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Abstract 
 

Antibiotic resistance has become a major concern in public health in recent years. 

Bacteria harbour numerous mechanisms to bypass and resist antimicrobial 

compounds. DNA damage response in bacteria has been widely studied in species 

such as Escherichia coli but poorly investigated in other bacterial species. We aimed 

to study the DNA damage response in a different class of alphaproteobacteria with 

a distinct chromosome organisation and segregation pattern than E. coli. In this 

study, we report the discovery of a novel 37-amino-acid protein with an essential 

effect on maintaining cell fitness under DNA-damaging conditions in C. crescentus. 

CalP is a small amphipathic transmembrane protein with Nout-Cin topology that 

polymerises, generating a homooligomer in the inner cell membrane. Sensitivity 

assays confirmed the ∆calP deficient phenotype in antibiotic-treated cells such as 

mitomycin C (MMC), norfloxacin, ciprofloxacin, or MMS. Complementation 

analysis confirmed the restoration of the WT phenotype in MMC or norfloxacin-

exposed cells. DNA damage-induced cells with MMC caused calP downregulation 

in ∆recA. In contrast, the calP expression in WT upregulated calP following the 

induction of DNA damage with MMC. Immunoblot assays showed that CalP 

production increased following cellular DNA damage with MMC, norfloxacin, or 

MMS. Nevertheless, despite MMC-induced DNA damage in the mutant cells, CalP 

production did not increase in ∆recA. ∆calP mutants were more permeable to 

MMC-TRC (MMC linked to the Texas Red Cadaverine fluorophore) than WT, 

suggesting that CalP may have an efflux pump-like function in the cell. Our results 

indicate that CalP could be involved in DNA damage tolerance/response in C. 

crescentus. However, elucidating the role and molecular mechanisms of CalP 

requires further investigation. 
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Chapter 1. General introduction 
 
1.1  Caulobacter crescentus 

 

1.1.1 Organism 

Cells of the genus Caulobacter are elongated and curved with rounded ends, as 

described by A. T. Henrici and D. E. Johnson in 1935 [1]. However, J. Stove and R. 

Stanier in 1962 affirmed that some species of the genus also showed straight forms 

[2]. Caulobacter is a genus of strict aerobic unicellular free-living bacteria that live 

in diverse environments such as freshwater (rivers, ponds, wells, canals, tap water), 

seawater, soil, and even the intestinal tract of millipedes (an arthropod of the 

subphylum myriapod) [1, 2]. Bacteria of the genus Caulobacter are Gram-negative 

α-proteobacteria that, at each cell cycle can differentiate and divide symmetrically 

or asymmetrically, depending on the species [3]. Asymmetric Caulobacter divides 

into two different morphologies and physiologies: swarmer and stalk cells [2, 4]. 

Both cell types are vibrioid rod-shaped bacteria of similar size and shape [2, 5]. 

Swarmer cells have a single polar flagellum that is used for motility [2, 4]. Stalk 

cells are not motile and do not have a flagellum but an outgrowth extension of the 

cell, the stalk, which is continuous along the cytoplasm [2, 6, 7]. This appendix is 

composed of swelling at the distal part of the stalk, which secretes a substance 

called the holdfast that allows stalk cells to adhere to surfaces [2, 5]. Caulobacter 

crescentus (C. crescentus hereafter) is a fresh-water bacterium with asymmetric cell 

division. In C. crescentus, following the asymmetric cell division, stalk cells stay 

adhered to a surface and swarmer cells swim to disseminate the species. Swarmer 

cells are unable to replicate DNA and remain in the G1 phase with a single 

chromosome. At some point, swarmer cells transition to stalk cells, losing the 

flagellum and retracting the polar pili [4]. At the pole of the excised flagellum and 

pili, cells develop the stalk and initiate the conversion to the S phase to start DNA 

replication. DNA replication ends with the G2 phase and the segregation of the two 

copies of the chromosomes and separation of the two differentiated cells, the 

swarmer and the stalked, reinitiating the cycle [2, 4]. C. crescentus can be easily 

synchronised, enabling accurate temporal analysis of the cell cycle [4]. C. 



 24 

crescentus is used as a model organism to study how it establishes and maintains 

cellular asymmetry, chromosome segregation, and cell division, because of its ease 

of being genetically manipulated [3]. Likewise, Bacillus subtilis has an asymmetric 

cell division under starving conditions that trigger the formation of a spore. Other 

bacteria such as Escherichia coli (E. coli), Pseudomonas aeruginosa (P. 

aeruginosa), Listeria monocytogenes, and Shigella flexneri which seem to have 

symmetric cell division, also have asymmetric poles on a closer view. α-

proteobacteria species such as Brucella abortus, Agrobacterium tumefaciens, 

Sinorhizobium meliloti, or Rickettsia prowazekii share common features that were 

discovered in C. crescentus [8-14]. These bacterial species have implications in 

medical, biowarfare protection, and environmental applications. Therefore, the 

study of mechanisms related to cell division in C. crescentus can have broader 

importance and be used to identify new targets and design novel antimicrobial drugs 

[4]. Currently, the most common C. crescentus used in laboratory research is 

NA1000, derived from the strain CB15 [15]. Marks et al. (2010) [15] found 

differences between the two strains in growth rate, mucoidy, adhesion, 

sedimentation, phage susceptibility, and stationary phase due to 50 years of 

culturing in laboratories. 

 

1.1.2 History 

The first bacterium of the genus Caulobacter was described as early as 1905 by M. 

Jones [1]. However, the genus Caulobacter was not created until 1935 by Henrici 

and Johnson, who categorised previously unrecognised stalked bacteria [2]. They 

discovered these organisms by microscopy examination of submerged slides left in 

fresh water to allow stalked bacteria to settle onto the slide (slide culture technique) 

[3]. However, Henrici and Johnson failed to isolate species of this genus and 

maintained these bacteria along with other organisms in crude liquid cultures 

supplemented with lake water and cellulose or chitin [4, 5]. In 1950, Houwink and 

van Iterson found stalked bacteria in their electron microscopy samples, whose 

source was the water used to prepare slides [6]. Houwink further isolated various 

strains of stalked bacteria from the tap and canal water and was the first to study 

the structure of these bacteria by electron microscopy [7, 8]. Bowers isolated 
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stalked bacteria from wells and named it Caulobacter vibroides Henrici and 

Johnson [9]. In 1964, Poindexter isolated and characterised several species of 

Caulobacter from a wide variety of sources, such as freshwater environments, 

seawater, soil, and the intestinal tract of millipedes. He also reviewed previous 

investigations of the genus Caulobacter [5]. In 2001, C. crescentus was the first 

free-living α-class proteobacterium to be sequenced [10]. 

 

1.2 DNA damage 

Maintaining genomic information is crucial for the viability of living organisms 

[11]. Multiple DNA sequence modifications are usual in living organisms and can 

alter genomic information if left unrepaired. Mutagenesis can act as an evolutionary 

force and generate cancer, ageing or apoptosis in eukaryotic cells [12]. 

Accumulated mutations can trigger apoptosis as a protective strategy to prevent 

transmitting defective genomes to offspring [13, 14]. 

 

1.2.1 Sources of DNA damage 

Agents from various sources can cause DNA damage that is classified into two 

categories: endogenous and exogenous. Endogenous or exogenous agents can 

trigger chemical or physical alterations of the genuine DNA sequence [12]. 

Endogenous sources can occur because of errors produced during DNA replication 

by DNA polymerases that insert wrong nucleotides in nascent DNA chains [15]; or 

by chemical or physical agents, which are compounds produced as subproducts of 

cellular metabolisms, such as reactive oxygen species (ROS) [16-18] or reactive 

nitrogen species (RNS) [16]. Exogenous agents are those compounds generated 

naturally or synthetically from environmental, physical, or chemical nature, that 

cause harmful effects on DNA, such as antimicrobial agents [12]. 

 

1.2.2 Endogenous sources of DNA damage 

 

1.2.2.1 Errors generated during replication 

High-fidelity polymerases generally amplify the DNA of cells in the absence of 

severe DNA damage. The proofreading activity of DNA polymerases in all domains 
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of life sometimes overlooks DNA replication errors. Bacterial transcriptases 

generate mismatches every 15.5 rounds of replication, or in other words, every 59 

million replicated bases [19]. High-fidelity DNA polymerases have effective 

proofreading systems (exonuclease activity) that minimise errors. Replication 

errors caused by DNA polymerases are the primary source of mutations in cells, 

ahead of any other source of mutations [20]. The ratio of base substitution, single 

base insertion, or deletion frequency without DNA mismatch repair or 

environmental stress ranges from 10-6 to 10-8 [21, 22]. Several low-fidelity 

polymerases replicate DNA in eukaryotic cells in (non-severe) DNA damage 

conditions [23]. In the presence of DNA damage, cells trigger the translesion 

synthesis (TLS) mechanism that activates error-prone low-fidelity DNA 

polymerases to bypass unrepairable DNA lesions [24-26]. TLS is the main source 

of point mutations in the cell [27]. Low-fidelity DNA polymerases have a higher 

error ratio per base than high-fidelity polymerases. Low-fidelity polymerases can 

contribute to inserting mistaken nucleotides during replication, especially during 

DNA damage conditions [11, 23]. Some low-fidelity DNA polymerases even lack 

proofreading activity (e.g., DnaE in E. coli), which can be a source of genetic 

diversity and promote evolution under stress conditions [20, 27].  

Mutations can arise from DNA strand slippage, mis-insertions, strand 

misalignments (that create unpaired bases), or nucleotide misalignment at the 

polymerase active site [22]. Another event causing mutations is the addition of 

uracil, which causes alterations in the relative ribonucleotide triphosphate (rNTPs)-

deoxyribonucleotide diphosphate (dNTPs) ratio [28-33]. Topoisomerases can cause 

permanent double-strand breaks (DSBs) after nicking DNA if they do not re-ligate 

each end of a duplex DNA during replication or transcription [34, 35]. Quinolones, 

a type of topoisomerase inhibitor, can prevent DNA re-joining originating DSBs 

in E. coli [36-42]. Furthermore, DNA adducts and other abnormal DNA 

configurations, such as mismatches, nicks, or abasic sites, can block the 

topoisomerase-DNA complex [43, 44]. 
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1.2.2.1.1 Spontaneous base deamination 

Base deamination, which consists of removing the exocyclic amine from 

nucleotides, is the most frequent source of mutation in human cells [12]. The loss 

of exocyclic amines of cytosine (C), adenine (A), guanine (G), and 5-methyl 

cytosine (5mC) converts them into uracil (U), hypoxanthine, xanthine, and thymine 

(T), respectively [12]. Single-stranded DNA (ssDNA) is more susceptible to 

undergoing base deamination processes. The frequency of base deamination 

increases during replication, transcription, or recombination when double-strand 

DNA separates into ssDNA [45-47]. Cytosine and 5-methyl cytosine are the two 

most frequent alterations, with 5-methyl cytosine approximately 3 to 4-fold more 

susceptible to going through this modification [48]. AID enzymes (activation-

induced deaminases) use cytosine deamination to edit mRNA, immunoglobulin 

gene class switching, and immunoglobulin gene hypermutation [49, 50]. 

Additionally, cytosine deamination is an immune protective mechanism that 

deaminates viral cytosines in virus-infected cells to prevent the synthesis of new 

proviruses [49]. Other mutagenesis sources, such as UV radiation, sodium 

bisulphite, nitrous acid, and intercalating agents, can boost base deamination 

frequency in DNA [45, 51-53].  

 

1.2.2.1.2 Abasic sites 

Abasic or AP (apyrimidic/apurinic) sites form when DNA glycosylases 

spontaneously cleave the N-glycosyl bond joining the sugar-phosphates and 

nitrogenous bases of nucleotides [54]. Uracil-DNA glycosylases remove uracil 

when inserted into DNA [54]. High temperatures and elevated pH concentrations 

enhance the likelihood of undergoing abasic sites, which in human cells can occur 

around 10,000 daily and easily create single-strand gaps (SSGs) [46, 55-58]. Base-

excision repair (BER) and TLS are known pathways to repair abasic sites [58].  

 

1.2.2.1.3 Oxidative DNA damage 

ROS arise in cells as by-products of the electron transport chain and as a 

consequence of catabolic oxidases, anabolic processes, and peroxisomal 

metabolism [59]. ROS are necessary at appropriate concentrations for cellular 
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functions such as redox signalling reactions or immune responses against pathogens 

[60-62]. Nonetheless, ROS become toxic when exceeding a certain threshold, 

causing about 100 distinct oxidative lesions and DNA alterations [63-68]. The most 

common ROS are superoxide anion (O2-), hydrogen peroxide (H2O2), and hydroxyl 

radical (OH).  OH, is the most harmful ROS, capable of damaging DNA, proteins, 

and lipids [55, 69, 70]. Electrophilic OH radicals can react with nucleotides in three 

different ways (ordered from higher to lower frequency): (i) fusing to the base 

double bonds, (ii) removing hydrogen atoms from their methyl groups, and (iii) 

reacting with phosphate groups [71, 72]. ROS can also attack the DNA backbone, 

causing SSGs (approximately 2300 per cell per hour in mammalian cells) [73-75]. 

Lipid peroxidation (oxidation of lipids by electrophilic OH) also creates aldehyde 

molecules such as malondialdehyde and 4-hydroxynonenal, which can alter 

cytosine, adenine, and guanine to generate mutagenic adducts [76-78]. 

 

1.2.2.1.4 DNA methylation 

S-adenosylmethionine (SAM), which is used by methyl transferases as a co-

substrate to transfer methyl groups, generates strongly mutagenic nucleotide-

methylated derivatives [12, 79]. A highly mutagenic product is the derivative O6-

methylguanine (and its related residues O4-methylthymine and O4-ethylthymine), 

produced 10 to 30 times per cell per day in mammalian cells [80-84]. Mammals 

create the DNA-synthesis inhibitor N3-methyladenine (medium-toxicity) 600 times 

per cell and day [80, 85, 86]. Finally, mammalian cells also generate (the low 

toxicity compound) N7-methylguanine 4000 times per cell per day [80, 87-89]. 

Methylated agents include choline, betaine, endogenous nitrosated bile salts, 

environmental compounds such as pollution or derivatives of N-nitroso molecules, 

and tobacco smoke [90, 91]. Two mechanisms repair the DNA damage in 

methylated nucleotides. The first mechanism consists of removing the injured DNA 

base by O6-methylguanine DNA methyltransferase or via oxidation using an AlkB 

homolog of α-ketoglutarate-dependent dioxygenase. The second mechanism is the 

BER system, which eliminates the glycosidic bonds of methylated bases with DNA 

glycosylases [89, 92-95].  
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1.2.2.2 Exogenous sources of DNA damage 

 

1.2.2.2.1 Exogenous physical agents 

 

1.2.2.2.1.1 Ionising radiation 

Ionising radiation (IR) is a highly energetic radiation comprised of X-rays, alpha, 

beta, gamma, and neutrons, categorised according to their direct or indirect effect 

and ionisation density (low or high linear energy transferred to matter) [12]. Rocks, 

soil, radon, cosmic radiation, or medical devices emit IR. IR can damage DNA 

directly or indirectly by converting surrounding water into OH by radiolysis or 

potentiating oxygen or ROS to generate other DNA-reactive free radicals [60, 96, 

97]. Indirect lesions produced on DNA by IR are highly similar to DNA damage 

produced by ROS and entail approximately 65% of all IR-induced DNA damage 

[98]. IR also causes SSGs due to the formation of 3´-phosphate or 3´-

phosphoglycolate, a characteristic lesion generated by IR [75, 99, 100]. IR also 

creates DSBs when multiple damages accumulate in both strands. The 

recombinational repair (RR) pathway repairs this type of lesion in the DNA [98, 

101-103].  

 

1.2.2.2.1.2 Ultraviolet radiation 

Ultraviolet radiation (UV) is medium-intensity radiation situated between the 

wavelength of the ionising radiation spectra (<190 nm) and visible light (>320 nm). 

UV radiation is divided into three categories according to wavelength: UV-C (190–

290 nm), UV-B (290–320 nm), and UV-A (320–400 nm). The UV-radiation 

absorption peak of DNA is at 260 nm, and absorption markedly decreases 

proportionally to the distance to the peak [104]. UV light affects DNA directly by 

absorbing energy and exciting DNA molecules, causing photochemical alteration, 

or indirectly by receiving energy from surrounding excited molecules 

(photosensitisers) [12]. The main consequence of UV radiation on DNA is the 

creation of covalent linkages between two adjacent pyrimidines. UV light generates 

two main photoproducts in bacterial and eukaryotic DNA: cyclobutane pyrimidine 

dimers and pyrimidine-pyrimidone (6–4) photoproducts ((6-4) PP), with two 
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adjacent pyrimidines covalently bound [104-107]. UV radiation also creates less 

frequent products such as dipurines and pyrimidine hydrates in eukaryotes [108-

111]. In bacteria, the saturation of the 5,6 double bond of pyrimidines generates 

damaged bases such as thymine glycol and cytosin hydrate [107]. Mammalian cells 

undergo DNA protein crosslinking as an effect of UV radiation, and UV-A explicitly 

causes DNA strand breaks [60, 112]. UV-produced lesions are repaired by 

interstrand crosslink repair (ICLR), nucleotide excision repair (NER), a direct 

reversal of UV-damaged bases, recombinational repair (RR), or TLS pathways that 

repair DNA damage [57, 60, 113, 114]. Numerous repair mechanisms have evolved 

in bacteria to repair UV-induced damage. These mechanisms comprise the excision 

of the injured oligonucleotides (nucleotide excision repair, NER), the fixation of the 

damaged bases by photolyases (photoreactivation), the removal of the injured base 

by DNA glycosylase (base excision repair, BER), and the cutting of the DNA 

adjacent to the damage by endonucleases (UV damage endonuclease, UVDE) 

[107]. 

 

1.2.2.2.2 Exogenous chemical agents 

 

1.2.2.2.2.1 Alkylating agents 

Alkylating agents are compounds that interact with the oxygens of ring bases 

especially with their reactive nucleophilic nitrogens (mainly with N7 of guanine 

and N3 of adenine). Some frequent nucleotide modifications are N3, N4, and O2 in 

cytosine; N1, N2, N3, N7 and O6 in guanine; N3, O2 and O4 in thymine; and N1, 

N3, N6 and N7 in adenine [60, 115, 116]. The mode of action of alkylating agents 

consists of inserting an alkyl group into the base via SN1 or SN2 mode. The SN1 

method is a substitution reaction performed through the first order of kinetics and 

uses a carbonium ion intermediate (although not all compounds of SN1 use this 

intermediate) [117]. The SN2 method acts through the second order of kinetics and 

creates less mutagenic and carcinogenic adducts than the SN1 mode [118]. The most 

important alkylated agents are: O4-methylthymine (O4meT), O6-methylguanine 

(O6meG), N1-methyladenine (1meA), N3-methyladenine (3meA), N3-

methylcytosine (3meC), and N7-methylguanine (7meG). Among these products, the 
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most cytotoxic and mutagenic derivatives are O6-methylguanine (O6meG) and N3-

methyladenine (3meA) [119]. Examples of alkylating agents are methyl 

methanesulfonate (MMS) (Fig. 1), ethyl methanesulfonate (EMS), N-methyl -N′–

nitro-N-nitrosoguanidine (MNNG), and methylnitrosourea (MNU). These 

compounds are used in labs to induce mutagenesis and carcinogenesis [81, 120, 

121]. Other examples of alkylating agents are tobacco smoke, chemotherapeutic 

agents, biomass processing, dietary components or sulphur, and nitrogen mustards 

used in wars (that combine SN1 and SN2 modes) [122, 123]. In many bacteria, such 

as E. coli, the BER, ICLR, direct damage reversal, and Ada response mechanisms 

repair alkylating-agent lesions in DNA [119, 121, 124].  

 

1.2.2.2.2.2 Aromatic amines 

The potentially carcinogenic P450 monooxygenase system converts aromatic 

amines into alkylating agents that alter the C8 carbon of guanine [117, 125]. The 

most common examples of aromatic amines are 2-aminofluorene (AF) and its 

acetylated derivative, N-acetyl-2-aminofluorene (AAF) [126]. Aminofluorenes 

cause C8-guanine lesions, leading to permanent substitutions and frameshift 

mutations [127-129]. C8-guanine shows two different conformations (internal and 

external) that can disturb the geometry of the DNA helix [126, 130, 131]. In 

humans, the NER system repairs DNA lesions provoked by alkylating aromatic 

amines [132]. Examples of compounds, including aromatic amines, are fuel, 

industrial dyes, coal, pesticides, or insecticides (ultimately banned because of their 

carcinogenic attributes) [126, 133, 134]. 

 

1.2.2.2.2.3 Polycyclic aromatic hydrocarbons  

Polycyclic aromatic hydrocarbons (PAHs) are nonpolar and inert compounds made 

of carbon with two or more aromatic rings [135]. They are DNA intercalators and 

carcinogens in humans, first documented as early as 1775 and isolated from coal 

tar in 1982 [136-138]. Reactions such as nitrogen reduction, one electron oxidation, 

photo-oxidation, multiple ring oxidation, or the human P-450 system of the liver 

create PAH [137, 139-145]. Interaction of PAHs with intermediate molecules of P-

450 generates benzo(a)pyrene diolepoxide (BPDE), which intercalates into DNA, 
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followed by the formation of adducts (upon the interaction of the C10 carbon of 

BPDE with the N2 exocyclic position of guanine) [146, 147]. Examples of PAHs 

are pyrene, anthracene, naphthalene, dibenzo[a,l]pyrene, 1-nitropyrene, 1-

hydroxypyrene, and benzo(a)pyrene [148]. Substances containing PAHs are fossil 

fuels, incomplete combustion of organic matter, tobacco smoke, or carbonised food 

[145, 149]. NER, BER, or TLS systems repair DNA damage caused by PAHs [150, 

151]. 

 

1.2.2.2.2.4 Toxins 

Toxins produced by microorganisms can be genotoxic and potentially carcinogenic 

to mammals [152]. Humans and animals can be intoxicated with toxins in 

vegetables, fruits, or dairy products, such as the liver carcinogenic aflatoxin B1 

from Aspergillus flavus and Aspergillus parasiticus [120, 153]. The P-450 complex 

metabolises B1 in the liver and causes depurination upon converting B1 into the 

active form (B1-8,9-epoxide). B1-8,9-epoxide reacts with guanine N7 generating 

potential mutations and tumours [154, 155]. 

 

1.2.2.2.2.5 Environmental stresses 

Some physical environmental factors can provoke DNA damage, such as 

oxidative stress, hypoxia, heat or cold in humans [156-160]. These factors can 

generate mutations in trinucleotide repeats, triggering neurogenerative disorders 

via the alt-non-homologous end joining (NHEJ) repair pathway [161, 162]. 

 

1.2.2.2.2.6 Cytotoxic agents 

Cytotoxic agents are compounds that are toxic to cells, and many of them affect 

eukaryotic and bacterial cells [12]. Antibiotics are cytotoxic agents produced 

naturally in certain organisms as antimicrobials to defend themselves or generate a 

competitive advantage over other organisms in the environment [163]. Antibiotics, 

such as quinolones or tetracyclines, can be artificially synthesised or semi-

synthesised, respectively (the tetracyclic core of Streptomyces-extracted 

tetracyclines can be artificially modified to potentiate their effect) [36, 164]. Two 

main types of antibiotics are categorised according to the effect generated in the 
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target cell: bacteriostatic or bactericidal [165]. Bacteriostatic agents prevent the 

growth of bacteria in a “frozen state,” while bactericidal agents are those that kill 

bacteria [165-167]. Bactericidal antibiotics are supposed to be more potent at 

eliminating bacteria, whereas bacteriostatic antibiotics are usually less powerful 

and require the host immune system to phagocyte bacteria to eliminate them [167]. 

However, a given antibiotic can be bacteriostatic or bactericidal depending on its 

effectivity on killing bacteria, which depends on many factors such as 

concentration, temperature, phase, exposition time, growth medium, inoculum 

level, or incubation period [166, 168]. The degradation of the antibiotic is also an 

element to consider when measuring its effectiveness [169]. Likewise, categorising 

an antimicrobial as bacteriostatic or bactericidal is species-dependent and even 

strain-dependent [166]. The antibiotics listed below were used in various 

experiments for this project or other studies referred to in this manuscript.  

 

1.2.2.2.2.6.1 Mitomycin C 

Mitomycin C (MMC) is a natural antibiotic and antitumor compound produced by 

Streptomyces caespitosus that belongs to the mitomycins group [170, 171]. 

Bacterial flavoreductases convert MMC into a potent bifunctional DNA-alkylating 

agent [171]. The oxidation-reduction activation process generates ROS that can 

damage the cell. The converted MMC forms monoadducts and crosslinked 

monoadducts in complementary CpG sequences by N-alkylating guanine 

nucleosides at the 2-amino group of the base [171]. Thus, MMC causes SSGs and 

DSBs, leading to mutagenesis and inhibition of DNA synthesis in bacteria. Bacteria 

activate the SOS-dependent and SOS-independent systems in response to DNA 

lesions provoked by MMC [172, 173] (Fig. 1). MMC is widely used in lab assays 

to induce DNA damage conditions in vivo and in vitro [171]. MMC is commonly 

used as a chemotherapeutic agent to treat different types of cancer [174] and as a 

treatment for eye glaucoma [175]. 

 

1.2.2.2.2.6.2 Quinolones 

Quinolones (QLs) are synthetic antimicrobials based on the 4-oxo-1,4-

dihydroquinolone skeleton [36]. Their structure derives from the heterobicyclic 
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aromatic compound quinoline, whose name originates from the oily substance 

arising upon alkaline distillation of quinine [39]. Nalidixic acid (NA) belongs to the 

first generation of QLs, along with oxolinic acids. NA is effective against Gram-

negative bacteria, and it used to be commonly employed to treat urinary tract 

infections [36, 39]. The clinical use of quinolones (e.g., nalidixic acid) in the 

European Union has been suspended because of serious side effects in patients 

[176]. Norfloxacin (Fig. 1) and ciprofloxacin are grouped in the second generation 

of QLs and include a fluorine atom at position six and cumbersome piperidine at 

position seven. This modification increases the efficiency of the antimicrobial 

activity against Gram-positive bacteria such as Staphylococcus aureus and some 

Gram-negative species such as Pseudomonas spp. [36]. The bacteriostatic or 

bactericidal action of ciprofloxacin is concentration-dependent in E. coli [168]. The 

clinical use of fluoroquinolones (e.g., norfloxacin or ciprofloxacin) has been 

restricted and is only allowed in certain cases of severe infections when no other 

alternatives are available [176]. QLs target the type IIA topoisomerases: DNA 

topoisomerase IV and DNA gyrase [36-38, 40-42]. DNA gyrase introduces negative 

supercoils into DNA by creating DSBs to pass one of the strands around the second 

strand to relax topological stress arising while transcribing or replicating DNA [36-

38, 42]. This process is ATP hydrolysis-driven, and the absence of ATP reverses the 

mechanism, introducing gyrase-positive supercoiling [36, 37, 40, 42]. 

Topoisomerase IV decatenates DNA following replication and conducts a similar 

function to DNA gyrase by relaxing supercoiled DNA (although it cannot supercoil 

it, unlike gyrase) [177-182]. QLs function by trapping the DNA cleavage site of 

bacterial topoisomerases type IIA, inhibiting their action, and thus preventing them 

from re-joining broken DSBs [42, 180, 183]. Consequently, replication forks get 

blocked, as do replication and transcription, leading to bacteriostasis [36, 40]. 

Gyrase is the primary target of QLs in Gram-negative bacteria, while topoisomerase 

IV is the main target of QLs in Gram-positive bacteria [184-186].  

 

1.2.2.2.2.6.3 Methyl methane sulphonate  

Methyl methane sulphonate (MMS) is an alkylating DNA-damage inducer in 

bacterial cells (Fig. 1). MMS is a typical SN2-type alkylating agent that primarily 



 35 

methylates nitrogen atoms in purines, causing mutations and stalling replication 

[124]. MMS causes replication blocks by mispairing bases and changing guanines 

to 7meG and adenine to 3-meA [187]. The BER system, oxidative DNA 

demethylation, and alkyltransferases often repair alkylating-agent-induced DNA 

damage [124, 188]. In E. coli, the oxidative methylase AlkB and the 

alkyltransferases OgT and Ada substitute alkyl groups with the original DNA bases 

[124]. 

 

1.2.2.2.2.6.4 Cisplatin 

Cisplatin is a crosslinking alkylating DNA damage inducer based on platinum and 

is commonly used in cancer treatment [189]. Cisplatin mainly produces intra-strand 

crosslinks between consecutive adenines (~65%), adjacent adenines and guanines 

(~25%), and guanines separated by a base (~5-10%) [190]. It also generates inter-

strand crosslinks in about 2% of cases. The intra-strand crosslinks (ICLs) produce 

adducts that block the progression of the DNA polymerase in vitro and in vivo [191]. 

The NER pathway repairs cisplatin-alkylated bases in E. coli [192]. 

 

1.2.2.2.2.6.5 Hydroxyurea 

Hydroxyurea (HU) is an antineoplastic drug proven to inhibit ribonucleotide 

reductase class I (RNRs) in prokaryotes and eukaryotes in vitro [193, 194] (Fig. 1). 

RNR inhibition can deplete dNTPs, causing replication fork arrest and replication 

inhibition that leads to DNA DSBs [195, 196]. RNR converts rNDPs into dNDPs 

by using a tyrosyl free radical [197]. HU can also be toxic to the cell via the non-

RNR pathway [198]. 

 

1.2.2.2.2.6.6 Hydrogen peroxide 

H2O, OH, and O2- are ROS. The cellular respiratory chain produces ROS when 

single electrons interact with oxygen [199]. E. coli controls ROS homeostasis with 

the enzymes Ahp [200], KatE [18, 200, 201], superoxide dismutase [202], and 

glutathione [203]. In C. crescentus, the regulator OxyR controls the homeostasis of 

ROS, inducing transcription of genes katG, ahpC, and ahpF when the ROS 

concentrations are high [199]. ROS cause oxidative stress to DNA, inducing the 
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transcription of genes of the SOS response, such as imuA, which is also regulated 

by OxyR [199]. 

