TlpD is able to sense Fenton reaction-induced ROS 

(Collins et al., 2016). If an MCP is able to sense the OH• produced by a Fenton reaction, yaaA 

KO would result in an increased flight as its deletion might promote Fenton reactions. In growth 

curves, this would result in an increased H2O2 toxicity. To further test whether C. crescentus is 

able to sense Fenton induced ROS, two main approaches could be investigated after finding an 

appropriate H2O2 concentration leading to a WT flight: either overexpressing C. crescentus 

catalase-peroxidase katG to reduce intracellular H2O2 or chelating the intracellular Fe like it 

was done in H. pylori. However, the second approach might be difficult to perform as it was 

recently shown that Fe deprivation in C. crescentus increases the intracellular concentration of 

H2O2 by an unknown mechanism (Leaden et al., 2018). 

Consistent with the hypothesis that there might be at least one MCP able to sense cytoplasmic 

ROS, the WT strain flees from 30 µM PqCl2 (Figure 36B). PqCl2 is a potent herbicide able to 

generate mostly intracellular O2
•- (Hassan and Fridovich, 1979) thus potentially making it a 

better substitute than H2O2 to mimic the effects of the putative in vivo Cu-induced ROS. 
However, even if this concentration is toxic for C. crescentus and reduces its growth rate 

(Figure 36A), it does not seem to readily impact the GSH/GSSG equilibrium in fluorometry 

experiments like it is the case with CuSO4 (data not shown). However, a slight decrease (-6%) 

can be observed be quantifying the microscopy images (Figure 36C). It is highly probable that 

this concentration of PqCl2 does not have a huge impact on the cellular redox state over a small 

period of time. This assesses a need for C. crescentus to sense ROS before they are able to 

generate an oxidative stress. Indeed, as the SW cell type is associated with a more reduced 

cytoplasmic redox state (Narayanan et al., 2015). So, even a small amount of ROS might impact 

its normal development. To counteract that, the SW cell would need of early detection of pro-

oxidative environment to readily induce a flight response. 



 

  

Figure 36: A. Growth curves C. crescentus CB15N WT in PYE rich media with different concentrations of CuSO4 

(biological replicates = 2; technical replicates = 3) B. WT SW exposed to 30 µM PqCl2 (biological replicates = 3). 

C. Quantification of the cytoplasmic redox state of CB15N-rxYFP based on microscopy pictures in culture medium 

(M2G), with 30µM paraquat dichloride (PqCl2), 4 mM hydrogen peroxide (H2O2) or 40 mM dithioerythiol (DTT) 

(γex= 512 nm) Violin plot use a kernel density estimation to show the distribution shape of the data. Larger portion 

of the plot represent a higher probability that a bacterium within the population will have on the given Fluorescence 

intensity. White dot: median. Thick gray: interquartile range. Thin gray line: 95% CI. (M2G: ncells = 4552) (PqCl2 

30 µM: ncells = 3067) (H2O2 4 mM ncells = 5295) (DTT 40 mM: ncells =2278) 
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3. Issues and potential improvements of LCI 

LCI is a relatively new experiment and might be sensitive to some issues. During this master 

thesis, a lot of experiments had to be aborted or discarded. So, a clear understanding of those 

issues and how to prevent them might help to improve this experiment. First, for convenience, 

PDMS devices are reused between experiments. During the firsts LCI experiments with almost 

exclusively Cu, this was not posing detectable problems. However, with the use of a compound 

that could react with Cu, this might pose a problem if between experiments some trace of Cu 

remains in the PDMS. H2O2 might react with this remaining Cu and form active OH• that would 

probably never reach the cells due to their low stability. Another issue with the remaining Cu 

is that the uses of the two plugs might differ between experiments. A hole previously used as a 

Cu plug could be used as a control plug in another experiment. This might induce a slight flight 

from the control plug forcing to discard the experiment. Leaks in the device might also happen 

to cause flow in the area checked for flight thus conducting to false positives or flight near the 

control plug forcing the experiment to be discarded. The ideal solution would be to use a new 

PDMS device for every experiment and to seal them with plasmas cleaning or thermal bonding 

to avoid any leak. However, this method would be tedious and more expensive. A simpler 

alternative would be to split PDMS device along the compound used and to mark the control 

plug to always reuse the same.  