 

1.2.2.2.2.6.7 Novobiocin 

Novobiocin targets the B protein of DNA gyrase and inhibits gyrase-catalysed DNA 

supercoiling in vitro [204]. More specifically, the drugs are competitive inhibitors 

of the ATPase reaction catalysed by GyrB [204]. Novobiocin has been described as 

cytotoxic against Gram-positive bacteria and effectively inhibits the DNA damage 

response [38, 205]. The toxic effect is less potent against Gram-negative bacteria 

because of a lower membrane permeability [38]. However, novobiocin was 

demonstrated to inhibit TLS, by preventing the potential acquisition of 

antimicrobial resistance (AMR) generated through DNA damage-induced 

mutagenesis [206]. 

 

1.2.2.2.2.6.8 Sodium hypochlorite 

Sodium hypochlorite (NaClO) is a chlorine-based agent with a strong oxidising 

capacity [207]. In high electron density situations, the CI atom dissociates, 

combining with a pair of electrons and behaving as Cl+, a potent electrophile [208]. 

NaClO attacks the electron-rich core of biomolecules like peptides, enzymes, lipids, 

or DNA through the one-electron transfer mechanism [209]. NaClO shows broad-

spectrum antimicrobial activity and is an efficient disinfectant against biofilms and 

planktonic cells in Gram-positive [210] and Gram-negative bacteria [211]. 

 

1.2.2.2.2.6.9 Gentamicin 

Gentamicin is an aminoglycoside (AG) antibiotic with a high affinity for the 30S 

and 50S bacterial ribosomal subunit, that leads to the inhibition of protein synthesis 

[212]. AGs have a bactericidal effect and are commonly used to treat infections of 

Gram-negative bacteria, some Gram-positive infections, and particularly, 

multidrug-resistant tuberculosis [212, 213]. It has been described that gentamicin 

inhibits swarming motility in E. coli by lowering the expression of the gene 

encoding for the succinate dehydrogenase enzyme [214]. Exposure to this class of 

antibiotics generates bacterial mechanisms of AG resistance. The most common 
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mechanism is the inactivation of the compound by AG-modifying enzymes, which 

makes it harmless or reduces its toxicity [213]. The ribosomal modification by 

methyltransferases is a mechanism that modifies the target of AGs, impeding the 

recognition of the targeted ribosomal structures and preventing their inhibition. The 

modification and overexpression of efflux pumps contribute to expelling AGs out 

of the cell. The modification of the cell membrane elements reduces the uptake of 

AGs into the cell because of a lower permeability and a change in electrochemical 

properties and polarity [213].  

 

1.2.2.2.2.6.10 Tetracycline 

Tetracyclines are broad-spectrum antibiotics effective against various gram-

positive and gram-negative bacteria and some single-cell eukaryotic organisms 

[164]. Tetracycline belongs to the tetracycline family of antibiotics with a 

tetracyclic nucleus, from which the group's name derives [164]. The different 

derivatives of the family differentiate from each other, with distinct functional 

groups attached to the core [164]. Some family members are chemically 

synthesised, such as methacycline and doxycycline, and some are naturally 

synthesised by species of the genus Streptomyces [164]. Streptomyces rimosus and 

Streptomyces aureofaciens are the species from which oxytetracycline and 

chlorotetracycline were first extracted in the 1940s, respectively [164]. The 

tetracycline family of drugs prevents aminoacyl-tRNA from binding to the 

ribosomal acceptor (A), inhibiting protein synthesis [215, 216]. 

 

1.2.2.2.2.6.11 Spectinomycin 

Spectinomycin is an aminoinositol drug that inhibits protein translation. 

Spectinomycin interacts with RpsE at the minor groove of helix-34 of the 16S 

ribosomal RNA blocking the amino acid elongation process [217, 218]. It has been 

shown that spectinomycin has a moderate effect on Gram-positive and Gram-

negative bacteria in broad-spectrum infections. The most prevalent spectinomycin 

resistance mechanisms are target modification [219], enzymatic inactivation by 

nucleotidyltransferases [219-221], and native efflux pumps [222, 223]. 
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Fig. 1. Scheme shows different DNA damage types produced by various DNA-

damaging agents. The colour of circles links the kind of compound with the type of 

damage they can provoke. 
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1.2.3 Types of DNA damage 

 
1.2.3.1 Damaged base 

DNA bases can be damaged in a wide variety of ways, from endogenous to 

exogenous sources, that alter and destabilise the nucleotide structure (Fig. 1). UV 

light [52], ROS [71], IR [75], or alkylating agents [115, 116] are among the most 

common damage-base inducers. Examples of damaged bases are the removal of the 

exocyclic amine of the nucleotide (spontaneous base deamination) [47, 51], loss of 

the nitrogen ring (abasic sites) [54], alterations at the C8 carbon of guanine 

(aromatic rings) [117, 125], or O6-methylguanine (DNA methylation) [79, 81, 84]. 

NER and BER are DNA repair mechanisms to substitute damaged bases [224]. 

 

1.2.3.2 Mismatches 

Nucleotide misincorporation or mismatches occur during DNA synthesis resulting 

in noncomplementary base pairs that must be corrected to prevent coping mutations 

in subsequent replication steps [225] (Fig. 1). Mismatch nucleotides in DNA can be 

caused by mistakes during the replication process that incorporate errors, 

recombination between heteroallelic parental DNA, and physical or chemical-

damaging agents [226]. Repetitive sequences can provoke the formation of unusual 

secondary structures after aberrant DNA repair, causing mismatches. Another 

source of mismatches comes with the misincorporation of damaged bases [225]. 

Bacterial species such as Pseudomonas spp. (HexA), and E. coli (MutSLH 

complex) harbour mismatch repair mechanisms [227-229]. 

 

1.2.3.3 Intrastrand crosslinks 

Intrastrand crosslinks are produced when a strand of DNA crosslinks with itself 

[230] (Fig. 1).  Platinum drugs (carboplatin and cisplatin), widely used as antitumor 

treatments, create intrastrand crosslinks [230]. The adducts generated with these 

compounds are between purines at neighbour guanines (~54-65%), at 5’AG 

sequences (~17-19%), and GNG sequences in which the nucleotide in the middle 

can be any random nucleotide (<8%) [231]. ROS, such as the 5-(uracyl) methyl 

radical, can react with nearby adenines and guanines to create intrastrand crosslinks 

[232, 233]. UV radiation also causes intrastrand crosslinks [192]. Crosslinks, which 
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cause DSBs and SSGs, are repaired in E. coli by combining RecBCD and RecF 

repair pathways [234]. 

 

1.2.3.4 Interstrand crosslinks 

Interstrand crosslinks (ICLs) are created when two complementary strands of DNA 

crosslink [230] (Fig. 1). ICLs are one of a cell's most deleterious DNA lesions. 

Repair-deficient bacteria can die because of only a single ICL; a mammalian cell 

would need approximately 40 ICLs to succumb. Indeed, the mode of action for most 

anticancer agents is ICL, which constitutes the most cytotoxic lesion for many 

drugs. Moreover, ICL can promote other types of mutations and DNA 

rearrangements. ICLs alter the DNA structure and provoke devastating effects in 

numerous cellular processes if left unrepaired, as DNA strands cannot separate to 

replicate or transcribe [230]. ICLs are repaired in E. coli and other bacteria by 

excision repair and RR pathways [235]. MMC is used as an anticancer treatment 

that generates ICL [192]. 

 

1.2.3.5 DNA single-strand gap 

DNA single-strand gaps (SSGs), single-strand breaks, or daughter strand gaps are 

three terms to name a lesion in which one of the DNA strands is discontinuous [234] 

(Fig. 1). IR and UV light [74, 75, 99], ROS [63, 66], crosslinking agents [73, 236] 

and high temperature or extreme pH concentration [46, 55] cause abasic sites that 

lead to SSGs [58].  A pyrimidine dimer or abasic site that cannot be bypassed by 

the replisome can block it and ultimately cause SSGs. As the replication is 

discontinuous, other replisomes continue replicating the DNA strand beyond the 

lesion, rendering a gap from the stalled site to the newly synthesised DNA site 

[234]. The RecF system, or in minor cases, RecBCD repairs DSGs in bacteria [237].   

 

1.2.3.6 DNA double-strand break 

A DNA double-strand break (DSB) occurs when a gap in the DNA interrupts the 

continuity of the chain, creating a division with a length of a few base pairs [238] 

(Fig. 1). Different factors cause this type of DNA damage, such as DNA-damaging 

agents (DDAs) or replication past single-strand nicks [239]. The repair of DSB is 
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essential to preserve genomic integrity and prevent situations of fork collapse [240]. 

In bacteria, two main pathways for DSB repair are known: RR and NHEJ. 

 

1.2.4 Types of DNA damage repair mechanisms 

The preservation of genome integrity is important to perpetuate life, and only minor 

mutations contribute to genetic diversity and evolution [12]. Major changes usually 

lead to cell malfunction and cell death in bacteria. Unrepaired DNA damage is a 

very serious challenge to cells and can cause harmful mutations and produce cell 

death. Exogenous and endogenous DNA damaging agents represent a source of 

potential threats to genome integrity [241]. The recognition of the DNA damage 

occurs with an appropriate response triggered according to the class of lesion 

suffered by the DNA [242]. Following the recognition of the lesion, to repair the 

DNA and maintain genome integrity, organisms have developed diverse 

mechanisms to cope with DNA damage in an error-free and error-prone manner 

[241]. DNA repair, damage tolerance, cell cycle checkpoints, or cell death pathways 

are the resources that cells possess to combat DNA damage and prevent transmitting 

errors to the offspring [12].  

 

1.2.4.1 DNA excision repair pathways 

 

1.2.4.1.1 Base excision repair 

Base excision repair (BER) is the most critical DNA repair pathway to fix single-

base lesions in DNA [243, 244]. BER is found in all domains of life, highlighting 

its importance as a DNA damage repair mechanism [245]. BER fixes DNA damage 

such as alkylated bases, oxidative DNA base lesions, deaminated bases, UV-

induced cyclopyrimidine dimers, or oxidised pyrimidines [124, 243]. DNA 

glycosylases recognise DNA damage initially and extract the damaged base by 

cleaving N-glycosidic bonds between the 2´-deoxyribose and the injured nucleotide 

[246]. Different glycosylases specialise in specific types of damaged bases and can 

recognise subtle differences compared to undamaged bases [246]. Two main groups 

of DNA glycosylases, monofunctional or bifunctional, are classified depending on 

the reaction mechanism [247]. Monofunctional glycosylases disrupt the anomeric 
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carbon of the injured base through an activated water molecule that generates an 

AP site and a free base [247]. The abasic site is cleaved by AP endonucleases or AP 

lyases, and a phosphodiesterase removes the aromatic ring-phosphate from the 

DNA chain [224, 248]. Eventually, DNA polymerase and DNA ligase add a new 

nucleotide and seal the strand [249]. Bifunctional DNA glycosylases incorporate 

lyase activity that cuts the DNA strand at the abasic site [246]. Bifunctional DNA 

glycosylase cleaves the damaged base's N-glycosidic bond, generating an abasic 

site [224, 243].  The lyase activity of the glycosylase through ß-elimination cuts the 

bond that links the backbone and the phosphate group, separating both molecules 

[224, 249]. The 3´unsaturated aldehyde abasic fragment is removed by the AP 

endonuclease, and DNA polymerases fill the gap left in the DNA strand [249].  

 

1.2.4.1.1.1 Ada response 

In E. coli, the Ada response system overcomes DNA damage generated by cytotoxic 

and mutagenic DNA alkylation. Ada is a regulon controlled by the Ada protein that 

regulates the expression of four genes, ada, alkA, alkB, and aidB [119, 121]. The 

methyltransferase Ada is involved in repairing O6meG. The glycosylase AlkA 

repairs 3meA and initiates the BER pathway [250, 251]. The dioxygenase AlkB 

catalyses oxidative DNA demethylation to fix 1meA and 3meC lesions  [252, 253]. 

Additionally, the constitutively expressed alkyltransferase Ogt, which has a similar 

function to Ada, repairs O6meG and O4meT and induces the Ada response [254-

256]. The Ada response is a widely conserved mechanism across the bacterial 

domain, although the substrate specificity of specific proteins varies depending on 

species [119, 256]. The Ada response fixes alkylation damage induced by MMS. A 

deficient BER system and functional AlkB response induce the SOS response, 

increase the number of spontaneous mutations, and cause a growth-deficient 

phenotype [124, 257].  

 

1.2.4.1.2 Nucleotide excision repair 

The nucleotide excision repair (NER) system is present in all domains of life and 

can repair various types of DNA lesions [258]. NER divides into two distinct 

pathways, categorised according to the type of modification generated in the DNA 
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[259]. The first sub-pathway is the global-genome mechanism (GG-NER), which 

recognises significant alterations of the DNA that modify the structure and, in 

humans, are sensed by the XPC protein [260]. The second sub-pathway is RNA 

polymerase (RNAP) mediated, as the blockage of these enzymes triggers the second 

transcription-coupled NER (TC-NER) mechanism [261]. GG-NER is mainly active 

in inactive transcription sites, and TC-NER acts primarily in active transcription 

sites [262]. NER was first discovered in studies of UV-induced DNA lesions in 

bacteria [263-265]. Bacterial NER comprises four main proteins: UvrA, UvrB, 

UvrC, and UvrD [266]. Dimeric UvrA is a DNA-damage tracker that binds alone 

or in conjunction with UvrB to injured DNA and is ATP-driven [267-269]. UvrB 

binds to the UvrA-DNA complex by directly interacting with UvrA, and then UvrA 

dissociates from the complex [267]. UvrC, which possesses two nuclease domains, 

is recruited to the UvrB-DNA complex (directly binding UvrB) to cut damaged 

bases at each side of the lesion [265, 266]. Finally, UvrD helicase removes the 

damaged sequence and polymerase I fill the gap with new nucleotides [270]. In E. 

coli, one of the mechanisms to counteract the effect of DNA damage caused by 

cisplatin is NER [192]. NER mutants are highly sensitive to cisplatin, unlike WT 

cells [190]. Similarly, the RR mechanisms are equally important to overcome the 

DNA damage produced by cisplatin. Recombination-deficient mutants, with 

knockouts in recA, recBCD, uvrABC, or priA, show impairment in growth upon 

treatment with cisplatin [190].  

 

1.2.4.1.3 Mismatch repair  

Mismatch repair (MMR) primarily detects two types of DNA errors: single base 

mismatches and insertion or deletion events [60]. Certain mismatches, like G-T, 

naturally occur at a higher frequency than others, like C-C mismatches [271]. 

Consequently, mismatch-sensing proteins like MutS are adapted to detect frequent-

occurring mismatches and overlook rare-occurring mismatches [272]. In bacteria, 

the mismatch repair mechanism can be either methyl-dependent or methyl-

independent according to the organism [273, 274]. The best-well-studied bacterium 

for mismatch repair is E. coli, which harbours the methyl-dependent system, that is 

also present in other closely related bacteria [275]. This mechanism has two 
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principal proteins: DNA adenine methylase (Dam) and the hemi-methylation-

specific endonuclease MutH [275]. MutH nicks unmethylated, newly synthesised 

DNA strands to rectify incorrect bases [273]. In most bacteria, the methyl-directed 

pathway (Dam and MutH) is absent [275]. However, it is replaced by other 

methylation-independent mismatch repair proteins, such as MutS in B. subtilis, or 

MutS and MutL in C. crescentus [276, 277]. DnaN, which forms a replication 

sliding clamp, recruits DNA repair proteins to the replisome [278, 279]. MutS, 

which has a DnaN binding motif, is recruited to the active transcription site to 

contribute to finding DNA mismatches [280]. Likewise, the endonuclease 

mismatch-specific protein EndoMS (or NucS) is an alternative to Dam and MutH 

in certain archaea and Actinobacteria, such as Mycobacterium [281, 282]. NucS, 

which possesses a mismatch-specific RecB-like nuclease domain, associates with 

DnaN to form a non-conventional mismatch repair complex [281-285].  

 

1.2.4.2 Recombinational repair pathways 

DNA damage repair by homologous recombination (HR) requires a previous 

preparatory process called pre-synapsis or pre-synaptic single-strand gap repair 

(SSGR). The pre-synapsis mechanism consists of the unwinding and degradation 

of the injured DNA to prepare the lesion for a later binding of RecA, that initiates 

the recombinational repair (RR) or HR repair. Following this presynaptic phase, the 

synaptic step consists of the alignment of the injured sequence with an intact 

homologous sequence. The third and final step, post-synapsis, is the resolution of 

the DNA junctions. The preliminary step differs depending on whether the lesion is 

an SSG or a DSB [234]. 

 

1.2.4.2.1 Pre-synaptic single-strand gap repair 

 

1.2.4.2.1.1 RecF 

E. coli repairs DNA SSGs with the RecF pathway. The study and characterisation 

of the RecF system have been mainly done in E. coli [234]. The RecA pathway 

involves several proteins: RecA, RecF, RecG, RecJ, RecN, RecO, RecQ, RecR, 

RuvA, RuvB, RuvC, single-strand DNA binding (SSB) proteins, UvrD, and HelD 
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[286-292]. RecF is widely conserved across bacteria, and so are its constituent 

elements [293]. The pre-synaptic repair process starts with RecQ or RecJ. 

Depending on the type of DSB end (5´-ssDNA overhang, 3´-ssDNA overhang, or 

blunt end), either the exonuclease RecJ or the helicase RecQ start the pre-synaptic 

DSB repair [294]. RecQ is a 3´ to 5´ helicase that initiates the pre-synaptic repair 

process before RR and participates in later recombination steps [295, 296]. The 

exonucleolytic degradation of ssDNA by RecJ requires interaction with SSB 

proteins [294]. RecJ degrades dsDNA (100-200 nt) from the strand terminating with 

a 5´-ssDNA overhang [297, 298]. The resultant 3´-ssDNA overhang (or a 3´-ssDNA 

overhang caused by the DSB) is unwound by the helicase RecQ, which can also 

unwind blunt ends [294, 299, 300]. Additionally, RecQ can decatenate DNA 

duplexes in conjunction with Topoisomerase III [296, 301]. Following DNA 

unwinding, the 5´-ssDNA strand is again available to be the substrate for the 

exonuclease activity of RecJ [294]. Although the function of RecN is unknown in 

E. coli, B. subtilis RecN is one of the first proteins to appear in the DSB end. It is 

thought that RecA promotes the re-joining of both strands by recruiting other repair 

proteins to the site of the lesion [302-304]. The SSB proteins bind the ssDNA 

generated by the action of RecJ and RecQ to protect it from nuclease degradation 

[237]. RecF, RecO, and RecR form the RecFOR complex to bind to the 5´-end of 

an ssDNA gap and load RecA onto SSB-coated ssDNA [305]. The combination of 

RecO and RecR is sufficient for the efficient loading of RecA into the SSB-ssDNA 

complex and expelling SSB proteins from the ssDNA  [306, 307]. However, the 

presence of RecF increases the loading efficiency since RecF participates in SSB 

displacement [234]. RecA finishes the pre-synaptic process and initiates the RR of 

the SSG [234, 237]. The RuvABC complex is a Holliday junction (HJ) resolvase 

that acts at the RR process, catalysing migration, and cleavage of HJs [308, 309]. 

RecG is a multifunctional helicase that works during the RR as a DNA translocator 

at HJs and drives their branch migration, contributing to DNA repair [234, 310]. 

 

1.2.4.2.1.2 RecBCD 

The RecBCD is a pre-synaptic system coupled to RR, mainly described for DSB 

repair (described below) [234, 237, 311]. Nevertheless, recent investigations 
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revealed that a recB deficient strain showed a decrease in SSG DNA repair. This 

deficient phenotype suggests the involvement of RecBCD in SSG repair (although 

to a much lesser extent than the RecF pathway) [312]. 

 

1.2.4.2.2 Pre-synaptic double-strand break repair 

RR is, along with NHEJ, the mechanism to repair pre-synaptic double-strand break 

repair (DSB) in bacterial cells [313] (Fig. 2A). RR requires a homologous sequence 

that is used as a template for repairing the injured DNA sequences [239]. However, 

before the pre-synaptic stage [296], cells developed certain mechanisms to prepare 

DNA strands to be suitable for RR. In bacterial cells, this RR pre-processing event 

is performed by three multiunit enzymatic complexes: RecBCD, AddAB and 

AdnAB [239, 313].  

 

1.2.4.2.2.1 RecBCD 

RecBCD, present in E. coli, is the most well-studied and characterised member of 

the RecBCD and AddAB enzyme families [239, 313]. They differ primarily in the 

combination of nuclease and helicase activity used to resect DNA strands [239]. 

Bacterial genomic DNA contains preferred binding site sequences (Chi sites) to 

which RR enzymes bind to fix DNA lesions [314, 315]. The first step of RecBCD 

is binding to the end of the damaged fragment, followed by DNA unwinding [316] 

(Fig. 2B). RecBCD slides from the lesion towards the Chi site, powered by RecB 

in one strand (3´-5´direction) and RecD in the opposite strand (5´-3´direction) [317, 

318] (Fig. 2BC). While moving towards the Chi site, the magnesium-dependent 

nuclease domain of RecB degrades both strands [319] (Fig. 2C). The translocation 

and degradation continue until the RecBCD complex reaches the Chi site in the 3´-

terminated strand, which is recognised by RecC [320] (Fig. 2D). Once on the Chi 

site, RecBCD undergoes conformational changes and chews only the 5´-terminated 

strand, rendering a 3´overhang in the complementary strand [319] (Fig. 2E). The 

last common step for the three pathways of RR is the loading of the recombinase 

RecA to the Chi site, creating nucleoprotein filaments [321] (Fig. 2F). Following 

RecA loading, the RecBCD complex dissociates, and RecA starts the strand 

invasion of the intact homologous DNA sequence [322-324] (Figs. 4A4, A5). 
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1.2.4.2.2.2 AddAB 

AddAB is a DSB repair complex found in B. subtilis like RecBCD. The overall 

mechanism of both complexes is very similar, although remarkable dissimilarities 

exist. The lack of a RecD helicase subunit homolog is the most striking difference 

between both systems [325]. The AddA subunit shares the same folding as RecB, 

but the AddB subunit differs from RecC in essential features. For example, in the 

amino-terminal helicase-like fold, AddB conserves more vestigial amino acids 

surrounding the nucleotide binding sites than RecC [239]. Furthermore, unlike 

RecC, AddB possesses an additional nuclease domain with a putative structural role 

in a 4Fe-4S iron-sulphur cluster. Hence, AddAB has two nucleases and one helicase, 

while RecBCD displays two helicases and one nuclease [326]. In contrast to 

RecBCD, which recognises the Chi binding site, the recognition motif of AddAB 

only detects 5 nt. However, AddAB is more stable than the RecBCD-Chi complexes 

[327]. 

 

1.2.4.2.2.3 AdnAB 

Mycobacterium spp. harbours AdnAB, a member of the RecBCD/AddAB family 

[328]. Following a DSB and without ssDNA, AdnAB unwinds dsDNA from the 

DSB ends [329]. AdnAB is composed of two subunits that are, in turn, formed by 

two heterodimers, a nuclease and a helicase [330]. The helicase of each subunit 

unwinds both strands by hydrolysing ATP to translocate the AdnAB complex along 

the same 3´-5´strand, analogous to AddAB [330, 331]. The AdnB helicase is the 

major translocator of AdnAB and plays a more critical role in powering the complex 

along the 3´-5´ ssDNA [331]. The nuclease AdnB degrades ssDNA in 3´-

5´direction, while AdnA is the lagged helicase, whose nuclease heterodimer 

degrades ssDNA in the opposite 5´-3´ strand [329, 332]. As opposed to AddAB and 

RecAB, no Chi site has been identified in AdnAB to assist in the polymerisation of 

RecA [332]. Functionally, AdnAB is more similar to AddAB than RecBCD [313]. 

However, the structural complexity of AdnAB is halfway through the evolution of 

repair mechanisms from simple helicases to more complex RecBCD systems [332].  
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1.2.4.2.2.4 RecF 

Recombination was considered for many years dependent on the RecBCD pathway. 

The RecBCD pathway initiates following DSBs in biological processes such as 

phage crosses, conjugation, and transduction. Thus, the RecF pathway was thought 

to be a minor system [234, 237]. However, RecF is involved in all RR of ssDNA 

gaps, like the repair of strand gaps resulting from inefficient DNA replication from 

imperfect templates [234, 311]. The absence of RecBCD in certain bacteria or the 

inhibition of this system demonstrates that the RecF pathway, which has been 

mainly described for repairing SSGs, is also involved in DNA DSB repair [234, 

312]. The capability of the exonuclease RecJ to resect dsDNA allows the RecF 

pathway to repair DSGs [295]. E. coli deficient RecBC, induced by sbcC and sbcD 

(suppressors of RecCD) mutations, repairs DNA DSBs via the RecF pathway [234, 

333, 334]. Likewise, Deinococcus radiodurans, a highly radiation-resistant 

bacteria, repairs numerous DSBs with the RecF pathway, given the absence of 

RecBCD in this species [335-337].  
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Fig. 2. Diagram of the RecBCD pathway. (A) DSB is caused by DNA damage. (B) 

RecBCD binding to the end of a duplex DNA upon DSB, unwinding, and 

translocation along the DNA duplex. The Chi sequence (red colour) is a stop signal 

for the RecBCD translocation. (C) RecB (3′ to 5′) and RecD (5′ to 3′) parallelly 

advance over complementary strands. RecB runs faster than RecD, resulting in a 

ssDNA loop ahead of the complex. The nuclease activity of RecB degrades both 

DNA strands, which is concomitant to the progress of the complex. (D) RecBCD 

stops and settles at the Chi site. (E) RecBCD undergoes conformational changes 

that accelerate the degradation of the 5´-end, leaving a 5´-end overhang. (F) 

RecBCD loads RecA to the 3´-overhanging DNA and dissociates [239]. 

A 

B 

C 

D 

E 
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1.2.4.2.3 Recombinational repair mechanism (synapsis) 

A pre-synaptic preparation of damaged sequences precedes the RR synaptic repair. 

The repair process finishes when the RecF or RecBCD pathways load RecA into 

SSB-coated ssDNA to initiate the RR [234, 237, 305, 338]. Following RecA loading 

onto SSB-coated ssDNA by RecFOR or RecBCD, RecA forms a nucleoprotein 

filament to link the ssDNA to one of the strands of homologous dsDNA sequences 

[234, 305, 339]. The nucleoprotein filament is formed by the polymerisation of 

RecA monomers in a right-handed helix conformation around the DNA (with 

approximately six monomers per turn). This quaternary conformation allows the 

filament to acquire catalytic properties [321, 340]. RecA searches for dsDNA 

homologous to ssDNA through the nucleoprotein filaments [339]. The RecA-

ssDNA twosome displaces one of the strands of the intact homologous sequence 

dsDNA and aligns with the other strand, creating a displacement loop (D-loop) 

[341, 342] (Fig. 4A4). The effectivity of the pairing relies on homology, with the 

possibility of reverting the pairing if homology is low [343, 344]. A DNA 

polymerase is recruited to extend the stable D-loop by using the complementary 

homologous DNA strand as a template and the ssDNA as an oligo [339]. The risk 

of D-loop disassembly remains feasible until no ssDNA is available, although this 

possibility lowers with each nucleotide synthesised, which increases sequence 

homology [345, 346].  

 

The postsynaptic process is the resolution of the four-strand junctions, or HJs, 

formed due to the two exchanged DNA strands (Fig. 4A5). In E. coli, junction 

removal is catalysed by the RecG and RuvABC resolvasomes. RecG is a potent 

monomeric DNA helicase that regresses the three-strand HJs and dissociates to 

allow RuvABC to bind the fork [347]. The RuvABC enzymatic complex 

translocates four-strand HJs and cuts DNA strands symmetrically at suitable 

resolution sites. The damaged strand is then repaired after copying the sequence of 

another undamaged homologous dsDNA and the resolution of the four-strand 

junctions [234].  
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1.2.4.2.3.1 RecA 

RecA is an ATP-dependent multifunctional protein with ss/dsDNA binding activity. 

RecA plays a crucial role in two central DNA damage repair and response pathways: 

the recombinational repair system (as described above) and the SOS response [338, 

340]. For the RR mechanism, RecA is involved in three main functions: creating 

the nucleoprotein filament on ssDNA, searching homologous dsDNA to initiate 

homologous synaptic repair, and managing strand exchange activity by the invasion 

of the intact homologous dsDNA [321, 346, 348, 349] (Fig. 4A4). RecA is one of 

the crucial components of the SOS-dependent response [350] (and the SOS-

independent response in some bacterial species [351]) (described below). RecA has 

two main functions in the SOS-response pathway. The first role is the co-protease 

activity to stimulate the autocleavage of the LexA repressor, which regulates the 

expression of diverse genes involved in the DNA damage repair system [352, 353]. 

The second function is the induction of translesion synthesis to bypass unrepairable 

DNA lesions by facilitating the DNA autocatalytic cleavage of UmuD, which 

stimulates DNA synthesis with polymerase V [24-26, 338].  

 

RecA is a powerful ATPase with a catalytic rate constant (Kat) of ~30 min-1 if 

attached to a ssDNA or ~20 min-1 if bound to a dsDNA [354]. RecA hydrolyses ATP 

at least in three steps of presynaptic homologous recombination. The first occurs 

during the early stages of the homology search of the intact homologous dsDNA 

[341]. The second case of ATP hydrolysis is triggered to disassemble RecA from 

the nucleoprotein filament once strand invasion is accomplished [355]. Finally, the 

third ATP hydrolysis occurs when RecA bypasses non-homologous sequences 

during strand invasion [346, 356]. Before the action of RecA, the RecBCD complex 

hydrolyses ~3 ATP per bp/s and unwinds 930 bp/s of dsDNA in the presynaptic 

preparation before the recombinational repair [357, 358]. E. coli consumes an 

average of 0.8 million and 6.4 million ATP per second in the stationary phase and 

the exponential phase, respectively [359]. Another example of ATP hydrolysis in a 

DNA damage repair mechanism is the Mycobacterium smegmatis AdnAB, a 

helicase-nuclease complex that hydrolyses 5 ATP per bp unwound of at least 11.2 

kilo bp of linear duplex DNA (the maximum unwound plasmid DNA tested in 
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Mihaela-Carmen Unciuleac and Stewart Shuman in 2010) [329]. A homologous 

DNA repair mechanism found in the B. subtilis AddAB helicase-nuclease 

hydrolyses two ATP per bp [360]. The superfamily 1 helicase only consumes one 

ATP per bp, being far more efficient than any of the mentioned helicases [361-363]. 

These cases show the variability of energy consumption among similar processes 

in different species of bacteria. These are only a few examples of an extensive 

network that bacteria display to address the vital aspect of DNA damage repair, 

whose energy cost is probably low in comparison to the high benefit of maintaining 

genome integrity. However, the energy cost greatly depends on factors such as the 

species, environment, growth phase, or nutrient availability [359]. 

 

1.2.4.3 Alternative repair pathways  

 

1.2.4.3.1 Non-homologous end joining 

Non-homologous end joining (NHEJ) is a DSB repair mechanism that mainly 

differentiates from RR because it does not need a DNA strand template to 

recombine to repair DNA damage [364]. NHEJ bypasses the limitation of requiring 

an intact DNA template that is only available in certain phases of the life cycle 

[364]. NHEJ is advantageous over RR because it is a more straightforward 

mechanism that can be performed at any time during the life cycle. Nevertheless, 

NHEJ has the drawback of being a low-fidelity repair system [239]. NHEJ 

processes DSB ends to make them suitable for subsequent ligation of both ends 

[239]. Although a standard model for the bacterial NDEJ system can be outlined, 

other accessory proteins participate in the mechanism and are species-dependent 

[364]. The model for the NHEJ system consists of a Ku dimer, which is recruited 

to the DSB lesion and attaches to the end of the chain [365] (Fig. 3A). Ku recruits 

and directly interacts with the ATP-dependent ligase LigD (or LigC, LigD2, or 

LigD4, depending on the bacterial species), probably via the polymerase domain of 

the holoenzyme (PolDom) [365] (Fig. 3A). LigD processes unligatable DSB ends 

with the PolDom, the nuclease domain (NucDom), or both, before the ligation 

process by the ligase domain (LigDom) [365] (Fig. 3A). NHEJ competes with RR 

for fixing DSBs during replicating phases in certain bacterial species, but not in all 
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of them. Following the deletion of two ku genes in S. avermitilis and ku, ligC, or 

ligD in S. ambofaciens, the RR system compensates for the lack of DSBR in NHEJ 

[366, 367]. In contrast, NHEJ and RR do not compete to repair dsDNA ends in B. 

subtilis, since the NHEJ mechanism inhibits RecJ and AddAB nucleases in 

germinating spores [322, 368]. NHEJ system is triggered in S. meliloti by the entry 

into the stationary phase and the exposition to thermic stress, which causes the 

upregulation of ku [369]. ~90% of α-proteobacteria species have at least one 

binding site for a type of sigma factor (σ) called extracytoplasmic function sigma 

factor G (σECFG) in at least one ku gene, suggesting that σECF often regulates the 

transcription of ku [370, 371]. Homolog and ortholog screening studies revealed 

that ~25% of prokaryotes encoded ku-like genes, suggesting a remarkable 

dissemination of the NHEJ mechanism [372]. More than ~70% of Streptomyces 

species encode more than one ku gene, and more than ~50% of α-proteobacteria, 

which encode at least one ku gene, harbour two or more genes [367, 372]. The 

NHEJ system is widely present in plasmids and bacteriophages, suggesting their 

incorporation through horizontal gene transfer (HGT) [364]. This, together with the 

fact that NHEJ can link unrelated non-homologous DNA ends, potentiates genomic 

diversity [373]. ku and ligD are essential for logarithmic growth in Mycobacteria 

spp. or S. meliloti to repair linearised plasmids after transformation [369, 374-376]. 

Likewise, ligD and ku are necessary for circularising mycobacteriophages Omega 

and Corndog to infect M. smegmatis [377].  

 

1.2.4.3.2 Alternative end-joining 

Alternative end-joining (A-EJ) is an alternative non-templated mechanism for 

repairing DSBs discovered in pathogenic E. coli [373]. E. coli is an NHEJ-free 

bacterium that lacks Ku and LigD proteins and has even been used as a negative 

control in NHEJ experiments with other bacteria [378, 379]. The A-EJ repair 

pathway relies on the use of the nuclease/helicase RecBCD complex to detect DSBs 

and degrade the ends of two strands [373] (Fig. 3B). Ligase A (LigA), an enzyme 

involved in the ligation of Okazaki fragments for joining DNA breaks, links both 

DNA ends in the microhomology regions (1-9 nt) [373] (Fig. 3B). The 

microhomology between both strands is essential for their synapsis and is strongly 
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dependent on the stickiness of their ends [373]. Therefore, A-EJ is likely a 

mechanism specific for DSBs in sequences with high homology with compatible 

ends [373]. The process is finished with an uncommon DNA synthesis event [373] 

(Fig. 3B). A-EJ in pathogenic bacteria shows a high-fidelity repair pathway rather 

than other common repair mechanisms involving microdeletions or more extensive 

deletion processes [373]. The fidelity rate is species-dependent and is determined 

by the short- or long-range exonuclease activity [373]. E. coli can incorporate 

unrelated exogenous non-homologous DNA sequences via A-EJ [373]. Similar to 

NHEJ, A-EJ can contribute to bacterial HGT and promote gene evolution in bacteria 

to acquire new traits for adapting to changing environmental conditions [373]. 
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Fig. 3. Diagram of the putative model of A-EJ. (A) The Ku (ellipse) homodimer 

protects DSB ends and recruits LigD for processing and ligation of duplex DNA for 

synapsis in the NHEJ pathway. (B) In A-EJ, the helicase/nuclease RecBCD 

complex (dark-blue incomplete circle) degrades overhanging or blunt-end 

sequences that pair by microhomology (red square in the middle of DNA 

sequences). LigA (yellow rhombus) seals the ends completing the synapsis [373]. 
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1.2.4.3.3 Interstrand crosslink repair 

 

1.2.4.3.3.1 RecA-dependent interstrand crosslink repair pathway 

The interstrand crosslink repair (ICLR) pathway in E. coli is the best-characterised 

ICLR system in bacteria. It implies the conjunction of the NER and RR pathways 

working together to remove a crosslinked DNA lesion [235, 380] (Fig. 4A). After 

the introduction of an ICL (Fig. 4A1), the NER enzymes UvrABC cut one of the 

strands at both sides of the lesion, at the ninth phosphodiester bond 5´ and the third 

bond 3´ to the ICL [235] (Fig. 4A2). The 5´-exonuclease activity of DNA 

polymerase I (Pol I) excises nucleotides from the 3´ side of the ICL to create a gap 

[381, 382] (Fig. 4A3). This gap creates a ssDNA that RecA needs to form a 

nucleoprotein filament and ultimately perform RR [348, 381] (Fig. 4A4). The RecA 

nucleoprotein binds to the damaged strand with the ICL oligonucleotide (the injured 

fragment of DNA cut at both sides to be excised). The RecA-ssDNA twosome starts 

the strand invasion by exchanging the injured strand with the intact homologous 

ssDNA duplex and displacing the complementary intact ssDNA [383] (Fig. 4A4). 

The resolution of the resulting HJ separates dsDNA [384, 385] (Fig. 4A5). Two 

more incisions of UvrABC at each side of the crosslinked oligonucleotide remove 

the complementary damaged strand of the ICL dsDNA [381, 383, 386] (Fig. 4A5). 

DNA Pol I fill the gaps of the ssDNA, and ligase seals the gaps between nucleotides 

[381] (Fig. 4A6).  

 

1.2.4.3.3.2 RecA-independent ICL repair pathway 

RecA-deficient strains possess an alternative system to repair the ICL that employs 

NER and DNA polymerase II (Pol II) [387] (Fig. 4B). After a DNA ICL (Fig. 4B1), 

UvrABC starts cutting one of the DNA strands like in the ICLR RecA-dependent 

pathway [381, 386] (Fig. 4B2). However, since the RR system is absent in this 

independent ICLR, RecA does not participate. Pol II synthesises bases directly 

along the gap left by the oligonucleotide (Fig. 4B3). The damaged oligonucleotide 

moves apart, and UvrABC cuts it to remove it completely [387] (Fig. 4B4). Finally, 

Pol II finishes synthesising complementary bases on the homologous non-

crosslinked template, and ligase sealing the gaps [381, 386] (Fig. 4B5). 
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Fig. 4. Diagram illustrating ICLR and alternative ICLR in RecA deficient strains. 

(A) The black and white DNA duplexes represent homologous DNA sequences, and 

the vertical lines represent nucleotide pairing. De novo synthesised DNA is 

represented in green. The ICL is represented by the black diagonal line. (A) RecA-

dependent ICL system via recombinational repair. (A1) ICL is generated in the 

A B 
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DNA. (A2) The endonuclease UvrABC cleaves DNA on both sides of an ICL. (A3) 

The exonuclease activity of Pol I produces an ssDNA gap on the 3´-end of the ICL 

that allows RecA to polymerise on the ssDNA, forming a nucleoprotein filament. 

(A4) The RecA-ssDNA twosome invades an intact homologous dsDNA (to the 

damaged sequence) and starts strand invasion, followed by DNA synthesis. (A5) 

The HJs formed during the strand invasion are resolved by specialised helicases. 

The ICL-damaged strand is cut at both sides by UvrABC. (A6) Pol I fills the gap 

between the newly synthesised DNA and the non-damaged DNA ends (eventually 

ligated), removing the crosslinked damaged sequence. (B) RecA-independent ICLR 

system via NER and TLS. (B1) Insertion of an ICL within DNA bases. (B2) The 

NER endonuclease UvrABC cleaves at both sides of an ICL. (B3) Pol II synthesise 

DNA in a TLS-induced response. (B4) UvrABC cuts at both sides of the ICL 

damage on the complementary ssDNA. (B5) Pol I fills the gap between the newly 

synthesised DNA and the non-damaged DNA ends (eventually ligated), removing 

the crosslinked damaged sequence [172]. 
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1.2.4.3.4 Translesion synthesis 

NER and RR pathways could fail to repair DNA under severe DNA damage or 

during life cycle stages without homologue sequences (RR) [339, 388, 389]. Many 

bacteria harbour an alternative backup mechanism to bypass the replication 

blockage caused by unrepairable DNA damage [234]. Translesion synthesis (TLS) 

is an error-prone system that uses specialised low-fidelity polymerases to synthesise 

bases at the site of the lesion. This mechanism is the primary source of point 

mutations and promotes genetic diversity [24]. TLS is a repair system widely 

distributed across all domains of life. In higher eukaryotes, the DNA polymerases 

REV1, POL ζ, POL η, POL κ and POL ι are part of the TLS, bypassing DNA damage 

to continue the replication. These error-prone polymerases could insert incorrect 

bases that, if uncorrected, persist in the genome [12]. TLS is present in many 

bacteria under the regulation of the SOS response, which induces the expression of 

error-prone polymerases in DNA damage conditions [390-392]. Although this 

alternative mechanism is not involved in recombinational repair, it is controlled by 

RecA and requires its direct collaboration [393, 394]. When a lesion is detected and 

the TLS is induced, RecA dissociates from the site of the lesion, and the replisome 

changes the conformation to bypass the damage [234]. In E. coli, the highly 

conserved TLS DNA polymerase PolIV (DinB) and PolV (UmuDC) are responsible 

for the TLS DNA synthesis in conditions of unrepairable DNA [395]. RecA 

regulates TLS in two ways: indirect activation of UmuC and UmuD via LexA (SOS 

response) and direct activation of UmuD. The first regulation is triggered upon 

prolonged activation of the SOS response, upregulating the expression of umuC and 

umuD [396, 397]. The second level of regulation activates UmuD through binding 

RecA filament for auto-cleavage [398]. This cleavage requires high concentrations 

of magnesium, likely to modulate a late response of TLS in the late stages of the 

SOS response [234]. The auto-cleaved UmuD links to UmuC to form the UmuDC 

active complex to catalyse DNA TLS [399, 400]. DinB is also SOS response 

regulated and markedly upregulates upon DNA damage [60], becoming the most 

abundant polymerase in the cell (~2500 molecules) [401]. This fact indicates the 

importance of polymerase IV in overcoming cellular DNA damage. DinB can act 

alone or form a binary complex with RecA, indeed the efficiency of repairing 
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alkylated damaged bases is higher if partnered with RecA [402]. DinB can bypass 

N2-deoxyguanosine adducts [403-406] and lesions derived from alkylation [402, 

403, 407, 408]. DinB can bypass damaged bases thanks to a broader active site than 

other high-fidelity polymerases. However, this active site prevents DinB from 

proofreading synthesised bases, unlike high-fidelity polymerases [409, 410]. Thus, 

low-fidelity polymerases cause frameshift mutations and nucleotide 

misincorporation if the proofreading activity is poor or absent  [411, 412]. The TLS 

repair pathway in B. subtilis is performed by the polymerases YqjH and YqjW [413, 

414]. yqjH is independent of the SOS-dependent response, as it is constitutively 

transcribed during vegetative growth. Meanwhile, yqjW is controlled by the SOS-

dependent response and is tightly repressed during vegetative growth, but it is 

induced under DNA-damaging conditions [413]. Novobiocin was demonstrated to 

inhibit translesion synthesis (TLS), preventing the potential acquisition of AMR 

generated through DNA damage-induced mutagenesis [206]. imuABC (an umuDC 

homolog) is the system controlling TLS-induced mutagenesis in C. crescentus, M. 

tuberculosis, and other bacteria devoid of umuDC [415, 416]. imuABC is an SOS-

dependent regulon that, unlike umuDC, it does not require the mediation of RecA 

to activate [417]. C. crescentus also harbours a DinB homolog but not a polB 

homolog, unlike E. coli [418]. ImuA is an SOS-response-regulated protein and cell-

division-blockage inducer, and ImuB is a member of the Y polymerase family. 

ImuC is a polymerase III (Pol III) that efficiently participates in error-prone TLS, 

bypassing persistent DNA damage [418-420]. TLS is highly regulated as a security 

measure to avoid error-prone transcription-induced mutations without previous 

unrepairable lesions in the DNA. TLS does not induce mutagenesis even when it is 

engineered to be expressed constitutively [173, 417].  

  

1.2.5 DNA damage response 

Bacteria possess complex systems to cope with environmental changes [421]. 

Antibiotic resistance is one of the main concerns for public health. Mutations in 

critical bacterial genes confer bacteria with the capacity to tolerate higher doses of 

antibiotics [422]. Persistent bacteria, which are populations of highly stress-

resistant bacteria, create chronic infections due to antibiotic resistance [422-424] 
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through various complex and redundant molecular mechanisms [425, 426]. Critical 

systems to generate antibiotic resistance are translesion synthesis (TLS) [173], HGT 

[427], quorum sensing, oxidant tolerance, toxin-antitoxin system (TA), energy 

metabolism, global stress response, multidrug efflux pumps (MDEPs) and DNA 

damage responses (DDR) like the SOS response [424, 425, 428, 429].  

 

1.2.5.1 SOS response 

The SOS response is an inducible system evolved in bacteria to survive DNA 

damage conditions. The SOS response enables the orchestrated induction of several 

proteins that contribute to protecting the integrity of the DNA [241]. The SOS 

response is triggered by different types of DNA damage that are recognised by 

different mechanisms and specific proteins. The regulation of this system is very 

complex given the high probability of mutagenesis in cases of severe DNA damage 

in the genome that can induce error-prone polymerases to bypass unrepairable 

lesions [241]. The SOS response is divided into the SOS-dependent and SOS-

independent responses. 

 

1.2.5.1.1 SOS-dependent response 

The SOS-dependent response is a global transcriptional stress response regulon that 

controls several genes involved in DNA damage tolerance and repair [430] (Fig. 5). 

It was first described in the 1970s in E. coli, where most research has been done, 

and first named by Miroslav Radman in 1974 [352]. The SOS response pathway is 

widely conserved across bacterial species and the best-characterised DNA-damage 

response system [431]. This system requires recA (recombinase A) and lexA (locus 

for X-ray sensitivity A) [352] (Fig. 5). The SOS response comprises several genes 

(more than 50 genes in E. coli) that, under non-stress conditions, are repressed by 

the LexA dimer, which binds to the promoter region of target genes (SOS boxes) 

[353, 432, 433] (Fig. 5). DNA damage causes DNA polymerases to stall due to the 

lesion, while helicases continue to unravel DNA, and ssDNA levels increase [25]. 

Following DNA-damage induction, RecA, the central member of RR (described 

above), binds to the 3´-end of ssDNA, forming a nucleoprotein filament around it. 

The co-protease activity of the RecA-ssDNA stimulates the autocleavage of the 
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repressor LexA [338, 352] (Fig. 5). LexA derepresses the transcription of various 

genes of the SOS response involved in error-prone replication, base-excision repair, 

cell cycle, and chromosome segregation [388] (Fig. 5). This is a reversible system 

that regresses to its initial state once RecA is inactivated after DNA damages have 

been repaired. The LexA dimer is restored and returns to repress its target genes 

[431, 434]. The SOS response is sequentially executed and depends on the strength 

of the LexA-binding sites. For example, sulA or umuDC genes with powerful LexA-

binding sites are de-repressed late and only in the presence of a high level of DNA 

damage [27]. High-fidelity repair mechanisms act primarily, followed by low-

fidelity repair mechanisms (such as TLS), which activate when DNA damage 

persists [435]. The SOS response upregulates the transcription of three error-prone 

DNA polymerases (polB, dinB, and umuDC) to overcome the DNA-repair stalls 

when the damages persist [241, 436]. In C. crescentus, the imuABC-dnaE2 operon 

is responsible for SOS-induced TLS mutagenesis [417]. Many genes involved in 

the SOS response are conserved genes such as lexA, recA, ssb, uvrA, and ruvCAB 

[437]. However, some other genes involved in the SOS response vary between 

different species and their LexA binding site, which regulates their transcription 

[433, 438-440]. This SOS-regulated operon is conserved in bacteria and is part of 

the SOS-mediated response to the antibiotic ciprofloxacin in P. aeruginosa (11). 

ROS causes DNA oxidative stress, inducing the transcription of genes in the SOS 

response [199]. Another component of the SOS system is SulA, a protein that delays 

cell division during DNA damage in E. coli by disrupting the polymerisation of 

FtsZ to prevent septation. This mechanism prevents the cell from segregating a 

damaged chromosome and gives cells more time to repair the damage [441].  

 

1.2.5.1.1.1 SOS-dependent response in C. crescentus 

C. crescentus has a similar LexA binding motif to E. coli. The C. crescentus LexA 

binding motif has direct nucleotide repeats (GTTCN7GTTC) that bind and repress 

genes involved in the SOS-mediated response [431]. This binding sequence and 

conserved genes such as lexA, recA, ssb, uvrA and ruvCAB are part of the C. 

crescentus SOS regulon and are considered universal among the α-proteobacteria 

class [437]. Site-directed mutagenesis studies on the imuA promoter of C. 
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crescentus demonstrated that at least 37 genes are LexA-regulated [431]. The C. 

crescentus imuABC, a three-gene operon ortholog of the E. coli umuDC, is 

responsible for the SOS-inducible mutagenesis or TLS [442]. MmcB is a putative 

endonuclease specific for MMC-induced mutagenesis, that acts on the same 

pathway as imuC and is under the ImuABC regulon that controls the TLS-

dependent pathway [173]. The transmembrane protein SidA (SOS-induced inhibitor 

of cell division A) directly inhibits FtsW, a late cell division protein of C. crescentus 

[443] (Fig. 5). SidA and FtsW, which also interact with FtsI (another component of 

the cell divisome), cause cell division blockage under DNA-damaging conditions 

by preventing the final constriction of the cytokinetic ring [443] (Fig. 5). SidA 

overproduction is sufficient to cause cell division blockage, but cell elongation is 

not inhibited, and cells show an elongated phenotype [443]. The sidA promoter 

region contains a LexA-binding motif, indicating that SidA is controlled by the 

LexA regulon and thus is part of the SOS-dependent response system [443]. BapE 

is an endonuclease activated under extensive DNA damage conditions to induce 

apoptotic-like cell death in C. crescentus [13]. BapE induces supercoiled DNA 

fragmentation in a nonspecific-sequence manner and does not participate in DNA 

damage repair [13]. By triggering cell apoptosis, cells can avoid disseminating 

defective genomes to offspring [13]. Furthermore, this mechanism may prevent the 

activation of lysogenic bacteriophages or the release of death factors into the 

extracellular medium that may influence its peers [13]. In addition to proteins, non-

coding RNAs (ncRNAs) were also found to play a role in DNA damage response 

and repair in C. crescentus. These are post-transcriptional regulators that target 

mRNA. For example, the ncRNA ChvR is expressed in response to DNA damage, 

low pH, or growth in a minimal medium, and it targets the mRNA of the TonB-

dependent receptor ChvT [444]. Dozens of genes in the SOS response are not yet 

studied but are important for the survival of C. crescentus in DNA-damaging 

conditions. This emphasises the need for further investigation to elucidate the entire 

SOS pathway [431]. 

 



 64 

1.2.5.1.2 SOS-independent response 

The SOS-independent system is a cellular response to manage DNA damage that is 

different from the canonical SOS-dependent response that uses RecA and LexA as 

central regulators [445] (Fig. 5). The SOS-independent system reacts to specific 

types of DNA damage or redundantly to the SOS-dependent system [441]. The 

SOS-dependent response is highly conserved in different bacterial species. 

However, it is a very heterogeneous and species-dependent mechanism, except for 

some elements that are conserved across different species [445]. Nonetheless, little 

is known about the SOS-independent response, which requires further 

investigation. In species such as Mycobacterium tuberculosis, most DNA-damage 

repair inducible genes are transcribed independently of the SOS-dependent system, 

and 140 genes are upregulated upon exposure to MMC in SOS-deficient mutants 

[170]. Mycobacterial smegmatis has an SOS-independent response system 

controlled by the master transcriptional regulator PafBC (proteasome accessory 

factor B and C), which controls the RecA/LexA-independent pathway [170]. PafBC 

is encoded in the Pup-proteosome system (PPS) gene locus, and PPS degrades SOS-

independent RecA once DNA damage has been repaired [170]. In E. coli, RecBCD 

and RecF repair pathways act independently of the SOS response [339], stimulating 

recombination between divergent sequences after the induction of DNA damage by 

fluoroquinolones [446]. RecBCD and RecF increase mutagenicity, promoting 

genomic variability and thus antibiotic resistance, acting as an SOS-dependent 

TLS-like pathway [446]. Ada is an E. coli alkyltransferase that activates the 

transcription of ada and the three downstream genes alkA, alkB, and aidB involved 

in alkylated DNA repair. Furthermore, Ada repairs alkylated DNA through 

alkyltransferase activity [441]. Deinococcus spp. are extremely resistant bacteria to 

radiation that deploy a specific system to manage DNA damage produced by such 

high energy [351]. Deinococcus spp. activates an SOS-independent response to 

transcribe various DNA damage repair genes, such as recA [351]. This specific 

mechanism called the radiation/desiccation response, is regulated by the 

metallopeptidase IrrE and the repressor DdrO, remarkably conserved in 

Deinococcus spp. [351]. Species such as Helicobacter pylori and Streptococcus 
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pneumoniae, which lack any LexA homolog but retain RecA, induce cell 

competence to uptake exogenous DNA after DNA damage [447, 448].  

 

1.2.5.1.2.1 SOS-independent response in C. crescentus 

C. crescentus possesses mechanisms such as mmcA, specific to DNA-damage repair 

generated by MMC but not to MMS or UVC light [173]. MmcA is part of the 

glyoxalase/dioxygenase protein family involved in the SOS-independent response 

[173]. DidA acts as an SOS-independent cell division inhibitor at a later stage upon 

DNA damage in C. crescentus [449] (Fig. 5). The lack of DidA and SidA in the cell 

provokes premature cell division following DNA damage [449]. DidA constitutes a 

second layer for cell division delay under DNA-damage conditions, representing a 

redundancy of DNA-damage checkpoints along with SidA [449]. Similar to SidA, 

DidA does not disrupt the assembly of the divisome machinery but interacts with 

FtsW and FtsI, in addition to interacting with the essential division protein FtsN 

[449] (Fig. 5). The DriD transcription factor (TF) controls DidA expression after 

DNA damage induction [449] (Fig. 5). DriD is a DNA-damage-induced 

transcription activator that senses ssDNA and binds to a specific gene promoter in 

C. crescentus [450]. DriD binds ssDNA through its C-terminal region between the 

WYL domain and the WYL-C-terminal extension dimerisation domain (WCX) 

[450]. The binding of ssDNA to DriD stabilises the WYL domain to which the HTH 

domain is linked to [450]. On the N-terminal HTH domain, DriD binds to the 

promoter region of genes, such as the DidA promoter, to which it is the only known 

activator [450].  
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Fig. 5. The E. coli SOS response in C. crescentus. (A) SOS-dependent and SOS-

independent responses activate the production of proteins such as SidA and DidA, 

respectively, that block cell division. (B) Under DNA-damaging conditions, the 

universal repressor of SOS LexA activates self-cleavage upon induction of the 

coprotease complex RecA protein-DNA filaments. The self-cleavage of LexA 

derepresses several genes of the SOS-dependent response involved in DNA repair, 

damage tolerance, and checkpoints [443, 449]. 
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1.3 Small proteins in bacteria 

Prokaryotic and eukaryotic genomes contain many small open reading frames 

(smORFs). Some smORFs encode small proteins (smORF-encoded small proteins) 

that play essential roles in cellular physiology and adaptation [451]. According to 

Storz and colleagues, a small bacterial protein is “a protein with less than 50 amino 

acids, which directly results from the translation of a small ORF, excluding post-

translationally modified peptides with less than 50 amino acids” [452]. Therefore, 

Storz and colleagues exclude peptides from ribosome-independent systems and 

prominent precursors that need cleavage for maturation (e.g., leader peptides) [452, 

453]. As a result of their small size, proteins usually fold into their unique native 

structures since the presence of multiple weak interactions overcomes the folding 

energy barrier. Small proteins (SPs) can only fold into a limited number of three-

dimensional structures. Thus, SPs need the plasma membrane as a scaffold to 

acquire stability. Consequently, most SPs are membrane proteins anchored to the 

cell membrane or inserted in the membrane (small transmembrane proteins) [451, 

452]. Therefore, SPs perform a limited number of functions, mainly restricted to 

modulating the activity of larger proteins and stabilising protein assemblies [452]. 

Membrane proteins containing fewer than 50 amino acids usually consist of an 

amphipathic polypeptide with a single transmembrane domain (TM) [451]. 

However, in other cases, like AzuC, the hydrophobic section is probably too short 

to span the cell membrane entirely; thus, AzuC is likely attached but not embedded 

into the inner membrane  [454, 455]. Cells usually produce SPs in response to stress 

or environmental changes to modulate the metabolism according to internal and 

external conditions [451]. SPs participate in various cellular processes, including 

transport, enzymatic activity, regulatory networks, stress responses, 

morphogenesis, and cell division [452]. E. coli produces more than 60 tiny proteins 

with fewer than 50 amino acids that have been barely characterised. ~65% of these 

polypeptides are membrane-localised and possess a projected α-helical 

transmembrane (TM) domain [454]. E. coli is the organism in which small 

membrane proteins (SMPs) have been more extensively studied and characterised 

and show evidence of the numerous distinct functions and protein interactions they 

can perform [456]. A common characteristic among numerous small membrane 



 68 

proteins in E. coli, besides the hydrophobicity, is the positive net charge that results 

in high pI values in proteins such as YohP (9.3), AzuC (10.3), and YkgR (8.14) 

(except in some cases like YshB (4.35). The pI values of SPs are generally higher 

than the pI of the antimicrobial peptides (AMPs). The low arginine and lysine 

contents of SPs compared to AMPs likely prevent membrane destabilisation [451]. 

The amphiphilic AzuC is an exception since bioinformatics tools predicted this 

protein to be an AMP [457, 458]. The interaction of SMPs with phospholipids is 

influenced by the position of positively charged residues at the carboxylic or amino 

termini, which determines the membrane topology [454, 455]. Lpt is a toxin SMP 

from Lactobacillus rhamnosus whose accumulation alters cell membrane integrity, 

causing growth impairment when heterologously expressed in E. coli, underscoring 

the capability of SMPs to modify the plasma membrane [459]. Positively charged 

residues also promote binding with other proteins, especially in highly charged 

protein oligomers in the membrane [455]. The positive net charge of SPs may also 

promote contact with DNA bases, such as the SMP Lpt, which promotes nucleoid 

condensation when it is heterologously expressed in E. coli [459].  