Currently, 10 pictures on the Z-axis are taken at a regular interval between the two extremes 

positions where bacteria could be detected. As often we could only detect the flight from only 

one Z-axis, we can wonder whether sometimes the flight was missed because the interval was 

set too high due to more extremes position of the bacteria. So, starting to use the same interval, 

even if sometimes increase the number of pictures and thus the analysis time, could help detect 

the flight where it could have been missed sometimes.  
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CONCLUSION & PERSPECTIVES 

Our analysis with the redox-sensitive rxYFP tends to confirm that Cu might impact the normal 

C. crescentus redox balance. Furthermore, SodA was identified and confirmed to have an 

impact on growth upon Cu stress, suggesting that Cu might indeed produce ROS in vivo. This 

would explain the impact on the redox balance. However, the mechanism by which those ROS 

are generated is not clear. They can happen either by the glutathione-mediated Cu-

detoxification or by Fenton-like reactions. An involvement of a Fenton reaction from the Fe 

ions coming from the displaced Fe-S cluster is not to be excluded. With the advancements in 

ROS specific probes (Bilan et al., 2013; Lei et al., 2017; Lu et al., 2017) it might be possible to 

identify which ROS are generated in C. crescentus upon Cu stress and thus the mechanism 

involved in their generation.  

Even if the attempts to suppress the oxidative stress part of Cu toxicity with a natural antioxidant 

like the ascorbate were rather unsuccessful, mutants surexpressing C. crescentus catalase and/or 

superoxide dismutases remains to be tested. This will help to confirm the nature of the ROS as 

well as their contribution in the Cu toxicity. 

Then, we have shown that C. crescentus is able to flee from oxidative stress generated by 30 

µM PqCl2, even if its impact on the redox balance is rather limited. This led to the hypothesis 

that the redox state of C. crescentus might be so important for its cell cycle that C. crescentus 

SW cells must readily engage a flight response upon oxidative stress sensing. In this context, it 

would made sense for the oxidative stress response to also be bimodal. Indeed, it has recently 

been shown that Trx1, the sole Trx in C. crescentus is only expressed during the ST cell phase. 

One could hypothesize that Trx1 would be one of the major actors for the ST cell defense 

against oxidative stress (Goemans et al., 2018) whereas the SW cell readily engage a flight 

response upon ROS detection. 

Although WT strain does no seems to flee from 40 µM H2O2, some mutants were able to. This 

suggested a putative opposition with a positive chemotaxis, potentially toward O2. As 

experiments to detect O2 chemotaxis in C. crescentus exist, it would be interesting to test 

ΔmcpH and ΔmcpR in those experiments. ΔyaaA was also presenting a flight from H2O2. This 

suggested a more important role of this protein toward H2O2 stress in C. crescentus than in 

E. coli. Future works with higher concentrations of H2O2 would be needed to find one where 

the WT strain does not fly. This would allow the identification of putative mutants with a 

reduced H2O2 flight. LCI with a metal known to induce oxidative stress (Fe), or not (Zn) would 

also help determine if oxidative stress is involved in the flight mechanism. 



 

Table 1: Strains and plasmids used in this work 

Strain Description 

C. crescentus   

CB15N Laboratory variant of CB15 strain, easily synchronizable 

CB15N-rxYFP CB15N constitutively expressing rxYFP 

ΔmcpH CB15N ΔmcpH 

ΔmcpP CB15N ΔmcpP 

ΔmcpR CB15N ΔmcpR 

ΔmcpG CB15N ΔmcpG 

ΔsodA CB15N ΔsodA 

ΔsodB CB15N ΔsodB 

ΔyaaA CB15N ΔyaaA 
  

E. coli   

DH10B Helper Helper strain for the tri-parental mating 

DH10B pNPTS Strain used to construct the K-O mutants by tri-parental mating 
  

Plasmid   

pNPTS Deletion vector, KmR, sacB 

pBXMCS2::rxYFP Plasmid used for constitutive expression of rxYFP 
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METHODS 

Bacterial strains & plasmids 

C. crescentus strains were grown at 30°C in Peptone Yeast Extract (PYE) rich medium (see 

Table 2 for composition) (Ely, 1991) or M2-Glucose (M2G) minimal medium (see Table 3 for 

composition) supplemented by 5 µg.ml-1 kanamycin when required. E. coli strains were grown 

at 37°C in LB (Luria-Bertani) (see Table 4 for composition). Plasmids were mobilized from 

E. coli DH10B or into C. crescentus by conjugation. All strains and plasmid used are listed in 

Table 1. Cultures in exponential growth phase were used in every experiment. 

Knock-out mutant construction 

One gBlock® Gene Fragment (Integrated DNA technologies) was designed for sodA sodB and 

yaaA genes. Each gBlock® contains the ~200 bp upstream region of one gene followed by the 

~200 bp downstream region of the same gene. These gBlocks® were inserted into an EcoRV-

linearized pNPTS138 plasmid. The ligation product was transformed into the competent 

DH10B E. coli strain. A tri-parental mating was then performed between the previously 

transformed DH10B E. coli strain, an E. coli Helper strain and the WT C. crescentus strain. 