 

1.3.1 Outlook of SPs 

SPs were overlooked in the past due to conventional annotation pipelines that 

usually excluded smORF and the low cut-off set to detect and annotate proteins 

[452]. Genomic research established a cut-off of 50 amino acids in prokaryotes and 

100 amino acids in eukaryotes since shorter proteins were considered too small to 

play any role in the cell [460]. Indeed, SPs are difficult to identify because mutants 

sometimes do not show an apparent phenotype or the cut-off for the co-purification 

procedure is set for polypeptides longer than 5 KDa in size. Furthermore, the 

prediction and detection of SPs have been challenging because of the limitations in 

bioinformatics and biochemical resources. Recently, two publications described the 

development of bioinformatics pipelines (smORFer and sPepFinder) to ease the 

identification of smORFs in bacteria [461, 462]. In previous years, several studies 

with SPs shed light on the crucial role of a wide variety of small polypeptides 

involved in many different biological processes. New techniques like ribosome 

profiling, COFRADIC, and poly-ribo-seq made the detection of SPs easier [463-
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468]. Also, creating an SP database was the starting point for the officialisation of 

this new field [469]. In terms of SP nomenclature, no consensus exists about the 

different denominations like micro-peptides [470, 471], micro-proteins [472], mini-

proteins [473], smORF-encoded polypeptides (SEPs) [474], or small single 

transmembrane domain proteins [475]. Besides, SPs seem to be a better alternative 

for referring to ribosome-generated products than micro-peptide, which is more 

accurate for defining proteolytic cleavages. The common trend in these terms is the 

emphasis on reduced size. Nonetheless, this classification fails to describe SPs' vast 

functional diversity [451]. The term peptide is sometimes used as a synonym for an 

SP, although standardisation will be needed in the future since AMPs meet the 

criteria for being considered an SP [476]. A function-based classification for SPs 

would be ideal for sorting them into categories according to their activity. However, 

the information needed to create such types is scarce, given the insufficiency of 

functional studies. Therefore, the investigation of SP folding, targeting, and 

transport is needed [458] (Fig. 6). SPs presumably function similarly to larger 

proteins, but specific functional studies for SPs are required to pinpoint their 

mechanisms [477-479].  

 

1.3.2 Categories of SPs 

SPs can be classified into two big groups: the first group comprises non-secreted 

proteins, usually membrane-associated or, less commonly, cytoplasmic [476]. 

These proteins are frequently associated with sensing stress conditions and, less 

regularly, cellular metabolism [476]. The second group comprises secreted proteins, 

whose primary function is bacterial and bacteriophage communication or 

competition [476].  

 

1.3.2.1 Non secreted SPs 

 

1.3.2.1.1 Stress response and metabolic regulation of SPs 

E. coli has approximately 150 catalogued SPs in its genome, but others were likely 

not yet identified [480, 481]. Several stress-associated SPs localise at the inner 

membrane and comprise a single TM domain with uniquely few amino acids facing 
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the periplasm or cytoplasm [451, 452, 454]. Exposure to oxidative stress or 

temperature increases the production of SPs in E. coli [456]. A similar increase in 

protein production occurs in the impasse from rich to minimal medium or when 

they enter the stationary phase [482]. Cytoplasmic SPs have many functions in 

several cellular pathways like cell division (e.g., MciZ, SidA, and Blr), transport 

(e.g., KdpF, AcrZ, and SgrT), regulation of membrane-bound enzymes (e.g., CydX, 

PmrR, and MgtR), regulation of protein kinases, signal transduction (e.g., MgrB 

and Sda), and spore formation (e.g., SpoVM and CmpA). SPs can also act as 

chaperones (e.g., MntS, FbpB and, FbpC) to promote or prevent interactions 

between cell components or anchor proteins at the membrane [452, 456, 483]. 

 

1.3.2.1.1.1 The role of SPs as metabolic regulators 

The limited size of SPs confers on this class of polypeptides the characteristic of 

mainly performing regulatory functions (rather than a catalytic role on their own). 

For example, SgrT, a 43-amino-acid protein, blocks glucose uptake by inhibiting 

the transport activity of the major glucose permease, PtsG. This function is part of 

a stress response to maintain glucose-phosphate homeostasis. The accumulation of 

sugar phosphates because of a disrupted glycolytic flux triggers a mechanism to 

inhibit cell growth [484]. Another small-protein regulator of transportation is KdpF 

in E. coli. This hydrophobic 29-amino-acid protein binds to a high-affinity 

potassium transporter (switched on only under K+-limiting conditions) to stabilise 

the KdpABC transporter complex [485]. Another small membrane protein, MgrB 

(47-amino acid), represses the two-component signalling system PhoQ/PhoP upon 

associating with PhoQ in the membrane  [486, 487]. Sda, a 46-amino-acid 

polypeptide, inhibits various kinases and, thus, sporulation in B. subtilis [488]. 

YbhT [489], a 49-amino acid protein, controls the AcrA-AcrB-TolC efflux pumps. 

SPs typically work mechanically rather than enzymatically. Thus, they act as a 

facilitator of protein-protein or protein-molecule interaction [452], as in the case of 

MgtR [490] and MntS [491]. SPs can act as inhibitors of protein-protein 

interactions; e.g., Sda [488] or MgrB [486] in B. subtilis or SulA in E. coli prevent 

the polymerisation of FtsZ [441]. In another example, Blr, a 41 amino-acid SP 

component of the E. coli divisome, interacts with FtsL, FtsI, FtsK, and FtsN [452].  
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1.3.2.1.1.2 SPs involved in DNA-damage response 

A few SPs are involved in DNA-damage tolerance repair in C. crescentus. The 29-

amino-acid transmembrane polypeptide SidA inhibits cell division by binding 

FtsW, preventing the final constriction of the cytokinetic ring following treatment 

with a DNA-damaging agent [443]. The 70-amino-acid membrane protein DidA is 

a cell division inhibitor at a later stage than SidA. DidA binds FtsZ following DNA 

damage, which causes a cytokinesis blockage in C. crescentus [449]. The deletion 

of DidA and SidA in C. crescentus with DNA damage conditions provokes 

premature cell division and aberrant elongated cells [449]. sidA is SOS-regulated in 

C. crescentus, unlike didA, which is SOS-independent [443]. BapE is an apoptotic-

like cell death protein induced under extensive DNA damage conditions in C. 

crescentus [13]. Lastly, SPs are implicated in antibiotic resistance in bacteria. For 

example, an E. coli 49-amino-acid AcrZ protein enhances the efflux activity of a 

wide range of different toxic and antibiotic compounds [492]. 

 

1.3.2.1.1.3 Type I toxin/antitoxins 

Type 1 toxins have an α-helical domain and are usually hydrophobic [493, 494]. 

They play essential roles in bacterial growth control, cell death, persistence during 

antibiotic treatment, infection, and defence against infection [493, 495, 496]. Type 

I toxins mainly function in two different ways: the induction of nucleoid 

condensation (e.g., the 33 aa Fst toxin) or the ATP synthesis and membrane potential 

decrease, for example, Hok (52 aa), TisB (29 aa), and PepA1 (30 aa) toxins 

provoked by membrane permeation via pore-formation [493]. 

 

1.3.2.1.2 SPs involved in folding and transport 

SPs may find difficulties fitting intracellular trafficking and protein folding 

machinery, given their short size. Nevertheless, recent studies showed that SPs use 

alternative trafficking pathways [451]. 

 

1.3.2.1.2.1 Folding of SPs 
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The SP research field is accelerating its discoveries, although folding and transport 

are areas that need further investigation. The presence of multiple weak interactions 

is stronger than the folding barrier, so proteins fold into their unique native 

structures [497]. The reduced number of intramolecular interactions in SPs 

generates folding instability in vitro, so they require stabilisation by 

oligomerisation, metal chelation, or disulphide bridges [498-500]. The nuclear 

magnetic resonance spectroscopy analysis of 27 proteins of 9 different bacteria and 

archaea revealed that the native state of a considerable number of proteins was 

partially folded or unstructured [501]. Intramolecular interactions induce folded 

conformation, according to bioinformatic predictions [501]. Most AMPs may 

acquire their α-helical structure when interacting with the hydrophobic lipid 

environment or the anionic membrane surface [502-504]. The antimicrobial activity 

of the Australian toadlet Uperoleia mjobergii AMP Uperin 3.5 depends on the 

secondary structure conformational change when exposed to membranes [505]. The 

lipidic membrane constitutes a scaffold for protein folding, like YohP, an E. coli SP 

that is a monomer in solution but dimerises in the membrane [458]. A single glycine 

residue and its correct orientation in the cell membrane are essential for YohP 

dimerisation [458]. 

 

1.3.2.1.2.2 Transport of SPs 

The small size and the lack of secondary structure are challenges for transporting 

proteins that have to be inserted into the membrane or secreted across the membrane 

[451]. Integral membrane proteins lack the signal sequence cleavage site and have 

an uncleavable N-terminal target motif called the signal anchor sequence or signal 

sequence. This anchor sequence functions as a transmembrane domain [506]. 

Signal sequences direct proteins to protein transport channels in the endoplasmic 

reticulum membrane of eukaryotes or the cytoplasmic membrane of bacteria [477, 

507, 508]. Thus, signal sequences serve as tags and gate openers for protein 

transport channels, providing a dual purpose for protein targeting factors [509-513]. 

Signal sequences usually have a length of 25-30 amino acids and a tripartite 

structure. Bacterial AMP utilises different transport systems, such as the SecYEG 

translocon [514] or the ABC transporter [515, 516]. The activation of inactive AMP 
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precursors occurs upon protein cleavage [517]. Furthermore, post-translational 

modifications add thioether-based ring structures to some AMPs, like lantibiotics, 

before they are transported via the ABC transporter LanT [518]. Proteins like YshB, 

which are produced during stress conditions or stationary phases, might probably 

require specific transport systems [457]. A significant issue is the reduced size of 

bacterial SPs, which could prevent co-translational recognition by the signal 

recognition protein (SRP). Hence, alternative mechanisms to transport SPs 

constitute the central transport system for secretory proteins in bacteria [519, 520]. 

As an example, the ATPase SecA delivers SPs to the receptor system SecYEG for 

translocation [509] (Fig. 6). SecA mainly acts post-translationally [521, 522], 

although it can also interact with RNCs [523-525]. So far, only a few studies have 

addressed the involvement of SecA in SP targeting. Bacteria possess two known 

Sec-dependent pathways to transport and translocate proteins to and across the cell 

membrane [455, 477, 526-528]. The first mechanism is a translationally coupled 

system where the SRP binds to the newly synthesised polypeptide and drives it to 

the membrane to find the ATPase SecA translocase. This pathway requires the 

attachment of the ribosome to the membrane-bound SecAEG translocase to directly 

synthesise the nascent protein across the membrane or insert it directly into it [455, 

477, 526-528]. SRP identifies an N-terminal recognition site in the target protein 

called the signal sequence (or signal anchor sequence for transmembrane proteins) 

that carries polypeptides to protein transport channels in the cell membrane of 

bacteria [477, 507]. SMP’s small size makes it unlikely that they can co-

translationally bind to SRP, as they would have been synthesised and released from 

the peptidyl transferase core of the ribosome before being exposed to the ribosomal 

surface for SRP identification [529]. Unlike the first transportation and 

translocation pathway, the second mechanism is specific to bacteria. The second 

pathway is uncoupled from protein synthesis [530-532]. SecA is the protein that 

recognises and drives the nascent protein to the cytoplasmic membrane to bind to 

the SecYEG translocon or the YidC insertase [455, 477, 526-528, 533, 534]. Most 

outer membrane proteins and soluble periplasmic proteins in E. coli rely on the 

SecA-mediated route for localisation [535-538]. The almost universal conservation 

of SecA in other bacteria shows that this mechanism is vital for all bacteria [539]. 
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Otherwise, it was discovered in E. coli that the 27-amino-acid YohP and the 33-

amino-acid YkgR follow an alternative pathway for the insertion of SMPs into the 

cell membrane  [482] (Fig. 1). YohP and YkgR post-translationally bind to SRP, 

which carries them to the membrane to be inserted by the SecYEG translocon or 

YidC insertase [454, 528] (Fig. 6). Due to their high hydrophobicity and the 

tendency for aggregation of SMPs, targeting the membrane without assistance is 

unlikely. Interestingly, ribosome-uncoupled yohP mRNAs were found primarily in 

the cytoplasmic membrane and may play some regulatory function [455] (Fig. 6).  
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Fig. 6. Transport of small membrane proteins in bacteria [451]. YohP, a 27-amino 

acid E. coli membrane protein, has been the subject of most research on targeting 

and transporting small membrane proteins. (A) yohP mRNA binds to the E. coli 

plasma membrane in a translation-independent manner. The phage MS2 fluorescent 

protein was used to visualise the yohP mRNA, whose 3’-end was fused to the MS2 

recognition particle [455]. The identity of the putative mRNA receptor remains 

undiscovered. The mRNA is transcribed through membrane-bound ribosomes and 

released from the ribosome following the mRNA binding process. SRP post-

translationally interacts with the newly synthesised YohP to deliver it to the SRP 

receptor FtsY, which can interact with the SecYEG translocon or YidC insertase. 

YohP dimerises upon being inserted into the cell membrane by SecYEG or YidC. 

(B) yohP mRNA may be captured and translated into YohP by cytoplasmic 

ribosomes before attaching SecYEG- or YidC-bound FtsY for insertion [451]. 
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1.3.2.2 Secreted SPs 

 

1.3.2.2.1 Auto-inducing peptides and quorum sensing 

Bacteria can communicate through signal peptides (autoinducers, AI), which they 

release into the environment. AIs trigger the simultaneous expression of specific 

genes when a particular concentration is reached to provoke a collective response 

in a bacterial population [540-542]. This communication within bacterial 

populations is called quorum sensing (QS) and is characteristic of processes like 

virulence, antibiotic production, competence, biofilm formation, or sporulation 

[476]. Gram-negative and Gram-positive bacteria produce different types of AI. AIs 

are classified into four groups according to their characteristics and receptors: the 

first group is from the RNPP family (Rap, NprR, PlcR, and PrgX), the second group 

is Agr-type cyclic pheromones, the third group is Rgg-family regulators, and the 

fourth group is double glycine (Gly-Gly) processing motifs [543]. Most AI 

precursors undergo posttranslational maturation processes and are transported to 

the membrane to be secreted. AIs are usually cyclic or linear, and their size ranges 

from 5  to 17 amino acids [542]. 

 

1.3.2.2.2 Bacteriocins, antimicrobial peptides, and toxins 

AMPs are secreted by prokaryotic and eukaryotic cells to combat pathogens and 

competitors. AMPs encompass a significant group of small secreted proteins 

targeting the bacterial membrane preferentially [544] and intracellular targets, like 

the ribosome [545]. Different eukaryotic and prokaryotic cells and viruses secrete 

AMPs to kill pathogens or as a defence mechanism to inhibit or control the 

proliferation of competitors [502, 517, 546]. Approximately 3000 peptides are 

recorded in the AMP Database, and more than 2.700 are ribosomally synthesised. 

Furthermore, around 13000 synthetic peptides were demonstrated to target Gram-

negative or Gram-positive bacteria [451]. Bacteria produce approximately 8% of 

all known AMPs, and fungi around 2%. The classification of AMPs can be done 

according to several criteria, spanning from the mode of action to the secretion 

mechanism, to the producing strain [547]. AMPs cause inhibition of gene 

expression, protein production, and disruption of the bacterial cell envelope (by the 
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direct interaction of AMPs with the cell envelope) [548]. The destabilisation effect 

of the cytoplasmic membrane occurs because AMPs possess a cationic and 

amphipathic nature [549, 550]. The AMP's pI values are generally lower than the 

pI of SPs, and their high lysine and arginine content probably promotes membrane 

destabilisation [451]. A membrane destabilisation probably causes inhibition of cell 

wall synthesis [551, 552] and divalent cation displacement [553, 554]. The 

amphipathic and cationic nature of most AMPs is essential for their membrane-

destabilising effect on the cytoplasmic membrane [64, 65]. The effect of AMPs on 

the outer membrane and the peptidoglycan layer is generally less explored, but 

AMPs are assumed to cross the outer membrane and the cell wall spontaneously. 

Another distinction among AMPs is that some are non-ribosomally synthesised. 

Other AMPs, such as bacteriocins, are ribosomally synthesised SPs subjected to 

substantial post-translational modifications in some cases [548, 555].  

 

Bacteriocins are a different group of small peptides, referred to as bacterial AMPs, 

with a larger size, structure, and other modes of action [517]. Bacteria of the 

microbiota produce phenol-soluble modulins, or microcins, two types of 

bacteriocins essential to defend their host against infection and combat pathogens 

[556, 557]. Pathogenic bacteria can use bacteriocins to alter the bacterial fitness of 

the microbiota and thus originate an infection in the host, such as BacSp222 from 

Staphylococcus pseudintermedius and Listeriolysin S from L. monocytogenes [558-

560]. Gram-negative bacteria produce tailocins and microcins, two types of 

bacteriocins. Tailocins are large peptides composed of several subunits and related 

to the tail proteins of bacteriophages [561]. Microcins are colicin-like bacteriocins 

synthesised as precursor peptides with (class I) or without (class II) post-

translational modifications like the 626 amino acid colicin 1a [562, 563]. Microcins 

hijack nutrient uptake systems, especially iron, to get into cells [564]. Once they 

are in the cell, they can alter the normal function of the cell by impairing ATP 

production [565] or protein translation [566]. Only microcins from Gram-negative 

bacteria and Class I and II bacteriocins of Gram-positive bacteria meet the criteria 

to be SPs despite sharing an antimicrobial activity with other bacteriocins [451]. 
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1.4 Objectives of this project 

I. To characterise CalP through genetic modification of C. crescentus and E. 

coli, and biophysical methods. 

II. To investigate the role of CalP in the DNA-damage tolerance/response of 

C. crescentus. 

III. To investigate potential protein interacting partners of CalP in C. 

crescentus that could interplay in a DNA-damage tolerance/response 

pathway. 
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Chapter 2. Characterisation of CalP, a small protein 

involved in the response/tolerance to DNA damage in C. 

crescentus 
 

2.1 Introduction 

 

2.1.1 DNA-damaging agents 

Norfloxacin and ciprofloxacin are fluoroquinolones that target two essential 

bacterial enzymes, DNA topoisomerase IV and DNA gyrase, generating DSB [40, 

41]. MMS is an alkylating agent that methylates DNA in the nitrogen atoms of 

purines, causing mutations and stalling replication [124]. MMC crosslinks DNA 

strands that cause DBS through the repair of damaged bases or chemically modified 

nucleotides that provoke replication fork failure [567, 568]. Cisplatin creates intra-

strand (~98%) and inter-strand (~2%) crosslinks that block the progression of DNA 

polymerase, leading to the formation of DSB [191, 569, 570].  

 

2.1.2 Cytotoxic compounds  

A myriad of compounds affects the sensitivity of bacteria and may indirectly alter 

the integrity of the genome. Hydroxyurea (HU) is an antineoplastic drug that has 

been shown to inhibit ribonucleotide reductase class I (RNRs) in prokaryotes [193, 

194]. This inhibition of RNR can cause depletion in the production of 

deoxyribonucleotide triphosphate, inducing replication inhibition and DNA double-

strand breaks by causing replication fork arrest [195, 196]. Novobiocin targets the 

B protein of DNA gyrase and inhibits gyrase-catalysed DNA supercoiling in vitro 

[204]. More specifically, drugs are competitive inhibitors of the ATPase reaction 

catalysed by GyrB [204]. H2O2 is a reactive oxygen species, as are OH and O2-. 

These species are generated when single electrons are added to oxygen in the 

respiratory chain of the cell [199]. ROS are potent oxidising agents that can create 

free radicals and damage numerous biomolecules, inducing a cellular stress 

response [17, 199]. NaClO is a chlorine-based agent with a strong oxidising 

capacity [207]. NaClO attacks the electron-rich core of biomolecules such as 
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peptides, enzymes, lipids, or DNA through the one-electron transfer mechanism 

[209]. Gentamicin is an aminoglycoside antibiotic with a high affinity for the 30S 

and 50S bacterial ribosomal subunits, which provokes protein synthesis inhibition 

[212]. The tetracycline family of drugs prevents aminoacyl-tRNA from binding to 

the ribosomal acceptor (A) site, inhibiting protein synthesis [215, 216]. 

Spectinomycin is an aminoinositol drug that inhibits protein translation by 

interacting with the RpsE protein in the minor groove of helix-34 of 16S ribosomal 

RNA [217, 218].  

 

2.1.3 Genes encoding ncRNA 

Small RNAs (sRNAs) in bacteria are a diverse class of post-transcriptional 

regulators that frequently work by base-pairing with their target mRNAs. The 

conserved ChvI-ChvG is a two-component system that regulates chvR transcription 

in C. crescentus. Transcription of chvR is triggered by DNA damage, low pH, and 

growth in an insufficient medium. chvR mRNA posttranscriptionally represses the 

mRNA of the TonB-dependent receptor ChvT by directly binding to it to prevent its 

translation [444]. 

 

2.1.4 Small membrane proteins 

Bacterial SPs are those with 50 or fewer amino acids, which get their short size by 

directly translating a small open reading frame (smORF) instead of longer proteins 

through proteolytic cleavage or ribosome-independent synthesis [451-453, 571]. 

Membrane proteins of fewer than 50 amino acids usually have a single 

transmembrane domain (TM) [451]. As a result of their small size, proteins 

typically fold into their distinctive native structures due to numerous weak 

interactions, which are not strong enough to promote folding [497]. SPs usually 

obtain stabilisation by disulphide bridges, metal ion chelation, oligomerisation, or 

binding to the plasma membrane [498-500]. Most SPs are membrane proteins 

anchored to the cell membrane or inserted in the membrane [451-455]. The 

cytoplasmic membrane is a scaffold for SMPs to fold and interact with other 

polypeptides [451, 452, 455]. These transmembrane proteins are amphipathic 

polypeptides with a unique transmembrane domain and a short number of amino 
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acids that point to the periplasm or cytoplasm [451]. The fact that a substantial 

fraction of the entire protein is the TM domain embedded in the membrane 

contributes to its high hydrophobicity [455]. SMP topology in the membrane is 

determined by the location of positively charged residues at the N or C termini, 

enabling interactions with the polar head groups of phospholipids [454, 455]. 

Positive charges may also facilitate connections with nucleotides and other 

polypeptides, especially when oligomerisation produces highly charged groups 

within the phospholipid bilayer [173, 455].  

 

2.1.5 Protein oligomerisation 

Oligomer formation is a way to gain stability for SPs [571]. Many proteins exist in 

a multimeric or polymeric form, consisting of many repeating units, and are 

regarded as a crucial biological process [572]. Two types of multimeric proteins are 

homomultimeric and heteromultimeric, whose differences are determined by the 

protein sequence. The same protein units stand for homomultimeric proteins, 

whereas heteromultimeric proteins have different units [573]. The E. coli SMP 

YohP is a monomer in the cytoplasm and a dimer in the plasma membrane (PM), 

YohP links a glycine from each monomer and forms a homooligomer through a 

helix-helix connection [455]. A higher similarity in the sequence of two 

polypeptides strengthens their interaction [574, 575] and increases coaggregation 

efficiency between different protein domains [576], likely due to the greater 

stability or foldability [577, 578]. Protein oligomerisation can control the function 

of numerous SPs such as enzymes, ion channel proteins, receptors, transcription 

factors, and cell-cell adhesion processes [579, 580]. Substitutions or deletions of 

single amino acids may significantly impact the specificity or stability of a complex 

[581]. Functional activity can be altered if amino acid changes occur at homo-

oligomer interfaces [573]. The association or dissociation of homo-oligomers may 

result from amino acid changes applied to the protein surface or interface [573]. 

Hashimoto et al. (2010) [581] investigated the oligomeric state of homologous 

proteins in different organisms and found that 25% of all proteins investigated and 

40% of enzymes include areas that promote or disrupt the formation of oligomers. 

They demonstrated that the addition of large nonpolar side chains, such as 
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phenylalanine or tryptophan, promoted complex formation in some of these 

proteins, which only required a single amino acid alteration to boost 

oligomerisation [582]. Moreover, equilibrium may change in favour of the 

generation of oligomers if solvent-exposed amino acids are substituted with more 

hydrophobic and prominent residues [583]. Furthermore, another specific 

mechanism for dimer formation is translationally driven, binding the two nascent 

monomers concurrently with releasing both strands from the ribosome [584]. 

 

2.1.6 Background 

As a first approach to this project, Rosaria Campilongo performed a Tn5-seq screen 

to find DNA damage tolerance/repair genes in C. crescentus NA1000 (hereafter C. 

crescentus). To select genes involved in DNA damage, cells were treated with 

several compounds that affect DNA in different ways. Before the addition of the 

drug, cells were mixed with transposons. Cells were left untreated or treated with 

the following MICs of cytotoxic compounds: 0.25 µg/mL MMC, 4 µg/mL 

norfloxacin, 1 µg/mL MMC, 3 µg/mL hydroxyurea, and 0.5 µg/mL novobiocin. 

Cultures were incubated for 20 hrs at 30ºC in a liquid medium. Cells were also 

streaked on an agar plate and incubated at 30ºC for 48 hrs. Cells were collected 

from the liquid and the solid medium and genomic DNA was extracted to be deep-

sequenced. The number of read-outs of transposon insertions at each gene is 

compared under different conditions in drug-treated and drug-free cells. Under 

certain conditions, cells having transposon insertions in the genomic DNA that 

truncate an essential gene or genes causing lethality do not survive. Hence, during 

genomic DNA sequencing, cells with transposon insertions in essential genes do 

yield transposon reads, whereas cells lacking transposon insertions in these genes 

produce readable genomic DNA. Therefore, the overall count of transposon 

insertions is reduced in populations that have insertions in essential genes, 

particularly when treated with a compound which is lethal in the absence of those 

specific genes. In contrast, cells facing challenging conditions, whether with 

transposon insertions in non-essential genes or in conditions with or without 

transposon insertions but under less challenging circumstances, showed an 

increased number of sequencing counts. Deep sequencing of transposon-
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mutagenised C. crescentus cells revealed a low number of reads when the 

transposon insertion occurred in CCNA_03982, particularly in cells treated with 

MMC, MMS, norfloxacin, and novobiocin in both solid and liquid medium. 

Conversely, untreated cells with transposon insertions in CCNA_03982 showed 

much more reads than drug-treated cells. This suggested that C. crescentus cells 

with transposon insertions in calP were less viable under DDA conditions. In other 

words, calP might be important for C. crescentus to survive under DNA-damaging 

conditions. The gene CCNA_03982 has been renamed calP, and it encodes a SP 

now named CalP (Caulobacter little protein). Particularly, the number of reads of 

transposon insertions in MMC-treated cells remained remarkably low in solid and 

liquid media (Table 1). Because of this consistency, I selected MMC to graphically 

represent the sequencing panel of transposon insertions in wild-type (WT) C. 

crescentus (Fig. 7). Cells treated with novobiocin showed a lower number of 

transposon insertions reads in the locus of CCNA_02151 during the deep 

sequencing compared to untreated cells both in the liquid and the solid media (Table 

1). Similarly, transposon insertions in CCNA_02329 showed a reduction in the 

number of counts when cells were treated with MMS in both liquid and solid media 

(Table 1). 
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Gene 

Liq.  

PYE 

Liq. 

MMC 

Liq. 

MMS 

Liq. 

NOV 

Liquid 

HU 

Sol. 

MMC 

Sol. 

MMS 

Sol. 

NOV 

Sol. 

HU 

Sol. 

NORF 

CCNA_02151 2707 2921 2508 1926 2236 1466 2593 908 2670 1056 

CCNA_02329 3500 4772 2678 3010 3356 1191 2914 680 2180 276 

CCNA_03982 5519 2062 496 0 4578 318 3063 6724 1252 21 

Table 1. C. crescentus CCNA_02151, CCNA_02329, and CCNA_03982 exhibited a 

reduced number of transposon insertions in the drug-treated cells compared to the 

untreated cells. Deep sequencing analysis of the genomic DNA of C. crescentus 

WT. The table summarises the count transposon insertions in cells incubated in 

either liquid or solid peptone yeast extract (PYE) medium supplemented with 

MMC, MMS, novobiocin, HU, or norfloxacin as necessary. The sequencing reads 

from cells grown in a solid medium with norfloxacin failed, and consequently, are 

not included in the table. The values highlighted in green indicate that, in both liquid 

and solid media the number of reads from drug-treated cells is lower than untreated 

cells. A gene is deemed a potential candidate for causing lethality if there is a 

minimum 15% in counts between treated and untreated cells. 
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Fig. 7. Transposon mutagenesis revealed that the deletion of calP affects the 

capacity of C. crescentus to survive in the presence of MMC. Transposon insertion 

profiles in C. crescentus NA1000 are depicted in the upper panel for the PYE 

medium and in the lower panel for the PYE medium with 0.25 μg/mL MMC. The 

red vertical strip shows the calP (CCNA_03982) locus on the genome. Horizontal 

green bars show the positions of deep-sequencing reads. 
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2.2 calP is important for survival in the presence of DNA-damaging agents 

Previous results from the Tn5-seq analysis in C. crescentus found that the candidate 

gene CCNA_3982 (renamed as calP) was essential for the cell viability of C. 

crescentus after MMC treatment (Fig. 7). I wanted to test whether calP was the 

gene responsible for counteracting the toxic effect of MMC or whether it was a 

polar effect of knocking out other genes(s) nearby. To do so, I deleted calP from a 

C. crescentus WT background and performed sensitivity assays with the 

subinhibitory concentrations (SIC) of DDAs in solid and liquid media. I evaluated 

the effect of DDAs on ΔcalP to determine if calP was important for DNA damage 

repair/tolerance and whether the phenotype observed in the Tn5-seq analysis result 

was reproducible. WT and ∆recA were also included as control strains for the 

sensitivity assay in a solid medium. ∆recA is a strain commonly used as a positive 

control for DNA-damage-sensitive cells. Cultures were serially diluted ten times 

and spotted from right to left on plain agar (Fig. 8A). Additionally, agar plates were 

supplemented with each of the following concentrations of DDA: 6 μg/mL 

norfloxacin (Fig. 8B), 2 μg/mL ciprofloxacin (Fig. 8C), 0.25 μg/mL MMC (Fig. 

8D), and 1 mM MMS (Fig. 8E). Plates were incubated at 30ºC for 48 hrs. In this 

experiment, I compared the differences in spot densities of WT, ∆recA, and ∆calP. 

A lower cell density of spots indicates that the strain has a higher sensitivity to the 

compound it was exposed to. Cells in the drug-free agar plate did not show any 

difference between the density of the cell spots of WT, ∆recA, or ∆calP (Fig. 8A). 

Following norfloxacin treatment, ΔcalP showed cell spots with a lower density than 

WT, which exhibited much denser cell spots (Fig. 8B). ΔrecA cells were more 

sensitive to norfloxacin than ΔcalP or WT. ΔrecA cells could grow when cultures 

were diluted up to 10-4-fold compared to ΔcalP or WT, which formed cell spots up 

to the 10-6-fold dilution (Fig. 8B). Cells treated with ciprofloxacin showed that 

ΔcalP cell spots had a lower cell density compared to WT (Fig. 8C). Indeed, ΔcalP 

and WT formed colonies at the 10-6-fold dilution (Fig. 8C). Cell spots of ΔcalP or 

WT were denser than ΔrecA spots in the presence of ciprofloxacin (Fig. 8C). ΔrecA 

cell spots only formed colonies up to the 10-4-fold serial dilution (Fig. 8C). When 

ΔcalP cells were exposed to MMC, the resulting spots showed lower density 

compared to the WT, indicating increased sensitivity in ΔcalP due to the presence 
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of MMC (Fig. 8D). ΔrecA only formed some spontaneous mutants in the 10 and 

10-1-fold-dilution cell spots, indicating a higher sensitivity than ΔcalP or WT with 

MMC (Fig. 8D). ΔcalP or WT could form colonies up to 10-4 and 10-5-fold-

dilutions in the presence of MMC (Fig. 8D). The presence of norfloxacin or MMC 

produced a substantial reduction in the cell spot density of ΔcalP in comparison to 

WT. This phenotype suggests that ΔcalP is more sensitive than WT to norfloxacin 

or MMC (Figs. 8B, D). Following the treatment with MMS, ΔcalP cells showed 

cell spots with a lower cell density than WT, indicating more sensitivity to MMS 

than WT cells (Fig. 8E). ΔrecA showed cell spots with a lower cell density than WT 

or ΔcalP. ΔrecA could only form cell spots up to the 10-1-fold dilution with MMS, 

but WT or ΔcalP could form cell spots up to the 10-4 dilution (Fig. 8E). ΔcalP cells 

treated with ciprofloxacin or MMS showed cell spots with a lower cell density than 

WT (Figs. 8C, E). However, the difference in the cell spot density was not as 

marked as the density between ΔcalP and WT in the presence of norfloxacin or 

MMC (Figs. 8B, D). ∆recA was more sensitive in the presence of every tested 

compound than WT or ∆calP, proving the toxic effect of DDAs on cells 

hypersensitive to DNA damage. To summarise, ∆calP showed cell sports with a 

lower cell density than WT when exposed to every tested antibiotic, suggesting a 

greater sensitivity to DDA. Therefore, ∆calP and ∆recA exhibited a higher 

sensitivity to norfloxacin, ciprofloxacin, MMC, or MMS compared to WT in a solid 

medium (Figs. 8B-E). 
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Fig. 8. ΔcalP shows spots with a lower cell density than WT when exposed to 

norfloxacin, ciprofloxacin, MMC, or MMS in a solid medium. Spotting assay of 

WT, ΔrecA, and ΔcalP cells growing on a PYE agar medium with or without DNA-

damaging agents. Cells were initially grown to mid-exponential phase and 

subsequently diluted to an OD600=0.1. Then, 10-fold serially diluted (represented 

by the wedge on top of each image) were prepared to plate the cells. Agar plates 

were incubated for at 30°C 48 hrs before capturing the images. The plates shown 

correspond to media with (A) no additives, (B) 6 μg/mL norfloxacin, (C) 2 μg/mL 

ciprofloxacin, (D) 0.25 μg/mL MMC, and (E) 1 mM MMS. 
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To test ∆calP sensitivity in a liquid medium, I inoculated WT, ∆recA, and ∆calP in 

an untreated medium (Fig. 9A) or a medium treated with the SIC of one of the 

following antibiotics: 4 μg/mL norfloxacin (Fig. 9B), 1 μg/mL ciprofloxacin (Fig. 

9C), 0.25 μg/mL MMC (Fig. 9D), or 1 mM MMS (Fig. 9E). Cultures were 

incubated for 48 hrs at 30°C, and the optical density (OD600) was monitored hourly. 

The measurement of the OD600 compares the absorbance of the cell culture with the 

absorbance of the medium without cells (used as a reference). I employed the mean 

of the optical densities of three technical replicates per strain to make a plot line. 

The optical density can be taken as a pattern to evaluate the sensitivity of cells for 

a given compound supplemented in the medium. A low optical density of the target 

strain compared to a control (a few hrs after inoculation) usually indicates a high 

sensitivity, and vice versa. The exponential phase is defined as the point on the plot 

where the curve starts to exhibit an exponential tendency in the early stages of the 

growth curve. The stationary phase is defined as the point of the plot where the 

curve levels off horizontally after the exponential growth, indicating a plateau or 

equilibrium in cell numbers. The transition from the exponential to the stationary 

phase occurs at different time points for each population under different conditions. 

The comparison of the growth curves of different strains and conditions is done by 

dividing their OD600 values. The result of this division determines the quantitative 

difference between the optic densities of two different cell cultures. Untreated WT, 

ΔrecA, and ΔcalP entered the stationary phase 21 hrs after inoculation (Fig. 9A). 

WT, ΔrecA, and ΔcalP reached a maximum OD600≈0.5 in the drug-free medium 

(Fig. 9A). The liquid medium test showed a sensitivity of ΔcalP compared to WT 

when challenged with norfloxacin, ciprofloxacin, MMC, or MMS (Figs. 9B-9E). 

The lower optical density of ΔcalP compared to WT was caused by the early entry 

of ∆calP into the stationary phase when treated with every DDA (Figs. 9B-9E). The 

OD600≈0.4 of ∆calP was 1.5-fold lower than the OD600≈0.6 observed in WT when 

both strains were treated with norfloxacin, suggesting that ∆calP is more sensitive 

than WT to norfloxacin (Fig. 9B). Following the treatment with norfloxacin, the 

optical density of ∆calP was 1.44-fold delayed compared to WT (from 18 to 26 hrs) 

when entering the stationary phase (Fig. 9B). In the presence of ciprofloxacin, the 

OD600≈0.55 observed in ∆calP was reduced by 1.35-fold compared to the 
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OD600≈0.75 of WT, indicating that ∆calP was more sensitive than WT to 

ciprofloxacin (Fig. 9C). ΔcalP cells challenged with ciprofloxacin reached the 

stationary phase 1.33-fold earlier than WT (15 and 20 hrs after inoculation, 

respectively) (Fig. 9C). After treatment with MMC, the optical density of ∆calP 

decreased by 1.85-fold compared to WT, from an OD600≈0.48 to an OD600≈0.26, 

respectively (Fig. 9D). After inoculation, MMC-treated ∆calP reached the 

stationary phase 18 hours later, which was 1.22-fold earlier than WT, taking 22 

hours to reach the same phase (Fig. 9D). After MMS treatment, the OD600≈0.34 

observed in ∆calP was 1.5-fold lower than the OD600≈0.5 of WT, indicating that 

∆calP exhibited higher sensitivity compared to WT (Fig. 4E). After MMS exposure, 

∆calP reached the stationary phase 1.24 times earlier than WT, doing so after 17 

hours compared to WT's entry into the stationary phase at 22 hours post-inoculation 

(Fig. 9E). The optical density of WT increased for a longer period than ΔcalP in the 

exponential phase when challenged with MMS (Fig. 9E). During the stationary 

phase, the optical density of ΔcalP remained relatively unchanged, leading to an 

increased disparity between the optic densities of WT and ΔcalP (Fig. 9E). ΔcalP 

displayed a different sensitivity phenotype depending on the DNA-damaging agent 

supplied, probably because their modes of action are different. However, the ΔcalP 

phenotype when challenged with norfloxacin or ciprofloxacin was very similar 

since both quinolones have a similar toxicity pattern (Fig. 9). The sensitivity test 

results demonstrated that cells prematurely entered the stationary phase when calP 

was absent. This phenotype might have been caused by accumulated DNA damage 

preventing cells from thriving or by a programmed growth-stall pathway induced 

by DNA damage. ΔrecA showed a lagged growth curve compared to WT or ΔcalP 

in the presence of norfloxacin (Figs. 9B). After 20 hours with norfloxacin, ΔrecA 

exhibited an OD600≈0.15, which was lower than the OD600≈0.30 observed in WT 

and the OD600≈0.4 of ΔcalP in the exponential phase (Figs. 9B). However, ΔrecA 

surpassed the OD600≈0.4 of ΔcalP and reached a similar OD600≈0.62 to WT in the 

stationary phase after 46 hrs with norfloxacin (Figs. 9B). Cells exposed to 

ciprofloxacin showed a similar but smoother delay of the growth curve of ΔrecA in 

comparison to WT or ΔcalP with norfloxacin in the exponential phase (Fig. 9C). A 

hypothesis to explain the early delay in the rise of the optical density of ΔrecA with 
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norfloxacin or ciprofloxacin might be an initial cell division arrest when DNA 

damage was detected. After the cell division arrest, mutations in the DNA gyrase 

(the target of QLs) may potentially alleviate the cell division block, cells to resume 

division. ΔrecA had a very low or zero OD600 when challenged with MMC or MMS, 

indicating that the inoculated cells were unable to grow when exposed to this 

compound (Figs. 9D, E). ∆recA, a defective-DNA-damage-repair genotype strain, 

confirmed the reliability of our sensitivity assays, showing a low optical density 

when exposed to each DDA. Our results suggest that calP is important for C. 

crescentus survival under DNA damage conditions and may be involved in the cell 

stress response pathway. ΔcalP sensitivity in a liquid medium was consistent with 

results obtained from the assay in a solid medium (Figs. 8A-E). 
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Fig. 9. The optical density of ΔcalP was lower than that of WT when exposed to 

norfloxacin, ciprofloxacin, MMC, or MMS in a liquid medium. Growth curves were 

generated for the evaluation of ΔcalP sensitivity in a liquid medium, with WT and 

ΔrecA serving control strains. Cells were cultivated to mid-exponential phase and 

subsequently diluted to an OD600=3.3·10-4. Cells were mixed with the appropriate 

DDA and incubated for 48 hrs at 30°C. Hourly OD600 measurements were taken, 

and the mean OD600 value was calculated using three technical replicates. PYE 

medium was supplemented with (A) no additives, (B) 4 μg/mL norfloxacin, (C) 1 

μg/mL ciprofloxacin, (D) 0.12 μg/mL MMC, and (E) 1 mM MMS. 

D +MMC

Time (h)

Lo
g 1

0
(O

D 6
00

)

0 20 40 60
0.01

0.1

1
WT
DrecA
DcalP

E 



 94 

 

2.3 ΔcalP showed a similar phenotype to WT when exposed to several non-

DNA-damaging agents 

Sensitivity assays of C. crescentus in vivo demonstrated that calP is important to 

maintain proper cell fitness in the presence of DDA and might be involved in DNA 

damage tolerance/repair. We wondered whether calP is specific for DNA 

damage/tolerance repair, so it is only affected by DDAs or whether it plays a more 

generalist role in stress response and is also affected by non-DDAs. To answer this 

question, I performed sensitivity assays with HU, novobiocin, H2O2, and NaClO, 

which have different modes of action and generate distinct types of cellular stress. 

For the analysis of the results of this experiment, I followed the same criteria I 

followed in the assays from section 2.2. Similarly, I employed the same strains (WT, 

∆recA, and ∆calP) as in the previous tests from section 2.2. Strains were cultivated 

to mid-exponential phase in unsupplemented medium (Fig. 10A) or medium 

supplemented with 9 μg/mL HU (Fig. 10B), 0.5 μg/mL novobiocin (Fig. 10C), 

0.15% H2O2 (Fig. 10D), and 15 µL 6-14% NaClO (Fig. 10E). Cultures were 

incubated at 30ºC for 48 hrs and the OD600 was monitored hourly. The drug-free 

medium did not show any difference in the sensitivity of WT, ∆recA, or ∆calP (Fig. 

10A). In the presence of hydroxyurea, the WT, ∆recA, and ∆calP strains showed a 

similar OD600≈0.7 in the stationary phase (Fig. 10B). Thus, ∆calP was not sensitive 

to HU and exhibited a WT-like phenotype (Fig. 10B). After exposure to novobiocin, 

both ∆calP and WT exhibited nearly zero optical density for the initial 20 hours, 

marking the onset of their exponential growth phase (Fig. 10C). After 30 hrs of 

inoculation, the OD600≈0.2 observed in both WT and ∆calP (Fig. 10C) was reduced 

by 3.5-fold compared to the OD600≈0.7 of the same strains in the drug-free medium 

at the same time point (Fig. 10A). Both strains reached the exponential phase with 

a similar OD600≈0.7 approximately 45 hrs post-inoculation in the presence of 

novobiocin (Fig. 10C). While in a drug-free medium, both WT and ∆calP took 

approximately 25 hours to reach a similar OD600≈0.7 (Fig. 10A), indicating a 

sensitivity of both strains only when exposed to DDA. Surprisingly, ∆recA entered 

the stationary phase approximately 15 hours earlier than WT or ∆calP, reaching an 

OD600≈0.7 after 30 hours of inoculation in the novobiocin-supplemented medium 
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(Fig. 10C). After 48 hours of novobiocin exposure, WT, ∆recA, and ∆calP displayed 

a similar OD600≈0.7 (Fig. 10C). Upon entering the stationary phase 30 hours after 

inoculation, ∆calP exhibited an optical density of approximately 0.65 when 

exposed to H2O2 or NaClO (Figs. 10D, E). In comparison, WT displayed an optical 

density of OD600≈0.5 under the same conditions (Figs. 10D, E). In the presence of 

H2O2 and NaClO, ∆recA displayed an initial lag in the OD600 compared to WT or 

∆calP, which subsequently increased to OD600≈0.75 48 hrs after incubation (Fig. 

10D, E). In summary, ∆calP showed no sensitivity compared to WT when exposed 

to novobiocin, HU, H2O2, NaClO, or when left untreated (Fig. 10A, B, C, D, and 

E). 
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Fig. 10. ΔcalP is not sensitive to the non-DNA damaging agents HU, novobiocin, 

H2O2, or NaCl in a liquid medium. Growth curves were plotted to evaluate the 

sensitivity of ΔcalP in a liquid medium under the influence of various non-DNA 

damaging compounds, including HU, novobiocin, H2O2, or NaClO. Control strains 

included WT and ΔrecA. Cells were grown to mid-exponential phase and then 

diluted to OD600=3.3·10-4. Cells were incubated with the respective compound for 

48 hrs at 30°C and OD600 measurements were recorded hourly. Three technical 

replicates were used to calculate the OD600 mean. The liquid PYE medium was 

prepared in the following variations: (A) unsupplemented; or supplemented with 

(B) 9 μg/mL HU, (C) 0.5 μg/mL novobiocin, (D) 0.15% H2O2, and (E) 15 µL 6-

14% NaClO. 

+H2O2

Time (h)

Lo
g 1

0
(O

D 6
00

)

0 20 40 60
0.01

0.1

1
WT
DrecA
DcalP

D 

+NaClO

Time (h)

Lo
g 1

0
(O

D 6
00

)

0 20 40 60
0.01

0.1

1
WT
DrecA
DcalP

E 



 98 

 

Price et al. (2018) performed a high-throughput transposon mutagenesis of 

thousands of bacterial genes [585]. To do so, they tested the sensitivity of cells 

carrying mutations in single genes by treating cells with hundreds of compounds of 

different natures. Among these genes, they tested ∆calP in C. crescentus, which 

exhibited consistent sensitivity across various compounds, including carbon and 

nitrogen sources, variation in pH, and antibiotics. Antibiotics like tetracycline, 

spectinomycin, gentamicin, or nalidixic acid are cytotoxic compounds that do not 

directly impact DNA integrity and do not induce sensitivity in ΔcalP. In contrast, 

cisplatin (2.5 and 5 μg/mL) reduced ∆calP sensitivity [585] (Fig. 11). Fig. 11 

displays the most toxic compounds on the bottom left side and the less harmful 

compounds on the top right side. The two blue dots corresponding to 5 μg/mL of 

cisplatin are located at the bottom left corner close to the Y-axis. The leftmost dot 

represents ΔrecA, indicating sensitivity, while the rightmost dot represents ΔcalP). 

The two blue dots corresponding to 2.5 μg/mL of cisplatin are positioned closer to 

the middle of the X-axis. The left dot represents ΔrecA, while the right dot 

represents ΔcalP. Hence, apart from Cisplatin, no other compound tested by Price 

et al. (2018), seemed to impact the viability of C. crescentus ∆calP [585]. These 

results are consistent with previous assays in which only DNA-damaging agents 

showed toxicity to ∆calP (Figs. 8-10). These results, together with DDAs sensitivity 

tests, in which ∆calP showed altered sensitivity in the presence of DDAs, suggest 

that calP may have a specific role related to DNA-damage tolerance/repair in C. 

crescentus. 
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Fig. 11. ΔcalP showed a sensitivity similar to WT when exposed to several non-

DNA damaging agents but exhibits sensitivity only with the DNA-damaging agent 

cisplatin [585]. Plot comparing C. crescentus ΔcalP and ΔrecA sensitivity following 

treatment with different types of compounds. Compounds are categorised into five 

groups based on their impact on the cell, represented by different colour dots: stress 

(blue), nitrogen source (orange), carbon source (green), PYE medium (red (for 

control)), and pH (purple). The X-axis indicates the sensitivity of ΔcalP 

(CCNA_03982), while the Y-axis indicates the sensitivity of ΔrecA (CCNA_01141). 

Dots closer to the bottom left corner indicate compounds that induced a greater 

toxicity compared to those located above closer to the right side of the table. The 

yellow circle highlights the most sensitive area caused by the compound. 
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2.4 Complementation of ∆calP successfully rescues the WT phenotype in the 

presence of MMC 

Previous results showed that the deletion of calP negatively affected C. crescentus 

fitness in the presence of DDA. To validate whether calP is the gene responsible 

for causing the sensitivity in previous assays, I performed a complementation assay 

and challenged ΔcalP cells with MMC. I inserted calP under a xylose-inducible 

promoter (Pxyl) at the xylX locus in a C. crescentus ΔcalP background (ΔcalP::Pxyl-

calP). I included WT, ΔrecA, and ΔcalP::Pxyl-ø as control strains. I grew cells to 

mid-exponential phase and incubated cultures at 30ºC for 48 hrs in a solid or liquid 

medium. To test the phenotype of the complemented strain and the controls I 

streaked cells on a solid agar medium supplemented with 0.3% xylose (to induce 

calP expression) and 0.25 µg/mL MMC when necessary. The addition of xylose 

induces the expression of calP, which was ectopically inserted under the Pxyl 

promoter. The Pxyl promoter allows the controlled expression of any gene inserted 

downstream of its sequence [586], like calP in this case. We observed that WT, 

ΔrecA, ΔcalP, or ΔcalP::Pxyl-calP were not sensitive in the xylose-supplemented 

medium (Fig. A1A). However, ∆calP showed a clear reduction in the size and 

number of isolated colonies in the presence of norfloxacin or MMC (Figs. A1B, C). 

In contrast, ΔcalP::Pxyl-calP displayed a phenotype that resembles the WT control 

strain in the presence of norfloxacin or MMC, forming thick isolated colonies (Figs. 

A1B, C). The similarity between the phenotypes observed in WT and ΔcalP::Pxyl-

calP suggests that the insertion of calP back into the C. crescentus genome notably 

increased cell resistance to norfloxacin or MMC (Figs. A1B, C). ΔrecA exhibited 

very small-sized colonies when exposed to norfloxacin (Fig. A1B) and no colonies 

when exposed to MMC (Figs. A1B, C). On the contrary, ΔrecA in the antibiotic-

free medium exhibited a similar colony size compared to WT (Fig. A1A). The fact 

that the ΔrecA control strain had a reduced colony size in the presence of 

norfloxacin or MMC confirmed that DNA-damage deficient cells were sensitive 

when exposed to both compounds (Figs. A1B, C). The strains did not show any 

sensitivity in the drug-free medium supplemented with xylose, indicating that the 

reduction in the colony size of cells was caused by the presence of antibiotics (Figs. 

A1A, B, C). Thus, our observations indicate that calP is important for survival in 
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the presence of DNA-damaging agents. Restoration of C. crescentus sensitivity by 

ectopically expressing calP in a ΔcalP background when challenged with 

norfloxacin or MMC in a solid medium suggests that the phenotype was not caused 

by a polar effect on genes downstream of calP (Figs. A1B, C). 

 

For the complementation assay in a liquid medium, I used the target strain 

ΔcalP::Pxyl-calP alongside WT, ΔrecA, and ΔcalP as control strains (Fig. 7). 

Additionally, I inserted the empty vector pXYFPC-2 into the ΔcalP background of 

C. crescentus to add it as a control strain. I analysed the results by applying the 

same criteria for the exponential and stationary phases and comparing two strains 

with the ratio of optical densities as in the experiments from section 2.2. I grew cells 

to mid-exponential phase in a liquid medium. I challenged cells with 0.4 μg/mL 

norfloxacin, 0.12 µg/mL MMC, or 0.1% xylose (to induce calP expression) when 

necessary. Cultures were incubated at 30ºC for 48 hrs in an automated plate reader 

and the OD600 was monitored hourly. All strains exhibited a WT phenotype in the 

unsupplemented (Fig. 12A; Fig. A2A) and xylose-supplemented media (Fig. 12B; 

Fig. A2B). Following norfloxacin exposure, ΔcalP, ΔcalP::ø, and ΔcalP::PcalP-calP 

showed a maximum OD600≈0.23 at the beginning of the stationary phase 15 hrs 

after inoculation. However, WT appeared unaffected by norfloxacin, reaching a 

maximum OD600≈0.4 after 22 hours upon entering the stationary phase (Fig. A2, 

C). The optical density of WT upon norfloxacin exposure was 1.74-fold higher than 

that of ΔcalP, ΔcalP::ø, and ΔcalP::PcalP-calP (Fig. A2, C). This discrepancy arose 

from the distinct timing of entry into the stationary phase between ΔcalP, ΔcalP::ø, 

and ΔcalP::PcalP-calP at 16 hours post-inoculation and WT, which entered at 22 

hours post-inoculation (Fig. A2C). Intriguingly, at 45 hours, ΔrecA displayed a peak 

OD600≈0.35, similar to WT, and notably higher than ΔcalP, ΔcalP::ø, and 

ΔcalP::PcalP-calP during the exponential phase under norfloxacin exposure (Fig. 

A2C). However, when exposed to xylose and norfloxacin combined, ΔcalP::PcalP-

calP also reached the maximum OD600≈0.4 observed in ΔrecA (Fig. A2C). The 

treatment with xylose allowed ΔcalP::PcalP-calP to restore the WT phenotype when 

exposed to norfloxacin and reached an OD600≈0.45 comparable to that of WT (Fig. 

A2D). This occurred because the supplementation with xylose induced the 
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expression of calP, which was under the xylose-inducible promoter Pxyl. ΔcalP and 

ΔcalP::ø could not rescue the WT phenotype despite the addition of xylose when 

exposed to norfloxacin, likely because of the absence of calP in the genome (Fig. 

A2D). The OD600≈0.32 observed in ΔcalP and ΔcalP::ø was 1.4-fold lower than the 

OD600≈0.45 of WT and ΔcalP::PcalP-calP when exposed to norfloxacin and xylose 

after 45 hrs (Fig. A2D). Hence, the C. crescentus strains expressing calP exhibited 

an optical density 1.4-fold higher than the strains lacking calP expression in the 

presence of both norfloxacin and xylose (Fig. A2D).  

 

After exposure to MMC, WT reached an OD600≈0.7 at the 40-hour mark post-

inoculation (Fig. 12A). WT exhibited an OD600≈0.7 in the presence of MMC (Fig. 

12C), resembling its behaviour in the drug-free medium (Fig. 12A). ΔcalP, 

ΔcalP::ø, and ΔcalP::PcalP-calP exhibited an OD600≈0.43 40 hours post-inoculation 

in the presence of MMC, representing a reduction of 1.63-fold compared to the 

OD600≈0.7 observed in WT (Fig. 12C). ΔcalP::PcalP-calP did not show sensitivity 

to MMC upon addition of xylose (Fig. 12D). Xylose induced the expression of calP 

and rescued the WT phenotype. WT and ΔcalP::PcalP-calP were unaffected when 

treated with the combination of xylose and MMC compared to WT and 

ΔcalP::PcalP-calP in the untreated medium (Figs. 12A, D). WT and ΔcalP::PcalP-

calP exhibited overlapping plot lines (OD600≈0.75) during the stationary phase 

when exposed to xylose and MMC combined (Fig. 12D). They displayed a 

phenotype similar to that observed in the compound-free medium (Fig. 12A, D). 

Nevertheless, both ΔcalP and ΔcalP::ø exhibited an OD600≈0.5 when exposed to a 

combination of xylose and MMC after 30 hrs (Fig. 12D). The OD600≈0.5 observed 

in both ΔcalP and ΔcalP::ø represented a reduction of 1.6-fold compared to the 

OD600≈0.75 seen in WT or ΔcalP::PcalP-calP when exposed to the combined 

challenge of xylose and MMC (Fig. 12D). The lower optical density observed in 

populations of ΔcalP and ΔcalP::ø compared to WT or ΔcalP::PcalP-calP suggests 

that the absence of calP negatively impacts C. crescentus when exposed to MMC 

(Fig. 12D). The OD600 value observed in ΔcalP and ΔcalP::ø with MMC 

(OD600≈0.5) differs from that of both strains in the free-antibiotic medium 

(OD600≈0.7). This contrast suggests that the sensitivity observed with MMC 
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resulted from the exposure to this compound (Fig. 12A, D). ΔcalP and ΔcalP::ø 

initiated an early stationary phase after 19 hours under MMC challenge, whereas 

WT and ΔcalP::PcalP-calP entered this phase after 27 hours (Fig. 12D). The early 

entry of ΔcalP and ΔcalP::ø in the stationary phase when exposed to norfloxacin or 

MMC caused a stall in the exponential phase (Fig. 12C, D; Fig. A2C, D). This 

phenotype may have arisen due to DNA damage-induced cell growth arrest, 

preventing the transmission of DNA errors to subsequent generations. ΔrecA 

exhibited high sensitivity to MMC, displaying no net increase in optical density 

whether exposed or not to xylose (Figs. 12C, D). This indicates that the drug 

actively affected DNA-damage-sensitive cells. The complementation of ΔcalP with 

calP successfully restored the WT phenotype, equipping the cells with the ability to 

withstand both MMC and norfloxacin. This evidence confirms that calP is the gene 

accountable for counteracting the effects of DDAs, rather than being a consequence 

of genes downstream of calP in the genome causing a polar effect. Hence, our 

findings suggest that calP contributes to DNA damage tolerance/repair in C. 

crescentus, playing a vital role in survival when exposed to DNA-damaging agents 

in a liquid medium. These results are consistent with those obtained in the 

sensitivity assays in a solid medium.  
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Fig. 12. Ectopic expression of calP increases ΔcalP tolerance to MMC. Growth 

curve analysis conducted to evaluate the complementation of ΔcalP::Pxyl-calP, both 

in the presence and absence of 0.12 μg/mL MMC in a liquid medium. WT, ΔrecA, 

ΔcalP, and ΔcalP::Pxyl-ø were used as control strains. calP expression in strains 

carrying the xylose-inducible promoter pXYFPC-2 vector was induced by 

supplementing the medium with 0.1% xylose when necessary. Cells were grown to 

mid-exponential phase in a PYE medium to an OD600≈0.5, and cultures were diluted 

to an OD600=3.3·10-4. Cells were mixed with 0.12 µg/mL MMC when needed and 

incubated for 48 hrs at 30°C before measuring OD600 hourly. Three technical 

replicates were used to calculate the OD600 mean. The medium contained (A) no 

additives, (B) 0.1% xylose, (C) 0.12 μg/mL MMC, and (D) 0.1% xylose and 0.12 

μg/mL MMC. 
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2.5 The complementation of ∆calP with scrambled calP successfully restores 

the WT phenotype in the presence of MMC 

RNAs do not always translate to proteins; occasionally, ORFs encode ncRNAs that 

play regulatory roles rather than proteins. An ncRNA may play an active role in the 

DNA damage response system in C. crescentus [444]. To distinguish between these 

two possibilities, I chemically synthesised the scrambled calP (scr calP), in which 

its original nucleotide sequence was scrambled while maintaining the original 

codons (Fig. 13A). Because of the redundancy in the genetic code, a different 

combination of nucleotides in the codon sequence can translate the same amino 

acid. In this way, the amino acid sequence remains unchanged (Fig. 13A). 

Nonetheless, a different nucleotide sequence originates an altered secondary 

structure of a putative ncRNA (Fig. 13B) different from the original calP (Fig. 13C). 