Clones with the integrated plasmid (the clones that underwent the first homologous 

recombination event) were selected on a kanamycin-containing medium. A second homologous 

recombination event was carried out by growing the kanamycin resistant clones without 

selection pressure and selection for this event was performed by then plating these clones on 

PYE-3% sucrose plates. This select clones who have lost the plasmid. These clones can be 

either a clean knock-out strain or a WT strain. The distinction between these two was made by 

performing a diagnostic PCR (hybridization of chromosomal DNA, ~500-1000 bp from each 

side of the gene) 

Synchrony 

C. crescentus swarmer cells are isolated by centrifugation in a silicate gradient as described by 

(Evinger and Agabian, 1977) 

Growth curves determination 

Exponential growth phase C. crescentus in PYE is added in a 96 well plate (well final volume = 

200 µl; well final OD660 = 0.05) with the appropriate concentration of CuSO4, H2O2, Paraquat 

dichloride, DTT or ascorbic acid to be tested. 96 well plate is incubated at 30°C under constant 

agitation. OD660 is measured every 15 minutes for 24 h using an Epoch 2 Microplate 

Spectrophotometer (BioTek) 

Microscopy  

Fluorescence and phase contrast microscopy were performed on a Zeiss Axio Imager Z1 

equipped with a Hamamatsu Digital Camera C11440 with a 100x PH3 objective. Bacteria were 

placed on a 1 % agarose PBS pad for imaging. Images were captured and processed with ZEN 

2.5 (Carl Zeiss Microscopy GmbH) software. Images were analyzed with Oufti (Paintdakhi et 

al., 2016) and MATLAB software (MathWorks). 



 

  

Table 4 : Composition of PYE (Peptone Yeast Extract) rich 

medium 

 
Concentration Compound

0.2 % Bacto Peptone

0.1 % Yeast Extract

1 mM MgSO4

0.5 mM CaCl2
1.5 % Agar (for solid media)

PYE

Table 3 : Composition of M2G (M2 salts Glucose) poor medium 

 
Concentration Compound

6.1 mM Na2HPO4

3.9 mM KH2PO4

 9.3 mM NH4Cl

10 µM FeSO4

10 µM EDTA

0.5 mM MgSO4

0.5 mM CaCl2
0.2 % Glucose

M2G

Table 2 : Composition of LB (Luria-Bertani) rich medium 

 

Concentration Compound

1% Bacto Peptone

0.5 % Yeast Extract

1% NaCl

1.5 % Agar (for solid media)

LB
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Fluorometry 

Fluorometry was performed on a Spectramax ID3 (Molecular Device). Optimal signal to noise 

ratio wavelengths was selected using the integrated software. The rxYFP fluorescent probe was 

excited at a wavelength of 509 nm and fluorescence intensity was measured at 545 nm. 200 µl 

of bacteria in M2G were incubated at 30°C, under continuous shaking, with the appropriate 

concentrations of the compounds to test. 

Live chemotaxis imaging 

The live chemotaxis imaging experiments were adapted from Lawarée et al., 2016. Chemotaxis 

devices were made by casting solubilized 10:1 polydimethylsiloxane (PDMS Slygard 184, Dow 

Corning) in a small glass pot (d = 50 mm, h = 30 mm; glassware from Lenz Laborglass 

Instrument) where coverslips had previously been placed in order to mold the future bacterial 

chambers. After a degassing phase, the mixed PDMS was heated for 1 h at 70 °C. Unmolded 

PDMS devices were then mounted on a microscope glass slide. The slide and the PDMS cube 

were washed successively with acetone (only the slide), isopropanol and methanol and rinsed 

with milli-Q water. Both components were blown dry between each wash. Three inlets and one 

outlet channels were drilled in the PDMS, which was then firmly pressed against the slide to 

seal the device. Melted 1.5% agarose H2O (10 μl) with or without 1.16 mM CuSO4, 40 µM 

H2O2 or 30µM PqCl2 was loaded into the chamber through both external inlet channels to 

generate the plugs. Isolated SW cells (150 μl, OD660nm = 0.01) were, in turn, injected into the 

bacterial chamber through the central inlet channel. Images were collected every minute for 25 

min in one focal plan in the vicinity of the Cu or the control plug with a Nikon Ti-2 Eclipse 

inverted microscope equipped with a Hamamatsu Digital Camera C13440 with a 20x PH1 

objective. All image capture and processing were performed with NIS-Element AR Analysis 

5.02.00 software. Quantitative analysis of time-lapse images was performed with MATLAB 

software (MathWorks). 
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