I reason that in a scenario where ΔcalP::PcalP-scr calP successfully complemented 

∆calP in a medium supplemented with MMC, calP would encode a protein. On the 

contrary, in a scenario in which ΔcalP::PcalP-scr calP did not complement ΔcalP 

when challenged with MMC, calP would encode a putative ncRNA. This second 

scenario may occur because changing the nucleotide sequence could disrupt the 

ncRNA's putative secondary structure, which is required for its function. I inserted 

scrambled calP at the C. crescentus xylX locus under the xylose-inducible promoter 

Pxyl (ΔcalP::PcalP-scr calP). I tested the complementation of ΔcalP in a sensitivity 

assay in a liquid medium treated with 0.12 μg/mL MMC or left untreated. I 

supplemented the medium with xylose when necessary to induce the expression of 

scrambled calP. WT, ΔrecA, ΔcalP, and ΔcalP::PcalP-ø were included in the 

sensitivity assay as control strains. To analyse the results, I proceeded the same way 

as in section 2.2 to define the exponential and stationary phases and to compare the 

ratio of optical densities between the two strains. WT, ∆recA, ∆calP, ∆calP::PcalP-

ø and ΔcalP::PcalP-scr calP in the compound-free medium exhibited no sensitivity, 

showing all overlapping curves (Fig. 14B). In the presence of MMC, both WT and 

ΔcalP::PcalP-scr calP strains showed a doubling in the OD600 to approximately 0.46 

during the stationary phase after 20 hrs, whereas ΔcalP and ΔcalP::PcalP-ø strains 

maintained an OD600 approximately 0.23 (Fig. 14C). ΔcalP and ΔcalP::PcalP-ø 

prematurely entered the stationary phase when treated with MMC after 18 hrs (Fig. 
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14C). This drop in the optical density increase of ΔcalP and ΔcalP::PcalP-ø may 

occur because the calP absence allows the accumulation of DNA damage followed 

by cell arrest (Fig. 14C). Conversely, ΔcalP::PcalP-scr calP did not show sensitivity 

when challenged with MMC, showing an OD600≈0.46 similar to WT and 

successfully complementing the ΔcalP background with scr calP (Fig. 14C). 

ΔcalP::PcalP-scr calP showed the same phenotype as WT when exposed to MMC, 

even though no xylose was supplemented to the medium to promote the scr calP 

expression (Fig. 14C). This phenotype occurred likely due to a leaky expression of 

the Pxyl promoter that led to the scr calP transcription (Fig. 14C). All strains in the 

MMC medium without xylose and the MMC medium with xylose exhibited a 

similar phenotype (Figs. 14C, D). In summary, ΔcalP::PcalP-scr calP could 

successfully complement ΔcalP in the presence of MMC despite having a 

nucleotide sequence other than calP (Figs. 14C, D). Therefore, the restoration of 

the WT phenotype occurred due to the invariable codon sequence of calP, 

demonstrating that calP encodes a protein instead of an ncRNA (Figs. 14C, D). 

∆recA was hypersensitive to MMC and did not increase the optical density, proving 

the toxic effect of MMC on DNA-damage-sensitive strains (Figs. 14C, D). 
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Fig. 13. The predicted secondary structure of a putative ncRNA was compared with 

the sequence of calP, which had been scrambled. This comparison aimed to assess 

whether calP encodes a non-coding RNA instead of a signal peptide (SP). The 

predictions were generated using Geneious Prime v. 2019 (Biomatters Inc.), a 

bioinformatic software for sequencing data analysis. (A) Pairwise alignment 

between the scr calP sequence (top) and the original calP sequence (bottom). (B) 

The predicted secondary structure of a putative ncRNA from the scr calP sequence. 

(C) The predicted secondary structure of a putative ncRNA from the original calP 

sequence. The base pair probability indicates the likelihood of a certain nucleotide 

being the correct one according to the prediction. The legend is represented from 

zero to one with a rainbow-colour range. 
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Fig. 14. scrambled calP cells do not show sensitivity in the presence of MMC. 

Analysis of the complementation of ΔcalP::PcalP-scr calP (blue line) in the presence 

and absence of 0.12 μg/mL MMC in a liquid medium. WT (magenta line), ΔrecA 

(orange line), ΔcalP (blue light line), and ΔcalP::PcalP-calP (green line) were used 

as control strains. The medium was supplemented with 0.1% xylose when necessary 

to induce calP expression, which was under the xylose-inducible promoter Pxyl 

carried in the plasmid pXYFPC-2. Cells were grown in a liquid PYE medium to 

mid-exponential phase and cultures were diluted to an OD600=3.3·10-4. Cells were 

supplemented with MMC when needed and incubated for 48 hrs at 30°C. The OD600 

was measured hourly and the results of the OD600 of three technical replicates were 

used to calculate the OD600 mean. Cells were grown in a medium with (A) no 

additives, (B) 0.1% xylose, (C) 0.12 μg/mL MMC, or (D) 0.12 μg/mL MMC and 

0.1% xylose. 
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Complementation analysis with scr calP in a C. crescentus ∆calP background 

successfully restored the WT phenotype, suggesting that calP encodes a protein 

instead of an ncRNA. To further confirm that calP is transcribed and calP mRNA 

translated into CalP protein, I performed immunoblot assays to visualise CalP when 

cells were treated with MMC or left untreated (Fig. 15). For this analysis, I C-

terminally flag-tagged calP and scr calP. Each variant was inserted under the native 

PcalP promoter (ΔcalP::PcalP-calP-flag and ΔcalP::PcalP-scr calP-flag) or at the xylX 

locus under the Pxyl promoter (ΔcalP::Pxyl-calP-flag and ΔcalP::Pxyl-scr calP-flag) 

in a C. crescentus ΔcalP background. I also included native calP under the Pxyl or 

PcalP promoter (ΔcalP::PcalP-calP-flag and ΔcalP::Pxyl-calP-flag) as complemented 

control strains, and WT and the empty plasmid strain ΔcalP::Pxyl-ø as untagged 

control strains. I grew cells to mid-exponential phase in a medium treated with 0.12 

µg/mL MMC or left untreated. When necessary, strains with calP variants under 

the xylose-inducible promoter were supplemented with 0.1% xylose. Cells were 

homogenised, and lysates were run in a 4-20% Tris-glycine SDS-PAGE. 

Membranes were blotted against the α-FLAG/M2 antibody. The percentage shown 

on top of each bar is the relative value of brightness intensity of each band after 

normalisation compared to the brightness intensity of the protein band isolated from 

untreated cells (Figs 15B, D). The difference between the percentages of two band 

intensities of CalP was obtained by dividing the value of percentages of the strains 

treated with xylose and MMC combined, and the strains only treated with xylose. 

Native calP (ΔcalP::Pxyl-calP-flag) and scr calP (ΔcalP::Pxyl-scr calP-flag) 

expressed from Pxyl showed CalP bands when cells were exposed solely to xylose 

or xylose and MMC combined (Fig. 15A). Meanwhile, neither ΔcalP::Pxyl-calP-

flag nor ΔcalP::Pxyl-scr-calP-flag showed CalP bands when exposed to MMC or 

left unexposed (Fig. 15A). MMC alone could not stimulate CalP production, a 

phenotype that was expected given the lack of xylose in the medium (Fig. 15B). 

After exposure to a combination of xylose and MMC, CalP production increased 

8.69-fold in ΔcalP::Pxyl-calP-flag and 36.6-fold in ΔcalP::Pxyl-scr calP-flag 

compared to CalP production in both strains in the drug-free medium (Fig. 15B). 

Surprisingly, CalP production increased 2.18-fold in ΔcalP::Pxyl-calP-flag when 

MMC was added to the xylose-containing medium (Fig. 15B). Similarly, after 
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addition of MMC to the xylose-containing medium, CalP production increased by 

4.96-fold (Fig. 15B). Intriguingly, CalP production increased by 4.21-fold when 

ΔcalP::Pxyl-scr calP-flag was treated with a combination of xylose and MMC in 

comparison to ΔcalP::Pxyl-scr calP-flag (Fig. 15B). MMC enhanced CalP 

production even though calP was inserted at the xylX locus. MMC should not play 

a role in the calP regulation since this expression takes place in a distinct genomic 

context other than the native calP locus. The increase in CalP production may occur 

because the CalP regulation with MMC might not just occur at the transcription 

level but at the translation level instead. This hypothesis would explain why calP 

expressed under a xylose-inducible promoter was found to enhance CalP production 

when exposed to a compound other than xylose. The untagged WT control strain 

showed no protein bands, confirming that the bands observed in the blot correspond 

to FLAG-tagged CalP (Fig. 15A). calP expressed from the native calP promoter 

(PcalP) produced CalP when cells were treated with MMC or left untreated (Fig. 

15C). Indeed, MMC-treated cells exhibited a 4-fold increase in the band intensity 

of CalP and a 3.55-fold increase in scr CalP compared to the same proteins from 

untreated cells (Fig. 15D). Interestingly, there was only a 1.13-fold difference in the 

production of CalP and scr CalP between MMC-treated cells (Fig. 15D). This small 

difference in the CalP production indicates that the scrambling of calP did not affect 

CalP production even though the nucleotide sequence was shuffled. WT did not 

show any band in any condition since it was an untagged strain, confirming that the 

bands observed in the immunoblot correspond to CalP (Fig. 15C). In summary, the 

calP or scr calP production did not differ from each other regardless the treatment 

or not with MMC, suggesting that shuffling calP nucleotides while preserving the 

codon sequence did not affect the C. crescentus sensitivity (Fig. 15). Moreover, 

calP ectopically expressed from the xylX locus was induced by the xylose-inducible 

promoter (Pxyl). However, CalP production was higher when cells were exposed to 

xylose and MMC combined compared to the sole addition of xylose (Figs. 10A, B). 

Therefore, the CalP production was not only dependent on the xylose induction of 

Pxyl to express calP but was also influenced by MMC. This phenotype indicates that 

the CalP activation was MMC-dependent and possibly occurred in a 

posttranslational level (Figs. 15A, B). scr CalP produced in ΔcalP::Pxyl-scr-calP-
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flag showed a band 4.21-fold more intense than CalP produced in ΔcalP::Pxyl-calP-

flag following the exposition of cells to both xylose and MMC (Fig. 15B). The 

higher production of scr CalP when scr calP was expressed from the Pxyl promoter, 

may suggest deregulation of calP at the RNA level since the nucleotide scrambling 

may alter the correct regulation of scr calP (Fig. 15B). However, when exposed to 

the combination of xylose and MMC, the production of scr CalP decreased by 1.27-

fold compared to CalP when both were expressed under the native calP promoter 

(Fig. 15B). Therefore, this phenotype does not correlate with the scr CalP 

production of ΔcalP::Pxyl-scr-calP-flag, indicating that the difference could have 

occurred at the transcriptional level (Figs. 15B, D). Alternatively, this phenotype 

could be an artefact caused by a higher induction of the xylose-inducible promoter 

Pxyl (Figs. 15A, B). 
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Fig. 15. calP shows a different polymerisation pattern expressed under 

different promoters. Different western blots assessing C. crescentus strains 

under different conditions. Cells were grown in a PYE medium to mid-

exponential phase at 30ºC and exposed to 0.12 μg/mL MMC or unexposed. 

Samples were run in a 4-20% Tris-Glycine SDS-PAGE, and membranes 

were blotted against the α-FLAG antibody. (A) Immunoblot comparing 

ΔcalP::Pxyl-ø (∆calP background complemented with empty vector 

pXYFPC-2), ΔcalP::Pxyl-calP-flag (∆calP background complemented with 

calP), and ΔcalP::Pxyl-scrambled calP-flag (∆calP background 

complemented with scrambled calP). These samples were expressed from 

the Pxyl promoter and arranged from left to right for comparison. Xylose-

inducible strains ΔcalP::Pxyl-calP-flag and ΔcalP::Pxyl-scrambled calP-flag 

were treated with 0.1% xylose. (B) Column bar graph showing the relative 

percentage of CalP production in C. crescentus when exposed to MMC (Fig. 

A3A). The numbers on top of the bars indicate the relative difference 

compared to the drug-free control. The Y-axis displays the relative 

percentage of CalP production (%) out of 100%. The X-axis shows bars with 

untreated, xylose-treated, and/or MMC-treated ΔcalP::Pxyl-calP-flag and 

D 
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ΔcalP::Pxyl-scrambled calP-flag. (C) Immunoblot comparing WT, 

ΔcalP::PcalP-calP-flag (∆calP background complemented with calP), and 

ΔcalP::PcalP-scrambled calP-flag (∆calP background complemented with 

scrambled calP). These samples were expressed from the native PcalP 

promoter and arranged from left to right for comparison. (D) Column bar 

graph showing the relative percentage of CalP production in C. crescentus 

when exposed to MMC (Fig. S3B). The numbers on top of the bars indicate 

the relative difference compared to the drug-free control. The Y-axis 

displays the relative percentage of CalP production (%) out of 100%. The 

X-axis shows bars of MMC-treated or untreated ΔcalP::PcalP-calP-flag and 

ΔcalP::PcalP-scrambled calP-flag. 
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2.6 CalP production increases upon treating cells with DNA-damaging agents 

in C. crescentus 

Previous in vivo assays showed a sensitivity of C. crescentus ΔcalP in the presence 

of DDA, while other in vivo assays demonstrated that the sensitivity of ΔcalP did 

not decrease when exposed to non-DDA. Thus, CalP plays an important role in the 

tolerance/repair of DNA damage in C. crescentus. I hypothesised that the CalP 

production would rise when cells are challenged with DDA but would remain low 

when exposed to non-DDA. To test CalP production when exposed to distinct 

DDAs, I immunoblotted a C-terminally FLAG-tagged CalP (∆calP::PcalP-calP-

flag) (Fig. 16). Mid-exponential phase cultures expressing a chromosomally 

encoded calP from its native locus and WT (control) were left unexposed to drugs, 

or exposed to 0.12 µg/mL MMC, 1.5 µg/mL MMS, 4 µg/mL norfloxacin, 15 µg/mL 

HU, or 0.5 µg/mL novobiocin. I homogenised cells and denatured proteins with an 

SDS/β-mercaptoethanol-containing buffer. I ran samples in a 4-20% Tris-Glycine 

SDS-PAGE for immunoblotting and incubated the membrane with an anti-FLAG 

antibody.  

 

C-terminally FLAG-tagged CalP showed intense bands when cells were exposed 

to MMC, MMS, or norfloxacin (Fig. 16A). ∆calP::PcalP-calP-flag showed 8 KDa 

CalP monomeric bands and 60 KDa CalP polymeric bands when cells were in the 

presence or absence of each DDA (Fig. 16A). Furthermore, the 75 KDa CalP 

polymeric bands appeared only when cells were exposed to MMC, MMS, or 

norfloxacin. Nonetheless, these bands were absent when challenged with HU or 

novobiocin (Fig. 16A). As opposed to untreated cells, the brightness intensity of 

the 8 kDa monomeric CalP was only increased by a 1.34-fold when cells were 

treated with HU and 1.06-fold when treated with novobiocin (Fig. 16B). 

Meanwhile, compared to untreated cells, the 8 KDa monomeric CalP production 

increased by 3.08-, 3.94- and 2.3-fold in cells exposed to MMC, MMS, and 

norfloxacin, respectively (Fig. 16B). MMS was the antibiotic that provoked C. 

crescentus to produce the highest proportion of monomeric CalP. When C. 

crescentus was challenged with MMC and norfloxacin, CalP production was 1.28-

fold and 1.71-fold lower, respectively, compared to CalP production induced by 
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MMS (Fig. 16B). Differential CalP production between cells exposed to distinct 

DDAs was greater with 60 KDa multimers. The CalP multimers showed an 8.13-, 

7.23-, and 5.82-fold increase in brightness intensity with MMC, MMS, and 

norfloxacin, respectively, compared to untreated cells (Fig. 16C). However, the 

difference in CalP production of HU- or novobiocin-treated cells in comparison to 

untreated cells was 1.15- and 1.64-fold, respectively (Fig. 16C). The 75 KDa CalP 

multimeric band produced from cells challenged with MMC was the protein band 

with the highest intensity (Fig. 16C). The 75 KDa CalP multimeric band from 

MMC-treated cells was only 1.12- and 1.4-fold higher than CalP produced from 

cells challenged with MMS and norfloxacin, respectively (Fig. 16C). As opposed 

to untreated cells, the 75 KDa multimers showed greater production when 

generated from cells exposed to MMC, MMS, or norfloxacin (5.3-, 6.13-, and 3.52-

fold increase, respectively), in comparison to HU or novobiocin (1.15- and 1.64-

fold increase, respectively) (Fig. 16D). Proteins produced in cells exposed to HU 

or novobiocin had fewer bright bands than proteins isolated from cells exposed to 

MMC, MMS, or norfloxacin (Figs. 16A, B, C, D). This phenotype indicates that 

CalP production in cells challenged with HU or novobiocin resembled CalP 

production in an unsupplemented medium. These results suggest that HU and 

novobiocin did not promote CalP production, probably because they were not 

DDAs (Figs. 16). CalP isolated from untreated cells generated low-intensity bands 

(Fig. 16). Low-intensity CalP bands barely increased their intensity from the 8 KDa 

monomers (36.9%) to the 60 KDa polymers (42.2%) or the intensity was even 

reduced in the 75 KDa multimers (20.8%) (Fig. 16E). The band intensity in the 

monomer or multimers produced from cells exposed to novobiocin or HU- was 

similar to the intensity of CalP isolated from untreated cells (Figs. 16A, E). 

Nevertheless, multimeric CalP bands isolated from cells exposed to MMC 

increased their intensity in the 75 KDa multimer (28.8%) compared to the CalP 

monomeric bands (16.6%); especially in the 60 KDa multimer (54.6%) (Fig. 11F). 

Following exposition of cells to MMC, the 60 KDa CalP multimer increased 

brightness in a greater proportion than the 75 KDa multimer or the 10 KDa CalP 

monomer (Fig. 16A). This phenotype suggests that multimeric CalP may be the 

active form of CalP under DNA damage conditions. CalP monomeric and 
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multimeric bands isolated from MMC-treated cells showed an intensity similar to 

CalP isolated from cells exposed to MMS or norfloxacin (Figs. 16A-F). However, 

CalP produced in MMC-treated cells exhibited the brightest bands (Figs. 16A-F). 

Therefore, the production of 10, 60, and 75 KDa CalP multimers increased when 

cells were challenged with MMC, MMS, or norfloxacin (Figs. 16A-D, F). Thus, it 

is likely that the rise in CalP production is a cellular response to the presence of 

DDA. The untagged WT control did not show any band with the same size as CalP-

tagged strains but only some unspecific bands of 18 and 42 KDa with every 

condition (Fig. 16A). The WT phenotype proves that the CalP-FLAG bands 

correspond to ∆calP::PcalP-calP-flag since they were the only FLAG-tagged strains 

in the immunoblot (Fig. 16A). 
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Fig. 16. C. crescentus increases CalP production when exposed to DDA. 

Immunoblots showing CalP production in C. crescentus exposed to different 

cytotoxic compounds. C-terminally calP was inserted at the native calP locus 

encoded from the chromosomal PcalP promoter of C. crescentus ΔcalP cells 

(ΔcalP::PcalP-calP-flag). WT was included as an untagged control strain. Cells were 

grown to mid-exponential phase and diluted to an OD600=0.1. Cultures were 

incubated for 3 hrs at 30°C. Cells were centrifuged and resuspended in a Triton-X-

containing buffer. Cells were homogenised and run in a 4-20% SDS-PAGE. The 

polyacrylamide gel was immunoblotted with a 1:10000 α-FLAG/M2 antibody to 

highlight the desired bands. (A) Western blot comparing CalP-FLAG production 

when cells were treated with DDA or left untreated. Cells were exposed to each of 

the following compounds: 0.12 μg/mL MMC, 1.5 mM MMS, 4 μg/mL norfloxacin, 

15 mM HU, or 0.5 μg/mL novobiocin. (B) Column bar graph showing the relative 

percentage of the production of 8 KDa CalP monomers in C. crescentus when 

exposed to different compounds. The numbers on top of the bars indicate the 

relative difference compared to the drug-free control. The Y-axis displays the 

relative percentage of CalP production (%) out of 100%. The X-axis shows bars 

with the name of each compound used to treat cells. The peak area calculating the 

band intensity is shown in Fig. A4A. (C) As in B, the production of 60 KDa CalP 

multimers. The peak area calculating the band intensity is shown in Fig. A4B. (D) 

As in B and C, the production of 75 KDa CalP multimers. The peak area calculating 

the band intensity is shown in Fig. A4C. (E) Column bar graph showing the relative 

percentage in the production of the different forms of CalP from C. crescentus in an 

unsupplemented medium. The numbers on the bars indicate the relative percentage 

of band intensity in the immunoblot out of 100%. The Y-axis displays the relative 

percentage of CalP production (%) out of 100% (the sum of the three bars is 100%). 

The X-axis shows the bars, which represent the intensity of each CalP form. The 

peak area calculating the band intensity is shown in Fig. A4D. (F) As in E, different 

forms of CalP from C. crescentus challenged with MMC. The peak area calculating 

the band intensity is shown in Fig. A4E. 
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I observed that the presence of MMC with specific concentrations increased CalP 

production. However, I wanted to analyse whether this increase was dependent or 

independent of the quantity of DDA supplemented to the medium. To answer this 

question, I challenged C. crescentus ∆calP::PcalP-calP-flag with increasing MMC 

concentrations and performed an immunoblot assay to assess whether the CalP 

production also increased (Fig. 17A). Cells were grown to mid-exponential phase 

were treated with 0.05, 0.1, 0.25, 0.5 µg/mL MMC, or left untreated. Cells were 

homogenised, and lysates were run in a 4-20% Tris-Glycine SDS-PAGE to resolve 

protein bands. Gels were blotted with an anti-FLAG antibody to probe for CalP-

FLAG.  

 

Results showed visible CalP-FLAG bands for each concentration from zero to 0.5 

μg/mL MMC (Fig. 17A). A CalP band was observed even though no MMC was 

added to the culture growing medium, suggesting that calP is constitutively 

expressed at a low level even when no DNA damage was induced (Fig. 17A, B). 

The immunoblot showed that CalP production increased when treated with 0.05 

(1.1-fold), 0.25 (1.44-fold), and 0.5 (1.73-fold) µg/mL MMC compared to the CalP 

production in untreated cells (Fig. 17B). The CalP production gradually increased 

proportional to the rise in the MMC concentration (Fig. 17B). However, CalP 

production did not increase when cells were challenged with 0.1 µg/mL MMC 

compared to CalP produced in cells unexposed to drugs (Fig. 17B). Omitting the 

results of CalP production with 0.1 µg/mL MMC, the rest of the bars on the graph 

showed a correlation between MMC concentration and CalP production (Fig. 17B). 

Therefore, CalP production is DNA-damage dependent and rise with increasing 

DNA damage. Hence, it may play a role in DNA damage tolerance and/or repair in 

C. crescentus. No other bands of similar size in untagged WT lanes were detected, 

indicating that bands from ΔcalP::PcalP-calP-flag lanes were genuine CalP-FLAG 

bands (Fig. 17A). 
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Fig. 17. CalP production in C. crescentus increases proportionally to the MMC 

concentration. (A) Immunoblot showing CalP production when C. crescentus was 

treated with increasing concentrations of MMC or left untreated. calP was C-

terminally flag tagged and transcribed under the PcalP promoter at the C. crescentus 

ΔcalP native locus (ΔcalP::PcalP-calP-flag). WT was also used as an untagged 

control strain. Cells were grown to mid-exponential phase and cultures were diluted 

to an OD600=0.1 and incubated at 30°C. Cultures were grown in a medium treated 

with 0.05, 0.1, 0.25, or 0.5 μg/mL MMC or untreated. Cells were resuspended in a 

Triton-X-containing buffer. Cells were homogenised, run in a 4-20% SDS-PAGE 

and immunoblotted with a 1:10000 α-FLAG antibody. (B) Column bar graph 

showing the relative percentage of CalP production in C. crescentus when exposed 

to increasing concentrations of MMC (0.05, 0.1, 0.25, or 0.5 μg/mL MMC) (Fig. 

A5). The numbers on top of each bar indicate the relative difference compared to 

the drug-free control. The Y-axis displays the relative percentage (%) of 100%. The 

X-axis shows a range of MMC concentrations in µg/mL, ranging from no additive 

(leftmost bar) to 0.5 µg/mL MMC (rightmost bar) added to the medium. 
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Previous immunoblot assays showed that CalP displayed several bands of distinct 

molecular weights (MW). This result did not coincide with the predicted size of 3.7 

KDa for CalP (4.2 KDa for CalP-FLAG), nor for the number of bands observed in 

the blot (Fig. 17A). To test whether the bands shown in the western blot in Fig. 17A 

correspond to different CalP polymers or whether they belong to different proteins, 

I analysed CalP in a MP assay. Mass photometry (MP) measures the size and 

concentration of molecules in a solution. I grew ΔcalP::PcalP-calP-flag to mid-

exponential phase in a liquid medium supplemented with 0.12 µg/mL MMC or 

without MMC. I homogenised cells and purified CalP-FLAG with columns 

containing anti-FLAG antibody. MP results showed an enriched 69 KDa CalP 

polymer when C. crescentus grew in an MMC-supplemented (282 counts) or 

unsupplemented media (507 counts) (Fig. 18). Surprisingly, the number of counts 

was higher when CalP-FLAG cells were untreated in comparison to CalP-FLAG 

cells challenged with MMC (Fig. 18). This result differs from the results shown in 

the previous immunoblot in Figs. 15, 16, 17, where the presence of DDAs increased 

the CalP production compared to CalP-FLAG from cells grown in a drug-free 

medium. The 69 KDa CalP-FLAG multimer detected in the MP assay (Fig. 18) 

could be the same 60 KDa CalP-FLAG multimer observed in the previous 

immunoblot in Fig. 17, which was isolated from DDA-treated or untreated cells 

(Fig. 17A). The presence of molecules with a size greater than the predicted size of 

CalP suggests that CalP polymerises and shows a wider variety of isoforms other 

than monomers. The MP analysis also detected a second group of 156 KDa CalP-

FLAG (377 counts) when cells were exposed to MMC. Intriguingly, after cells were 

challenged with MMC, the number of counts of the 156 KDa CalP-FLAG multimer 

(377 counts) was greater than the 69 KDa CalP multimer (282 counts) (Fig. 18). 

Nevertheless, the number of counts of the 156 KDa CalP-FLAG multimer (377 

counts) produced in MMC-treated cells was lower than the 69 KDa CalP-FLAG 

isolated from untreated C. crescentus (507 counts) (Fig. 18). MMC influences the 

formation of high-MW polymers (over 69 KDa), which shows a greater number of 

counts than CalP-FLAG from untreated cells (light green bars in the graph from 69 

to 400 KDa) (Fig. 18). This 156 KDa CalP-FLAG multimer was not visible in the 

previous immunoblot assay, probably because the quantity was not high enough or 
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because it was too unstable and got disrupted when run in an SDS-PAGE (Fig. 

17A). The MP analysis did not show any compound with a size smaller than 40 

KDa because this is the minimum MW that the instrument can detect (Fig. 18). 

Therefore, it could not detect CalP-FLAG in the monomeric state (Fig. 18). Results 

showed that CalP was present in more than one isoform (Fig. 18), supporting the 

previous western blot results in which several CalP-FLAG bands were visible (Fig. 

17A). 
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Fig. 18. Most CalP multimers in C. crescentus are 69 KDa on average. MP 

comparison of CalP-FLAG from MMC-treated or untreated C. crescentus. The MP 

instrument emits a laser that impacts the protein surface, scatters light, and records 

the detected signal variation. The Y-axis indicates the number of times (counts) that 

the multimeric CalP is detected. The X-axis represents the mass (in KDa) 

corresponding to each bar, which is determined by the number of counts. CalP from 

untreated C. crescentus is shown with yellowish colour bars, CalP from MMC-

treated cells is represented with green colour bars. 
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2.7 The size of CalP-FLAG significantly decreases upon in vitro incubation at 

100 degrees  

The size of different CalP-FLAG bands from previous immunoblot assays was 

always larger than the predicted 4.6 KDa size. Detergents such as SDS or β-

mercaptoethanol could not denature CalP to disrupt the high-MW bands. It is still 

unclear whether those bands correspond to CalP-FLAG self-polymers or whether 

they were interactions between CalP-FLAG and some other proteins. I aimed to 

elucidate why the CalP-FLAG size on previous western blots was larger than the 

predicted CalP-FLAG size. To address this question, I heated samples at 100°C for 

5 min to try to disrupt the protein-protein bonds. I ran samples in an SDS-PAGE to 

further immunoblot the heated proteins and unheated control proteins. The high 

temperature must disrupt bonds in a self-interaction or an interaction with other 

proteins. CalP was C-terminally FLAG-tagged and produced from a C. crescentus 

ΔcalP background (ΔcalP::PcalP-calP-flag). Cells were exposed to MMC to 

evaluate whether the DDA had an impact on the CalP polymerisation pattern. Cells 

expressing CalP-FLAG and the untagged WT control strain were grown to mid-

exponential phase in a medium supplemented with 0.12 µg/mL MMC or 

unsupplemented. I homogenised cells in a Triton-X-containing buffer to enhance 

CalP solubilisation. I heated a duplicate of the cell lysate at 100 °C for 5 min and 

left the other duplicate at RT. Cell lysates were loaded in the automated western 

blot, WES, with an anti-FLAG antibody for analysis. CalP-FLAG showed an 8 

KDa band in the blot when the cell lysate was unheated and treated with MMC or 

left untreated (Fig. 19A). The blot with unheated samples showed an additional 

multimeric 65 KDa CalP-FLAG band that was only visible when cells were 

exposed to MMC (Fig. 19A). On the contrary, the CalP-FLAG band was not found 

in the drug-free medium when unheated (Fig. 19A), supporting previous results in 

which CalP production increased upon cell exposure to DDA (Figs. 15, 16, 17). 

The rest of the CalP-FLAG bands were also visible in the WT control strain from 

unheated samples, so they must be non-specific bands of untagged proteins (Fig. 

19A). The immunoblot with the cell lysate heated at 100°C showed a very different 

CalP-FLAG band pattern, with most of the proteins on top of the lanes of the MMC 

treated and untreated samples (Fig. 19B). These heated proteins did not enter the 
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gel lanes, probably because they denatured and became too hydrophobic to migrate 

into the gel. The bottom of the lane containing heated samples from MMC-treated 

cells showed a smeary 15 KDa band (Fig. 19B). Unheated CalP-FLAG from the 

free-drug medium cells showed a low brightness 13 KDa band (Fig. 19B). When 

samples were heated, the WT control exhibited faint 8 KDa bands in the presence 

or absence of MMC, although these must be non-specific bands since WT was 

untagged (Fig. 19B).  

 

Considering the CalP aggregation on top of the WES immunoblot from the heated 

cell lysate, I wondered whether the purification of CalP would prevent CalP from 

aggregating when it was incubated at a high temperature. Hence, I purified a C-

terminally FLAG-tagged CalP and ran it in an acrylamide gel to visualise CalP-

FLAG. To do so, ΔcalP::PcalP-calP-flag and the untagged WT control strain were 

grown to mid-exponential phase and homogenised. I mixed cell lysates with anti-

FLAG-conjugated magnetic beads and incubated one sample duplicate at 100ºC for 

5 min. I ran the mixture through the column to retain C-terminally FLAG-tagged 

CalP, ran the elution in a 4-20% Tris-Glycine SDS-PAGE, and stained the gel with 

Blue Coomassie afterwards. The Coomassie-stained gel only showed CalP-FLAG 

bands in lanes from heated/unheated samples in which cells were challenged with 

MMC (Fig. 19C). Surprisingly, the heated sample only showed a 10 KDa CalP-

FLAG band, and the unheated sample solely exhibited a 55 KDa CalP-FLAG band 

(Fig. 19C). Heating purified CalP-FLAG at 100°C disrupted protein bonds that 

detergents could not disrupt. Hence, the absence of other proteins in the gel, 

characterised by diverse protein sizes compared to CalP-FLAG, indicates the 

exclusive presence of CalP-FLAG in the sample (Fig. 19C). This result dismisses 

the possibility that the large band size of CalP-FLAG is due to an interaction 

between CalP-FLAG and another protein partner.  

 

The Coomassie-stained polyacrylamide gel may have contained CalP-FLAG bands 

that were not visibly bright enough to be seen. To investigate whether these bands 

were present in the gel, I immunoblotted purified CalP-FLAG (from ΔcalP::PcalP-

calP-flag) and WT strains. The bands shown in the immunoblot were comparable 
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to the bands observed in the Coomassie-stained polyacrylamide gel. Additionally, 

the immunoblot showed bands that were invisible in the previous gel (Figs. 19C, 

D). The immunoblot showed an additional 10 and 55 KDa CalP-FLAG bands at RT 

corresponding to untreated cells (Figs. 19C, D). Furthermore, two 10 KDa CalP-

FLAG bands were visible in the western blot, the first band at RT with MMC and 

the second band after heating proteins from untreated cells at 100ºC (Fig. 19C, D). 

These bands were not visible on the Coomassie-stained gel, probably because they 

were not bright enough, in contrast to CalP-FLAG from cells exposed to MMC, 

which showed brighter bands in the gel (Figs. 19C, D). The other two bands found 

in the immunoblot were the 55 KDa CalP-FLAG band from the unheated proteins 

and the 10 KDa CalP-FLAG band from proteins heated at 100ºC, both isolated from 

cells exposed to MMC (Figs. 19C, D). 

 

In summary, no additional protein monomers with a distinct size other than the 

heated CalP in the Coomassie-stained gel were found. The presence of other protein 

monomers with distinct size in the gel could indicate the existence of additional 

proteins besides CalP, suggesting the interaction of CalP-FLAG with a protein 

partner. Nevertheless, after samples were heated, the CalP-FLAG multimer was 

completely disassembled into single monomers, supporting the possibility that CalP 

self-polymerises.  

 

 

 

 

  

 

 

 

 

 

 

 



 131 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B 

Samples incubated at RT

8 kDa

60 kDa

KDa
230-

180-

116-

66-

40-

12-

MMC
WT 

- +      - +
∆calP::P c

alP
-ca

lP-fla
g

Samples incubated at 100 °C

KDa
230-

180-

116-

66-

40-

12-

MMC 
WT 

- +      - +
∆calP::P c

alP
-ca

lP-fla
g

Smear

Smear

C 

2

- +        - +
100°C

ΔcalP:P cal
P-c

alP-fla
g

WT

- +         - +
RT

MMC

ΔcalP:P cal
P-c

alP-fla
g

WT

1

KDa

250-
180-
130-
95-
72-

55-

43-

34-

26-

17-

10-



 132 

 
Fig. 19. CalP polymers disassemble at high temperatures in C. crescentus. 

Immunoblot showing the difference between the size of CalP at RT and after 

exposure at 100ºC. calP-flag was chromosomally encoded in the native calP locus 

of ΔcalP in C. crescentus under the Pxyl promoter (∆calP::PcalP-calP-flag). WT was 

used as an untagged control strain. Cells were grown to mid-exponential phase in a 

medium supplemented with 0.12 μg/mL MMC or unsupplemented. (A) Cells were 

broken and resuspended in a TE buffer, and RT cell lysates were run in the WES 

automated western blot, or (B) incubated at 100°C for 5 min and run in the WES 

automatic western blot. (C) Cells were broken and resuspended in CFRB. To purify 

CalP, cell lysates with anti-FLAG antibody conjugated with magnetic beads were 

passed through a column under a magnetic field. Eluates were incubated at RT or 

100ºC for 5 min. Samples were run in a 4-20% SDS-PAGE, and the polyacrylamide 

gel was stained with Instant Blue Coomassie before visualisation. (1) 60 KDa 

multimeric CalP with MMC. (2) 8 KDa monomeric CalP with MMC. (D) As in (C), 

the gel was not stained but blotted with a 1:10000 α-FLAG antibody. 
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2.8 CalP self-interacts in vivo 

The Coomassie-stained gel and immunoblot assay indicated that CalP was self-

polymerised in vitro. To cross-validate these results, I aimed to perform a bacterial 

two-hybrid (BACTH) assay to check for CalP self-interaction. To do so, calP was 

heterologously co-expressed in E. coli alongside a protein subunit that generates a 

measurable phenotypic trait in vivo (Fig. 20A). calP was N-terminally fused to the 

T25 or T18 subunit of the adenylate cyclase enzyme (CyaA) carried in pKNT25 

and pUT18 plasmids, respectively (Fig. 20A). If CalP self-interacts, both CyaA 

subunits are reconstituted to produce cyclic AMP (cAMP), which is used as a 

cofactor of the catabolite activator protein (CAP) (Fig. 15A). CAP associates with 

certain promoters to activate transcription of reporter genes such as lac and mal 

operons, which are involved in lactose and maltose catabolism (Fig. 20A). Lactose 

and maltose production can be used by E. coli as the only carbon source. The 

production of these compounds generates phenotypic traits in the cell that can be 

distinguished on MacConkey agar plates [587]. The change in the colony colour 

from white to magenta means an interaction between target proteins [587]. calP-

T25 or calP-T18 were transcribed from the isopropyl β-d-1-thiogalactopyranoside 

(IPTG)-inducible promoter Plac in both plasmids. The assay included ZIP N-

terminally fused to T18/T25 as a positive control strain, which indicates a protein-

protein interaction [587] (Fig. 20B). As a negative control strain, I used pKNT25::ø 

and pUT18::ø vectors with no fusion with T18 or T25 subunits (Fig. 20B). These 

unfused subunits were tested against CalP (CalP-T18+T25 and CalP-T25+T18), 

and between each other (T18+T25) (Fig. 15B). The two negative control strains did 

not show an interaction between CalP or the T18/T25 portion of CyaA (Fig. 20B). 

In contrast, ZIP fusions with both CyaA subunits showed an intense magenta colour, 

indicating a strong interaction, as expected (Fig. 20B). When vectors carrying calP-

T25 and calP-T18 were co-transformed into cya- cells, the resulting colonies 

exhibited a strong red colour on a MacConkey agar like ZIP, suggesting that CalP 

self-interacts (Fig. 20B). These results further confirm that CalP self-interacts in 

vivo and support previous results in which CalP self-interacts in vitro. Predictions 

of bioinformatic tools made in AlphaFold2 also indicated that CalP self-interacts 

and proposed a circle-like shape multimer (Fig. 20C). 
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Fig. 20. CalP self-interacts. (A) Schematic of a BACTH assay [587] displaying 

interactions between T25 and T18 (negative control) on the left image. On the right 

image of the schematic, T25 and T18 are fused to proteins X and Y respectively. 

The restoration of adenylate cyclase activity after the interaction of the X and Y 

proteins enables cAMP production. cAMP associates with the CAP cofactor, and 

both together bind to lac, mal, and other gene promoters to induce transcription. 

Enzymes catalysed the cleavage of certain metabolites, such as lactose or maltose, 

which provokes a colour change in MacConkey plates. (B) A BACTH analysis 

evaluating interactions between T18/T25-CalP. As a negative control, empty 

vectors pUT18C (T18) and pKT25 (T25) were tested with the two strains 

mentioned previously and against each other. Also, ZIP/ZIP interactions were used 
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as a positive control strain. The E. coli strains that harbour each pair of vectors were 

streaked on MacConkey plates (1% maltose, 0.5 mM IPTG, 50 μg/mL kanamycin, 

100 μg/mL carbenicillin) and incubated for 48 hrs at 30°C. Magenta colonies 

indicate interaction and white colonies indicate lack of interaction. Plasmid 

combinations are shown on top of the image. (C) Bioinformatics prediction using 

the AlphaFold2 platform suggested that CalP is a multimer formed by the 

interaction of six monomers [588, 589]. 
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2.9 CalP is a transmembrane protein with the N-terminus in the periplasm 

and the C-terminus in the cytoplasm 

In vitro and in vivo experiments confirmed that CalP is a self-polymerising protein, 

but it remains unclear whether CalP is a membrane or a cytoplasmic protein. SPs 

are more often localised in the membrane, which acts as a scaffold since the short 

number of amino acids limits the number of possible structures and decreases their 

stability [452, 454]. Elucidating CalP localisation in the membrane or cytoplasm 

can also shed light on its function in C. crescentus [452]. To investigate this, I 

performed a cell fractionation assay in which I separated soluble (cytoplasmic) and 

membrane fractions from C. crescentus cell lysates and visualised them in a western 

blot. To do so, I expressed calP from a chromosomally encoded calP-flag inserted 

at the native calP locus in C. crescentus (ΔcalP::PcalP-calP-flag). I also included 

WT as an untagged control strain. I cultured cells until they reached mid-

exponential phase and exposed them to 0.12 µg/mL MMC or left them untreated. I 

homogenised cells in the CFRB to promote CalP solubilisation and ultracentrifuged 

cell lysates at 194000 RCF to separate membrane and soluble fractions. I ran both 

fractions alongside the whole-cell extract (the pre-ultracentrifuged cell lysate with 

the membrane and soluble fractions) in a 4-20% Tris-Glycine SDS-PAGE. I 

immunoblotted the membranes with α-FLAG antibody. If CalP is a membrane 

protein, the membrane fraction must have CalP bands with a higher intensity. The 

immunoblot showed 60, 80, and 95 KDa-multimeric CalP-FLAG bands from the 

whole-cell extract and from the membrane fraction with and without MMC (Fig. 

21). However, only the multimeric 60 KDa band was present in the soluble fraction 

under either condition (Fig. 21). Additionally, the 10 KDa CalP-FLAG bands were 

present in the membrane fraction and the whole-cell extract with or without MMC 

(Fig. 21). Monomeric CalP did not appear in the soluble fraction under either 

condition (Fig. 21). The CalP-FLAG band intensity also increased when cells were 

challenged with MMC in all three fractions (except monomeric CalP-FLAG 

challenged with MMC in the membrane fraction that was not visible) (Fig. 21). 

CalP was more enriched in the membrane fraction than in the soluble fraction, 

suggesting that CalP is a membrane protein (Fig. 21). The presence of faint CalP-

FLAG bands in the soluble fraction may be caused by nascent CalP translated by 
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ribosomes just before being transported and inserted into the cell membrane (Fig. 

21).  
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Fig. 21. CalP multimers localise in the C. crescentus membrane. A western blot 

displaying the separation of C. crescentus whole-cell lysate into soluble and 

membrane fractions. ΔcalP background with a chromosomally encoded calP-flag 

from the native calP locus under the calP native promoter PcalP. WT was added as 

an untagged control strain. Cells were grown to mid-exponential phase in a PYE 

medium supplemented with 0.12 μg/mL MMC or unsupplemented for 2 hrs at 30 

ºC. Cells were broken, and cell lysates were ultracentrifuged at 194000 RCF to 

separate fractions. The soluble fraction was run in a 4-20% Tris-Glycine SDS-

PAGE and blotted using the α-FLAG/M2 antibody. 
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The membrane fractionation assay suggested that CalP is localised in the 

membrane. However, this experiment did not give any clue about the possible 

anchorage or insertion into the membrane and, if so, the topology of the protein. 

Thus, as a first step to determine whether CalP is a transmembrane protein and, if 

so, the orientation of the protein, I performed a bioinformatic prediction using the 

TMHMM web server (DTU Health Tech) [590, 591] (Fig. 22A). TMHMM 

predicted that CalP is a transmembrane protein (transmembrane helix: AA 4 to 26) 

with the amino terminus in the periplasm and the carboxylic terminus in the 

cytoplasm (Nout-Cin topology) (Fig. 22A). To verify this prediction experimentally, 

I employed a phoA-lacZ reporter system that uses proteins which are solely active 

in the cytoplasm (LacZ) or the periplasm (PhoA) [592]. When PhoA is active, the 

selective medium turns blue, and when LacZ is active, the medium turns purple. 

This system can be employed to elucidate whether the orientation of proteins in the 

membrane is Nin-Cout or Nout-Cin. To investigate the CalP topology, I fused the C-

terminus of calP in-frame to a PhoA-LacZα chimaera (pKTOP plasmid system) 

(Fig. 22B). I did the same fusion with rsbN, a known membrane protein with Nin-

Cout topology used as a control strain (Fig. 22B) [593]. I also employed the empty 

plasmid pKTOP as a control strain that remains in the cytoplasm so LacZ would 

constantly be active, and the medium would turn purple (Fig. 22B). I transformed 

E. coli DH5α with the cloned plasmids, and the resulting colonies were streaked on 

an indicator medium. Plates showed that only the Nin-Cout control strain (carrying 

the pKTOP::rsbN plasmid) turned blue (Fig. 22C). Meanwhile, strains carrying 

either the empty vector pKTOP (Fig. 22C) or pKTOP::calP (Fig. 22C) turned 

purple. This phenotype suggests that CalP may have a Nout-Cin topology or may be 

entirely in the cytoplasm. Bioinformatics prediction indicated that CalP is a 

transmembrane protein with a Nout-Cin topology. 

Similarly, the cell fractionation analysis suggested that CalP is a membrane protein 

(Fig. 22D). Together with previous results and the Pho/LacZ test, it is likely that 

CalP is a transmembrane protein with a Nout-Cin orientation (Figs. 22A, C, D). 

Indeed, it is likely that CalP is an inner transmembrane protein since a putative outer 

transmembrane protein would have turned blue as RsbN did in the topology assay 

(Fig. 22C). However, it turned purple, indicating that the C-terminus of CalP is 
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situated in the cytoplasm. To further support the previous results, I performed a 

prediction in the Alpha-fold bioinformatics tool to visualise the putative insertion 

into the transmembrane CalP domain and confirm its Nout-Cin topology. The 

AlphaFold2 prediction also indicated that CalP is a transmembrane protein with an 

Nout-Cin topology. The CalP C-terminus section had a longer domain in the 

cytoplasm than the N-terminus in the periplasm (Fig. 22E). These results are 

consistent with the previous prediction on the TMHMM platform, in which it was 

estimated that CalP had three amino acids in the periplasm and eleven in the 

cytoplasm (Fig. 22A). 
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Fig. 22. CalP is a transmembrane protein with a Nout-Cin topology. Bioinformatics 

predictions and laboratory experiments assessing the cellular CalP localisation and 

putative topology in the case of a transmembrane protein. (A) Prediction of 

transmembrane helices in CalP with the TMHMM bioinformatics prediction tool 

[590, 591]. On top of the image is the CalP amino acid sequence. (B) Assay testing 

CalP topology (orientation in the membrane). CalP was fused with a chimaera 

protein (PhoA-LacZα), which produces a different compound depending on the 

orientation of the membrane that results in a colour change when cells grow in a 

selective medium. Colonies turned blue when the periplasmic alkaline phosphatase 

was active and purple when the cytoplasmic β-galactosidase was active. The 

indicator plate contained 80 μg/mL magenta-gal, 100 μg/mL X-Pho, 1 mM IPTG, 

and 50 μg/mL kanamycin. Plates were incubated at 30°C for 24 hrs. (C) Strains 

used in the PhoA-LacZα assay were pKTOP::Plac-calP, pKTOP::Plac-ø, and 

pKTOP::Plac-rsbN. (D) Illustration summarising CalP topology results. (E) Image 

representing the Nout-Cin orientation of CalP in the cell membrane obtained with the 

bioinformatics prediction platform AlphaFold2. The results were visually 

represented with the molecular visualisation system PyMOL. C-ter is represented 

on the left side of the image and N-ter on the right of the image. The blue layer 

represents the cytosolic side of the bilayer, and the red layer represents the 

periplasmic side. 
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2.10 Microscopy observations of CalP in the outer part of C. crescentus 

indicate membrane localisation 

To further determine the subcellular localisation of CalP in C. crescentus, I 

employed epifluorescence microscopy. To do so, I fused yfp, which encodes the 

fluorescent protein YFP, to the C-terminus of calP. I inserted calP-yfp at the native 

locus of calP in a C. crescentus ΔcalP background (ΔcalP::PcalP-calP-yfp). The 

much larger size of the YFP epitope could affect CalP activity because it was 6-fold 

larger than CalP itself. To determine whether fusion with YFP affected CalP activity, 

I performed a complementation assay. I conducted the assay similarly to previous 

complementation assays in a liquid medium in the absence and presence of 0.12 

µg/mL MMC. As control strains, I employed WT, ΔrecA, and ΔcalP. I incubated 

cultures at 30ºC for 48 h. Restoration of a WT phenotype should indicate that the 

YFP tag did not affect CalP function. The experiments showed that ΔcalP::PcalP-

calP-yfp successfully restored the WT phenotype in the absence (Fig. 23A) and 

presence of MMC (Fig. 23B). Therefore, the complementation of ΔcalP with calP-

yfp rescued the WT phenotype when challenged with MMC (Fig. 23B). In contrast, 

cells exposed to MMC exhibited an OD600≈0.4 for ΔcalP after 30 hours post-

inoculation (Fig. 23B). This value was 1.75-fold lower compared to the OD600≈0.7 

observed in the complemented ΔcalP::PcalP-calP-yfp and WT (Fig. 23B). These 

phenotypes suggest that the absence of calP affected the sensitivity of C. crescentus 

in MMC (Fig. 23B). ΔrecA showed no growth throughout 48 hrs, indicating 

hypersensitivity to MMC and proving the toxic effect of the drug (Fig. 23B). In the 

absence of the antibiotic, all strains showed normal growth, indicating that MMC 

specifically induced sensitivity in ΔcalP and ΔrecA cells (Fig. 23A). These results 

indicated that the functionality of CalP remained unaltered even upon fusion with a 

significantly larger YFP tag.  
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Fig. 23. The fusion of yfp to the C-terminus of calP did not hinder the 

complementation of ΔcalP in a liquid medium even in the presence of MMC. 

Growth curves comparing ΔcalP::PcalP-calP-yfp complementation in liquid 

medium with and without MMC. Successful complementation suggests that the 

fusion of yfp to the C-terminus of calP did not hinder CalP function in the presence 

of MMC. Control strains used were WT, ΔrecA, and ΔcalP. Cells were grown to 

mid-exponential phase in a PYE medium and subsequently diluted to an 

OD600=3.3·10-4. Cells were treated with 0.12 μg/mL MMC or left untreated and 

incubated for 48 hrs at 30°C. The OD600 was measured hourly. The OD600 mean of 

three technical replicates was used to generate the plot. Strains were grown in a 

media (A) unsupplemented or (B) supplemented with 0.12 μg/mL MMC. 
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The subcellular localisation of CalP in the cell can shed light on its putative function 

and categorise it as a membrane or cytoplasmic protein. Furthermore, treatment 

with and without MMC may be useful to compare the production, localisation, and 

distribution of CalP under both conditions. To further examine the subcellular 

localisation of CalP by epifluorescence microscopy, I tested the construct 

ΔcalP::PcalP-calP-yfp in a drug-free medium (Fig. 24A) or challenged it with 0.12 

µg/mL MMC (Fig. 24B). CalP-YFP exhibited fluorescent spots when C. crescentus 

was treated with MMC (Fig. 19A) or untreated (Fig. 24B). ΔcalP::PcalP-calP-yfp 

cells challenged with MMC showed brighter dots than cells in the antibiotic-free 

medium (Fig. 24A, B). This result suggests a higher CalP production when cells 

were challenged with MMC (Fig. 24A, B). Indeed, dots were mainly localised in 

the outer part of the cell grown in an MMC-supplemented or unsupplemented 

media, indicating a membrane localisation of CalP (Figs. 24A, B). These results 

correlate with previous results in which CalP production raised after exposure to 

MMC (Figs. 15, 16, 17) or other DDAs (Fig. 21). These findings align with previous 

results that demonstrated CalP as a transmembrane protein primarily localised in 

the cell membrane (Fig. 22).  
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Fig. 24. CalP-FLAG is localised throughout the cell in a patchy distribution with or 

without MMC. Microscopy visualisation of the fluorescence intensity of CalP-

FLAG produced in ΔcalP::PcalP-calP-yfp treated with MMC or left untreated. The 

brighter signal indicates a higher expression of calP. Exponential phase cultures 

grown in a PYE medium were diluted to an OD600=0.1 and incubated for 1 hr at 

30°C. Cells were treated with 0.12 μg/mL MMC or left untreated and incubated for 

2 hrs before being visualised.. The bright-field microscopy images are situated on 

the left side of the figure and the phase contrast microscopy images are placed on 

the right side of the figure. (A) Untreated cells and (B) MMC-treated cells. 
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2.11 The amino acid residues 9th, 16th, 18th, and 22nd are important for the 

function of CalP  

Previous immunoblot assays showed that CalP forms multimers, which are the 

functional form of the protein and get activated upon DNA damage induction. To 

understand which of the 37 amino acids was critical for CalP function in vivo, I 

individually mutagenised the entire CalP amino-acid sequence to alanine. 

Additionally, I replaced the 16th, 17th, and 18th alanine residues with prolines to 

investigate their specific impact, in the presence or absence of MMC. The sequence 

of each calP derivative mutant was C-terminally flag-tagged for subsequent 

immunoblot analysis. These mutants were ectopically expressed from the xylose-

inducible promoter Pxyl at the xylX locus in a C. crescentus ΔcalP background. As a 

control strain exhibiting WT phenotype, I utilised C. crescentus ∆calP, which was 

complemented with the native calP inserted at the xylX locus (∆calP::Pxyl-calP 

flag). As a negative control strain, I used C. crescentus ∆calP containing the empty 

plasmid pXYFPC-2 (ΔcalP::Pxyl-ø). This vector backbone was used for inserting 

derivative calP mutants at the xylX locus. As an untagged control strain for 

subsequent immunoblot assays, I generated a variant of calP fused to a truncated 

flag sequence. This variant contains specific deletions in the nucleotide sequence, 

whose translation results in a non-functional FLAG epitope. I evaluated the 

sensitivity of C. crescentus in vivo after mutating specific nucleotides of calP. I 

analysed whether the calP complementation with 36 calP derivative mutants (start 

and stop codon constructs were omitted) could restore the WT phenotype when 

challenged with MMC in a solid or liquid medium. To analyse the results, I followed 

the procedure outlined in section 2.2 to establish the boundaries between the 

exponential and the stationary phases. Additionally, I compared two strains using 

the ratio of optical densities, as described. I grew cells to mid-exponential phase in 

a liquid medium. For the sensitivity assay in a liquid medium, cells were treated 

with xylose, 0.12 µg/mL MMC, both compounds combined or left untreated. 

Cultures were incubated at 30ºC for 48 hrs and the OD600 was monitored hourly in 

an automated plate reader. The sensitivity assay in the liquid medium showed that 

none of the strains was sensitive in the drug-free medium (Figs. 25A, E, I; Figs. 
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A6A-A15A) or after xylose addition (Figs. 25B, F, J; Figs. A6B-A15B). All calP 

derivative mutants exhibited sensitivity when challenged with MMC. However, the 

native calP strain did not show sensitivity and had a WT-like phenotype comparable 

to the phenotype from cells grown in the unsupplemented medium (Figs. 25C, G, 

K; Figs. A6C-A15C). Following MMC treatment, calP derivative mutants did not 

exhibit a WT phenotype because the calP derivative was under a xylose-inducible 

promoter and the medium was xylose deficient (Figs. 25C, G, K; Figs. A6C-A15C). 

After exposure to the combination of xylose and MMC, calP mutants (L9A), calP 

(A16P), calP (A18P), and calP (F22A) could not restore the WT phenotype (Figs. 

25D, H, L). In contrast, the other 33 calP mutants successfully complemented 

∆calP in the liquid medium with xylose and MMC together (Figs. 25D, H, L; Figs. 

A6D-A15D). The calP (L9A) mutant showed sensitivity to MMC despite the 

treatment with xylose to induce the expression of the calP derivative mutant (Fig. 

25D). "In the stationary phase after 48 hours, the OD600≈0.4 was observed in calP 

(L9A) when treated with Xylose and MMC (Fig. 25D). This value was 1.25-fold 

lower than the OD600≈0.5 observed in the strain complemented with native calP 

when exposed to the combination of xylose and MMC (Fig. 25D). However, the 

OD600≈0.4 observed in calP (L9A) doubled the OD600≈0.2 of the control strain 

harbouring the empty plasmid when exposed to xylose and MMC combined (Fig. 

25D). The OD600≈0.35 observed in calP (A16P) and the OD600≈0.3 observed in 

calP (A18P) were lower than the OD600≈0.5 measured in native calP strain when 

challenged to the combination of xylose and MMC (Fig. 25H). The optical density 

of calP (A16P) and calP (A18P) was 1.43-fold and 1.66-fold lower, respectively, 

compared to the native calP strain in the stationary phase after 48 hrs (Fig. 25H). 

Thus, this phenotype denotes a higher sensitivity in calP (A16P) and calP (A18P) 

compared to the native calP when challenged with MMC despite the presence of 

xylose in the medium (Fig. 25H). calP (A17P) successfully complemented ∆calP 

and mimicked the OD600≈0.5 of the strain complemented with the native calP (Fig. 

25H). calP (A18P) resembled the OD600≈0.2 of the strain harbouring the empty 

plasmid control (ΔcalP::Pxyl-ø), which could not restore the WT phenotype because 

it lacked calP (Fig. 25H). Similarly, calP (F22A) was sensitive to MMC and the 

WT phenotype could not be rescued with the addition of xylose (Fig. 25L). The 
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OD600≈0.4 of calP (F22A) was 1.37-fold lower than the OD600≈0.55 of the native 

calP strain, calP (V7A), and calP (V8A) when exposed to both xylose and MMC 

combined (Fig. 25L). However, the OD600≈0.4 of calP (F22A) was 1.33-fold greater 

than the OD600≈0.3 of ΔcalP::Pxyl-ø when exposed to the combination of xylose and 

MMC (Fig. 25L). The optical density of calP (F22A), which was halfway between 

the native calP and calP mutant, suggests that the truncated CalP is perhaps semi-

functional or tries to perform its native role to counteract the DNA crosslinking of 

MMC. In summary, mutations of CalP residues L9A, A16P, A18P, and F22A caused 

sensitivity that impeded ∆calP from restoring the WT phenotype in the presence of 

MMC (Figs. 25D, H, L). This phenotype could be caused by the inability of the 

protein to properly perform its function due to a mutation in an essential amino acid.  

To further assess mutant sensitivity, I performed a sensitivity assay in a solid 

medium. Mid-exponential phase cultures were streaked on an agar medium 

supplemented with 0.3% xylose, 0.25 µg/mL MMC, both compounds combined, or 

left unsupplemented. Additionally, I tested WT, ΔrecA, and ΔcalP as control strains. 

WT, ΔrecA, and ΔcalP cells showed no sensitivity when treated with xylose or left 

untreated, and all their colonies exhibited similar densities (Fig. A16A, B). The 

xylose-supplemented plates showed a similar phenotype in all strains and colonies 

were thicker than colonies in the unsupplemented medium (Fig. A16A, B). The WT 

sensitivity was not diminished after MMC treatment, whereas ΔrecA and ΔcalP 

exhibited a reduced sensitivity (Fig. A16C). Intriguingly, the supplementation of 

the medium with xylose and MMC combined reduced the ΔcalP sensitivity by 

forming more isolated colonies than in the MMC-supplemented medium. 

Conversely, ΔrecA could not grow in the presence of MMC despite xylose was 

supplemented to the medium (Fig. A16D). I tested the complementation of 36 calP 

derivative mutants under different conditions, showing restoration of the WT 

phenotype in the drug-free medium (Figs. A17A, E) or the xylose-supplemented 

medium (Figs. A17B, F). Following MMC treatment, all mutants showed 

sensitivity comparable to ΔcalP (Figs. A17C, G). Following the supplementation 

with a combination of xylose and MMC, 33 mutants could rescue the WT 

phenotype (Figs. A17D, H). However, calP (A16P), calP (A18P), and calP (F22P) 

mutants still exhibited sensitivity to MMC (Figs. A17D, H). Xylose was required 
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to induce the expression of each mutant (under the Pxyl promoter) to restore the WT 

phenotype in MMC-treated cells (Figs. A17D, H). The control, consisting of the 

native calP fused to the flag-truncated derivative of calP (K45A), displayed a 

comparable number and size of colonies to WT and the other 33 derivative mutants 

when both xylose and MMC were supplemented to the medium (Figs. A17D, H). 

calP (A16P), calP (A18P), and calP (F22P) mutants exhibited smaller colonies than 

WT with the combination of both xylose and MMC (Figs. A17D, H). The colony 

size of 33 calP derivative mutants that rescued the WT phenotype was similar in 

the presence of MMC (Figs. A17C, G) or in its absence (Figs. A17A, E). calP 

(A16P) and calP (A18P) proline substitution mutants caused a stronger sensitivity 

than the F22P alanine substitution mutant when exposed to both xylose and MMC 

combined (Figs. A17D, H). In conclusion, the ΔcalP complementation with calP 

(L9A), calP (A16P), calP (A18P), and calP (F22A) could not rescue the WT 

phenotype in C. crescentus upon MMC exposure in a solid medium.  
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Fig. 25. Substitutions at residues 9, 16, 18, and 22 in CalP result in increased 

sensitivity of C. crescentus when exposed to MMC. Plot displaying the phenotypes 

of calP derivative mutants when exposed to MMC. The calP derivative mutants 

were ectopically expressed using a xylose-inducible promoter (Pxyl) in the ΔcalP 

background of C. crescentus. Cells were cultured in a PYE medium until reaching 

mid-exponential phase, approximately at an OD600≈0.5. The cultures were diluted 

to an OD600=3.3·10-4 and then incubated at 30°C for 48 hrs. The OD600 of cultures 

was measured hourly and the average OD600 of three cultures was taken for the data 

analysis. Each plate contained no additives (A, E, I), 0.1% xylose (B, F, J), 0.12 

μg/mL MMC (C, G, K), or 0.1% xylose and 0.12 μg/mL MMC combined (D, H, 

L). Strains included in the test were: ΔcalP::Pxyl-ø, ΔcalP::Pxyl-calP-flag, 

ΔcalP::Pxyl-calP (V7A)-flag, ΔcalP::Pxyl-calP (V8A)-flag, and ΔcalP::Pxyl-calP 

(F22A)-flag (A-D); ΔcalP::Pxyl-ø, ΔcalP::Pxyl-calP-flag, ΔcalP::Pxyl-calP (A16P)-

flag, ΔcalP::Pxyl-calP (A17P)-flag, and ΔcalP::Pxyl-calP (A18P)-flag (E-H); 

ΔcalP::Pxyl-ø, ΔcalP::Pxyl-calP-flag, ΔcalP::Pxyl-calP (L9A)-flag, and ΔcalP::Pxyl-

calP (I10A)-flag (I-L).   
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2.12 CalP (A16P), CalP (A18P), and CalP (F22A) are unable to self-

polymerise in vitro 

C. crescentus increases CalP production when exposed to DDA such as MMC, 

MMS, norfloxacin, or ciprofloxacin (Fig. 9). Additionally, CalP forms multimers, 

whose intensity increases in the presence of DDA, suggesting that CalP multimers 

are the active forms of the protein (Figs. 16A, 19, 21). CalP appeared as a 10 KDa 

monomer exclusively when heated at boiling temperature. No other high MW band 

was visible, suggesting that no additional protein was present in the sample (Figs. 

19B, D). Therefore, CalP must self-interact to form multimers, as demonstrated in 

previous BACTH assays (Fig. 20B). Furthermore, previous sensitivity assays with 

derivative calP mutants showed that substitutions in CalP residues 9th, 16th, 18th, 

and 22nd reduced C. crescentus fitness when exposed to MMC. I hypothesised that 

single-point mutations of the entire CalP amino acid sequence might result in 

defective mutants that could not polymerise due to changes in the protein-binding 

residues. To investigate the effect on the size and polymerisation capability of CalP 

mutants, I performed immunoblot assays using C-terminally FLAG-tagged 

derivative mutants (Figs. S18A-M). Additionally, I selected those calP mutant 

strains that exhibited the lowest optical density in previous sensitivity assays when 

challenged with MMC. To do so, I purified calP (L9A), calP (A16P), calP (A18P), 

and calP (F22A) to achieve immunoblots with bands of higher resolution (Fig. 

26B). These calP derivatives were ectopically inserted at the xylX locus of C. 

crescentus ∆calP under the xylose-inducible promoter Pxyl. As a WT phenotype 

control strain, I included C. crescentus ∆calP complemented the with native calP 

at the xylX locus (ΔcalP::Pxyl-calP-flag), and as a negative control strain, I used C. 

crescentus WT. Mid-exponential phase cultures were treated with xylose, MMC, 

both compounds combined or left untreated. Cells were homogenised and 

resuspended in a Triton-X lysis buffer to solubilise CalP. Cell lysates were 

incubated with microbeads and conjugated with a monoclonal anti-FLAG antibody. 

Cell lysates were applied to a column containing magnetic beads to retain C-

terminally FLAG-tagged CalP. Proteins were run in a 4-20% Tris-Glycine SDS-

PAGE and analysed by immunoblotting with a monoclonal anti-FLAG antibody. 

The immunoblot results showed that native CalP displayed 8 KDa monomeric 
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bands and 60 KDa multimeric bands in samples from cells treated with MMC or 

left untreated (Fig. 26B). However, both polymers showed bands with higher 

intensity when coming from MMC-treated cells compared to CalP bands that were 

extracted from untreated cells (Fig. 26B). This intensity increases when C. 

crescentus is exposed to the drug, suggesting that CalP production was greater with 

MMC than in the free-drug medium (Figs. 16, 21, 26B). CalP (L9A) showed low-

intensity monomeric bands of 8 KDa when proteins were isolated from MMC-

treated or untreated cells (Fig. 26B). This phenotype indicates a reduction in protein 

production compared to the native CalP-FLAG control (Fig. 26B). Following MMC 

exposure, CalP (L9A) exhibited a faint 17 KDa band that did not appear in the CalP 

control strain (Fig. 26B). CalP (L9A) probably failed to form a complete multimer 

due to the mutation in the 9th leucine (Fig. 26B). CalP (L9A) also showed a 63 KDa 

multimer under both conditions (-/+ MMC) with a higher protein size than native 

CalP (Fig. 26B). CalP (A16P) and CalP (A18P) showed strong monomer 

production, with no difference in the protein intensity with or without MMC (Fig. 

26B). Indeed, these monomers exhibited a lower size than native CalP with and 

without MMC (Fig. 26B). CalP (A16P) and CalP (A18P) bands had a size of 18, 

22, 26, and 38 KDa (Fig. 26B). The size of these bands is halfway between the 8 

KDa of the monomeric native CalP and 60 KDa of the multimeric native CalP when 

exposed or not to MMC (Fig. 26B). calP derivative mutants formed truncated 

multimers with approximately one-third the size of the native CalP multimer (Fig. 

26B). In summary, CalP (A16P) and CalP (A18P) could not polymerise nor form 

multimers with a size comparable to the native CalP (Fig. 26B). Eventually, CalP 

(F22A) exhibited a WT-like phenotype in the monomeric form, showing an 8 KDa 

band when cells were treated with MMC or untreated (Fig. 26B). CalP (F22A) could 

not form any multimer but only a smear in the upper half of the lane when exposed 

or not to MMC (Fig. 26B). Therefore, CalP (F22A) showed the strongest phenotype 

compared to the rest of CalP mutants (Fig. 26B). These smears may occur due to 

the breakage of weak interactions between proteins of a multimer that eventually 

disassemble while running along the gel. Intriguingly, the band intensity of each 

defective polymer of CalP (A16P) and CalP (A18P) did not increase upon exposure 

to MMC, suggesting the deregulation in the production of CalP (Fig. 26B). 
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Meanwhile, the protein production of the CalP (F22A) monomer increased after 

exposure to MMC, showing a phenotype comparable to the native CalP monomer 

(Fig. 26B). Previous Coomassie-stained polyacrylamide gels and immunoblot 

assays showed that heating samples at boiling temperature disrupted CalP self-

interaction and disaggregated protein multimers to monomers (Fig. 19C, D). To 

investigate whether defective multimers of CalP mutants get destabilised and 

disassemble into monomers, I heated proteins at 100°C and blotted them in a 

membrane (Fig. 26C). The blot showed that native CalP, CalP (A16P), and CalP 

(A18P) only showed 8 KDa monomers with or without MMC (Fig. 26C). 

Therefore, exposure to high temperatures may have disassembled multimers into 

monomers, since multimers were no longer visible in the blot when proteins were 

previously incubated at 100°C (Fig. 26C). Intriguingly, the 63 KDa CalP (L9A) 

multimers became smeary and disassembled into three new 18, 22 and, 26 KDa 

multimers (Fig. 26C). The smeary multimers of CalP (F22A) were brighter in the 

heated samples than in the unheated samples of the previous immunoblot (Fig. 

26C). CalP (A16P) and CalP (A18P) also showed smears, although they had a lower 

intensity than the smeary CalP (F22A) (Fig. 26C). Monomers of the native CalP, 

CalP (A16P), and CalP (A18P) remained unchanged after exposure to high 

temperatures (Fig. 26C). Nonetheless, monomers of CalP (L9A) and CalP (F22A) 

surprisingly disappeared after exposure to high temperatures (Fig. 26C). Native 

CalP production from MMC-treated or untreated cells did not show any difference 

after heating samples (Fig. 26C). Whereas the unheated native CalP markedly 

increased multimer intensity with MMC (Fig. 26C). In summary, multimers of CalP 

derivative mutants disassembled into monomers after exposure to high 

temperatures, comparable to the phenotype of the native CalP. However, CalP 

(L9A) was the exception, showing multimers with a lower size than the other 

multimers with or without MMC (Fig. 26C). Multimeric CalP must establish strong 

interactions with solid bonds since the detergents used to denature proteins in the 

preparation of samples for immunoblot assays could not disrupt their connections 

(Figs. 14C, D). However, high temperatures could break CalP-self-interaction that 

detergents could not (Figs. 14C, D). Truncating the amino acid sequence of CalP 

derivative mutants L9A, A16P, A18P, and F22A prevented CalP-FLAG from 
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multimerising (Fig. 26B). These results are consistent with previous results in 

which only the derivative mutant calP (L9A), calP (A16P), calP (A18P), and calP 

(F22A) showed sensitivity to MMC (Figs. 25D, H, L). In conclusion, CalP 

polymerisation is likely important to counteract DNA damage in C. crescentus.  
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Fig. 26. CalP (A16P), CalP (A18P), and CalP (F22A) cannot form stable multimers. 

(A) Image of the CalP structure highlighting the substituted residues that exhibit the 

most affected phenotype. The image was generated using protein bioinformatic 

software for structure prediction and visualised using PyMOL, a molecular 

visualisation system. (B) Western blot assays showing truncated versions of CalP 

when cells were treated with MMC or left untreated. calP mutants were ectopically 

expressed from the xylose-inducible promoter Pxyl in a C. crescentus ΔcalP 

background. Cells were grown in a PYE medium until reaching mid-exponential 

phase and were subsequently treated with either 0.1% xylose, 0.12 μg/mL MMC, 

both combined or left untreated. Cell lysates were mixed with anti-FLAG antibody 

conjugated with magnetic beads and passed through a purification column to retain 

C-terminally FLAG-tagged CalP. Eluates were run in a 4-20% SDS-PAGE and 

blotted with a 1:10000 α-FLAG antibody to highlight the desired bands. Strains 

used in the immunoblot: WT (only exposed to MMC but not xylose), ΔcalP::Pxyl-

calP-flag, ΔcalP::Pxyl-calP (L9A)-flag, ΔcalP::Pxyl-calP (A16P)-flag, ΔcalP::Pxyl-

calP (A18P)-flag and ΔcalP::Pxyl-calP (F22A)-flag incubated at RT for 30 min. (C) 

The same samples as in (B) with an additional incubation step at 100°C for 5 min. 
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To confirm the loss of interaction among truncated CalP mutants incapable of 

forming multimers, I conducted a BACTH assay in vivo using the calP derivative 

mutants that exhibited the most pronounced phenotypes. For this test, I used calP 

(L9A), calP (L12A), calP (A16P), calP (A17P), calP (A18P), and calP (A22P) 

strains. To achieve this, I fused each calP derivative mutant in-frame with the C-

terminus of either the T18 (pUT18C) or T25 (pKT25) subunits of E. coli adenylate 

cyclase (CyaA) [587] (Fig. 20A). If two units of a derivative CalP interact with each 

other, both CyaA subunits fused to each protein also interact. This synthesis leads 

to the creation of a compound that manifests a phenotypic trait in vivo [587] (Fig. 

20A). I performed a transformation of E. coli cya- using plasmids pUT18C and 

pKT25, which contain fusions of calP derivative mutants to the CyaA subunits. I 

also included both empty vectors as control strains for non-interaction. I conducted 

tests to assess interactions between a calP derivative mutant fused to T18 and the 

identical derivative mutant fused to T25. I evaluated the interaction of each calP 

derivative mutant fused to T18/T25 with the empty vectors containing fusion-less 

T18/T25 subunits. Additionally, I assessed the interaction between both empty 

subunits as a control for non-interaction. As a self-interaction control, I conducted 

tests using the T18/T25 subunit fused separately to the native calP and fused to ZIP 

[587] (Fig. 20B). I streaked the strains onto a selective MacConkey agar medium 

and incubated them at 30ºC for 48 hrs. The magenta colour may indicate that the 

adenylate cyclase subunits of each plasmid interact, indicating that calP derivatives 

also interacted. Strains harbouring plasmids carrying calP (A17P) and calP (A18P) 

showed white colonies, indicating no self-interaction (Fig. 27). In contrast, E. coli 

strains expressing native calP and calP (L12A) had a strong magenta colour like the 

ZIP positive control strain, which indicates protein self-binding (Fig. 27). 

Meanwhile, calP (L9A) and calP (A16P) strains exhibited a light magenta colour 

that indicates a weak protein self-interaction (Fig. 27). This weak protein-protein 

interaction may imply the inability of calP (L9A) and calP (A16P) to establish 

robust bonds within key residues. Assays assessing the interactions between strains 

carrying a calP derivative mutant and strains with the empty vector control T18/T25 

showed white colonies, indicating no binding between T18 and T25 subunits (Fig. 
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27). E. coli AB1157, a negative control, did not form colonies because it was not 

transformed with any plasmid, so it lacked antibiotic-resistance cassettes. This 

phenotype demonstrates that all other strains thrived despite having antibiotics in 

the medium. The plasmid-containing strains could form colonies because they 

harboured the vectors pKT25 and PUT18C that confer them resistance to antibiotics 

(Fig. 27). The results of this BACTH assay support the observations seen in 

previous immunoblot assays in which proteins with substitutions in key residues 

could not polymerise (Figs. 26B, 27). In conclusion, this test confirms that CalP 

self-binding is essential for protein polymerisation and switching to the active form. 
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Fig. 27. CalP does not interact with itself in E. coli when some key residues are 

mutated. BACTH assay testing the self-interaction of CalP derivatives L9A, L12A, 

A16P, A17P, A18P, and F22A fused to the T18 or T25 subunit of E. coli adenylate 

cyclase. As a negative control, strains harbouring empty vectors pUT18C (T18) and 

pKT25 (T25) were tested against different CalP derivative strains and between each 

other. As a positive control strain, CalP-CalP and ZIP-ZIP interactions were also 

tested. E. coli strains harbouring each pair of modified vectors were streaked on 

MacConkey plates (1% maltose, 0.5 mM IPTG, 50 μg/mL kanamycin, 100 μg/mL 

carbenicillin) and incubated at 30°C for 48 hrs. Magenta colonies indicate 

interaction and white colonies show no interaction. 
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2.13 CalP cannot be inserted into the membrane when key 

residues are mutated 

Previous sensitivity assays showed that the presence of MMC caused sensitivity in 

C. crescentus derivative mutants with substitutions in the CalP residues 9th, 16th, 

18th, and 22nd in comparison to WT (Fig. 25). Additionally, western blot results 

indicated that mutating certain CalP amino acids became essential for self-

interaction and thus CalP polymerisation (Fig. 26). Indeed, membrane fractionation 

analysis suggested that CalP is a membrane protein, and polymeric CalP was more 

enriched in the membrane than monomeric CalP (Fig. 21). I demonstrated in 

previous immunoblot assays that the multimeric state is active form of CalP because 

it was produced more abundantly after DNA damage induction (Figs. 16, 19, 21). I 

believe that the insertion of CalP in the membrane is a sine qua non condition for 

the correct function of the protein. Hence, I hypothesise that the inability of CalP to 

form multimers after mutating certain residues may affect its membrane insertion. 

To investigate how substitutions of certain amino acids can affect CalP insertion in 

the cell membrane, I performed a cell fractionation assay by separating the 

cytoplasmic and membrane fractions of C. crescentus. To do so, I evaluated the 

capacity to insert into the cell membrane of CalP derivative mutants, which showed 

the strongest sensitivity following MMC treatment and were incapable of self-

polymerising. As a native CalP-FLAG control strain, I included C. crescentus 

ΔcalP complemented with native calP in trans in the xylX locus under the Pxyl 

promoter. As a negative control strain, I inserted the empty plasmid pXYFPC-2 

(used to insert genes at the xylX locus) into a ΔcalP background. As an untagged 

control strain, I included WT. I grew cells to mid-exponential phase in a medium 

supplemented with 0.12 µg/mL MMC or left unsupplemented. The medium was 

additionally supplemented with 0.1% xylose to induce the expression of genes 

under the xylose-inducible promoter Pxyl. I homogenised and ultracentrifuged cell 

lysates at 194000 RCF to separate the membrane from the cytoplasmic fraction. I 

ran both fractions alongside the whole-cell extract (before ultracentrifugation) that 

contains the membrane and soluble fractions in a 4-20% Tris-Glycine SDS-PAGE. 

I immunoblotted the gel and highlighted CalP-FLAG with an anti-FLAG antibody. 

In the scenario where CalP is a membrane protein, the membrane fraction must 
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contain the brightest bands. Western blot showed non-specific protein bands in the 

WT and ∆calP::PcalP-ø untagged control strains in each fraction (Fig. 28A). CalP 

bands were more abundant in the whole cell extract and membrane fraction than in 

the soluble fraction (Fig. 28B). This result indicated that CalP is mainly localised 

in the membrane, as demonstrated in previous results of membrane fractionation 

assays (Fig. 28B, 21). All fractions exhibited non-specific bands that were also 

visible in the untagged control strains (Figs. 28A, B). CalP (L9A) bands showed a 

WT phenotype comparable to the native calP strain (positive control) (Fig. 28B). 

CalP (L9A) also showed protein bands in the whole-cell extract and membrane 

fraction but barely in the soluble fraction (Fig. 28B). CalP (L9A) bands in the 

membrane fraction indicate that CalP (L9A) could be inserted into the membrane-

like native CalP (Fig. 28B). The CalP (L9A) band intensity was lower than the 

native CalP band intensity (Fig. 28B). Following exposure to MMC, the intensity 

of CalP (L9A) monomers remained unchanged, so MMC treatment did not enhance 

CalP (L9A) production (Fig. 28B). The phenotype of this CalP (L9A) mutant is 

consistent with the phenotypes observed in previous sensitivity assays or blots 

assessing the polymerisation pattern of calP derivative mutants. The phenotype of 

CalP (L9A) resembles more the phenotype of WT than the phenotype of CalP 

(A16P/A18P/F22A) (Figs. 25D, H, L, 26B, 28B). Otherwise, CalP (A16P) showed 

monomers brighter with higher intensity in the whole cell extract and soluble 

fraction in comparison to the membrane fraction with or without MMC (Fig. 28C). 

These results suggest that CalP (A16P) might have had difficulty inserting into the 

membrane due to the mutation in this critical residue, as it remained predominantly 

in the soluble fraction (Fig. 28C). CalP (A16P) did not increase band intensity after 

MMC treatment (Fig. 28C), resembling the CalP (A16P) phenotype from the 

immunoblot assay in Fig. 26B. However, the native calP strain also did not increase 

band intensity, showing a phenotype that was sometimes observed in CalP 

monomers (Fig. 19D). Similarly, CalP (A17P) exhibited bands with a higher 

intensity in the soluble fraction compared to the membrane fraction. These results 

indicate that CalP (A17P) remained in the cytoplasm and did not insert into the 

membrane (Fig. 28C). Intriguingly, CalP (A17P) was not sensitive to MMC in 

competition assays and successfully complemented ∆calP (Fig. 25H), even though 
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it could not insert into the cell membrane (Fig. 26C). The whole-cell extract was 

strangely fainter than the soluble or membrane fractions, considering that the 

whole-cell extract consists of both the soluble and membrane fractions combined 

(Fig. 28C). CalP (A18P) showed a different phenotype in which soluble and 

membrane fractions had an equal amount of protein (Fig. 28D). The whole-cell 

extract exhibited a reduced amount of CalP (A18P) (Fig. 28D), like the whole-cell 

extract of CalP (A17P) (Fig. 28C). CalP (A18P) apparently struggled to insert into 

the cell membrane but succeeded approximately half of the time (Fig. 28D). CalP 

(F22A) showed only two bands in the whole-cell extract, but nothing in the soluble 

or membrane fractions (Fig. 27D). Therefore, since CalP (F22A) did not appear in 

the soluble or membrane fractions, we cannot conclude whether this derivative 

mutant protein could insert or not in the cell membrane (Fig. 28D). The size of the 

bands of CalP (F22A) were slightly higher compared to other calP derivative 

mutant bands such as CalP (A18P) or native calP (Fig. 28D). These higher-size 

bands were comparable to the size of CalP (F22A) monomers observed in the 

immunoblot assessing the polymerisation pattern of calP derivative mutants in Fig. 

26B. The exposure of CalP derivatives to MMC did not increase band intensity, 

which remained unaltered and showed proteins with the same band intensity as in 

the drug-free medium (Fig. 28B, C, D).  In summary, CalP (L9A) was inserted into 

the membrane as native CalP did and CalP (A16P) and CalP (A17P) could not be 

inserted into the membrane and remained in the cytoplasm (Fig. 28B, C, D). CalP 

(A18P) could insert partially into the membrane, and CalP (F22A) did not show a 

clear phenotype (Fig. 28). To conclude, the incapability of some CalP derivative 

mutants to insert into the cell membrane may have prevented them from 

polymerising and get activated to play an important role in the DNA-damage 

tolerance/repair (Fig. 28C). 
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Fig. 28. The mutation of key CalP amino acids prevents it from being inserted into 

the cell membrane. Western blotting showing CalP isolated from the total cell lysate 

(T), the cytoplasmic or soluble fraction (S), or the cell membrane fraction (M). Cells 

were grown in a PYE medium to mid-exponential phase and were treated with 0.1% 

xylose, 0.12 µg/mL MMC, both compounds combined, or left untreated. calP 

mutants were ectopically expressed from a xylose-inducible promoter (Pxyl) in a C. 

crescentus ΔcalP background. Cell fractions were separated by ultracentrifugation, 

run in a 4-20% SDS-PAGE, and immunoblotted with an α-FLAG antibody. Strains 

used in each immunoblot were: (A) WT and ΔcalP::Pxyl-ø (untagged control 
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strains), (B) ΔcalP::Pxyl-calP-flag and ΔcalP::Pxyl-calP (L9A)-flag, (C) ΔcalP::Pxyl-

calP (A16P)-flag and ΔcalP::Pxyl-calP (A17P)-flag, and (D) ΔcalP::Pxyl-calP 

(A18P)-flag and ΔcalP::Pxyl-calP (F22A)-flag. The immunoblot was cropped 

because several non-specific bands and smears appeared. The only portion of each 

blot shown in the figure is the region corresponding to the size range from 10 to 17 

KDa where CalP monomers are found (according to its predicted size). 
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2.14 Overproduction of CalP in C. crescentus does not promote tolerance to 

MMC 

In previous experiments, we demonstrated that calP deletion raised the C. 

crescentus sensitivity in the presence of DDA (Figs. 8-12). C. crescentus increases 

CalP production when exposed to DDAs, especially the 60 KDa polymers. We 

demonstrated that this 60 KDa multimer is the active form of CalP when cells are 

challenged with DDA (Fig. 16). Therefore, we theorised that the CalP production 

increase could enhance the C. crescentus tolerance to MMC. I wanted to investigate 

whether CalP overproduction could enhance and influence the CalP polymerisation 

pattern and whether this could protect C. crescentus from DNA-damaging effects. 

To answer the first question, I visualised CalP overproduction in MMC-treated or 

untreated cells in a western blot. To do so, I transformed C. crescentus WT cells 

with a high-copy plasmid harbouring calP from the xylose-inducible promoter Pxyl 

(WT+pBXMCS-2::Pxyl-calP-flag). Cells were cultured to mid-exponential phase in 

a medium supplemented with 0.1% xylose, 0.12 µg/mL MMC, a combination of 

both compounds or in the absence of either. I homogenised cells and 

immunoprecipitated CalP-FLAG with an anti-FLAG antibody. I ran the 

overproduced purified CalP-FLAG in a 4-20% Tris-Glycine SDS-PAGE and 

immunoblotted it with an α-FLAG antibody. 8 KDa monomeric CalP-FLAG bands 

were strongly produced and accumulated at the bottom of the immunoblot when 

treated with xylose, MMC, both compounds combined, or left untreated (Fig. 29). 

The intensity and so the production of the 8 KDa CalP monomer was invariable 

across all conditions (Fig. 29). CalP also showed 55 KDa multimeric bands under 

all conditions. However, as opposed to the monomeric bands, the multimeric bands 

increased their brightness only upon exposure to xylose or with the combination of 

xylose and MMC (Fig. 29). Monomeric CalP showed higher intensity bands than 

multimeric CalP in all tested conditions (Fig. 29). I hypothesised that the 

accumulation of monomeric CalP could have overloaded the transport system that 

delivers CalP to the cell membrane, where it polymerises (Fig. 29). Hence, CalP 

could not be delivered and remained accumulated in the cytoplasm in a monomeric 

form. This accumulation was particularly unusual when cells were challenged with 

MMC, as evidenced by the significant increase in multimeric CalP band intensity, 
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as shown in previous immunoblots (Figs. 16, 19, 21). Intriguingly, each lane 

corresponding to a different condition displayed a smear from 30 KDa to 130 KDa, 

likely indicating a failed attempt of CalP to polymerise (Fig. 29). Similar to the 

observations in the earlier western blot depicted in Fig. 26, where CalP derivative 

mutants were assessed, each protein displayed an inability to polymerise. This 

resulted in a smear spanning the upper half of the lane (Fig. 26). Perhaps the 

accumulation of monomeric CalP impedes the formation of multimers. Therefore, 

incomplete multimers may be too unstable to resist the tension of running across 

the gel and eventually disassemble. To summarise, despite CalP overproduction, it 

predominantly persisted in the monomeric state, with only a fraction undergoing 

polymerisation (Fig. 29).  
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Fig. 29. CalP accumulates in monomeric form when is overproduced in C. 

crescentus. CalP polymerisation rose when calP expression from pBXMCS::Pxyl-

calP-flag was induced with the combination of xylose and MMC. Western blot 

analysis was performed on overproduced CalP purified from the C. crescentus 

strain. The strain expressed calp-flag from the xylose-inducible promoter (Pxyl) on 

the non-integrative plasmid pBXMCS-2. WT was included in the assay as control 

strain without any tag. Cells were grown to mid-exponential phase in a liquid 

medium and cells and exposed to either 0.1% xylose, 0.12 µg/mL MMC, both 

compounds, or left untreated. Cultures were incubated 30 °C for 2 hrs. Proteins 

were denatured with SDS and β-mercaptoethanol, loaded in a 4-20% Tris-Glycine 

SDS-PAGE, and detected using an anti-FLAG antibody. On the two left lanes of the 

Western blot are the bands of the untagged WT. On the four right lanes are the bands 

of the overproduced CalP (pBXMCS-2::calP-flag). 
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To test whether a higher CalP production improves C. crescentus tolerance to DDA, 

I tested pBXMCS-2::calP-flag in a sensitivity assay to analyse cell tolerance in a 

liquid medium with MMC. As control strains, I included WT, the empty 

overexpression plasmid pBXMCS-2, and the plasmid pBXMCS-2 carrying the 

untagged calP (pBXMCS-2::calp). I grew cells to mid-exponential phase in a liquid 

medium and treated cultures with 0.1 % xylose, 0.75 μg/mL MMC, both 

compounds combined, or left untreated. The OD600 was measured hourly in a 96-

well plate incubated for 48 hrs at 30°C in an automated plate reader. I established 

the same definition for the limits of the exponential and stationary phases and the 

same ratio to compare the optic densities of two different strains, as described in 

section 2.2. All strains in the free-antibiotic medium showed a similar sensitivity 

compared to WT, which reached an OD600≈0.7 in the stationary phase 40 hrs after 

inoculation (Fig. 30A). Every strain in the xylose-supplemented medium also 

exhibited overlapping growth curves that reached an OD600≈0.9 in the stationary 

phase after incubation for 40 hrs (Fig. 30B). Xylose- or xylose- and MMC-treated 

strains harbouring the vector showed marked difficulty increasing the cell optical 

density and reaching an OD600≈0.08 after 35 hrs (Fig. 30C, D). Interestingly, WT 

started the exponential phase 5 hrs after inoculation in the medium with MMC or 

xylose and MMC combined. This entry into the exponential phase occurred 7-fold 

earlier than the strains harbouring the pBCMCS-2 vector (Fig. 30B). Strains 

expressing pBCMCS-2 started a late and short exponential phase that reached an 

OD600≈0.2 after approximately 48 hrs, which was 1.5-fold lower than the OD600≈0.3 

of WT (Figs. 30C, D). The growth curves for all tested strains remained very similar 

irrespective of treatment with MMC alone or in combination with xylose (Figs. 

30C, D). This result suggests that the addition of xylose did not influence the 

phenotype of any strain (Figs. 30C, D). The late increase in the optical density 

observed in strains harbouring the overexpression plasmid when exposed to MMC 

alone or in combination with xylose was significantly reduced (Figs. 30A, C, D). 

This reduction amounted to 3.5-fold compared to the OD600≈0.7 observed in the 

same strains in the untreated medium (Figs. 30A, C, D). Similarly, the OD600≈0.9 

of the strains with pBCMCS-2 was reduced by 4.5-fold when exposed to the xylose-
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supplemented medium compared to the supplementation to the medium with a 

combination of xylose and MMC (Figs. 30B, C, D). In summary, WT showed the 

highest optical density compared to the strains harbouring the empty plasmid with 

MMC or the combination of xylose and MMC together (Figs. 30C, D). Even the 

strain that only contained the empty plasmid exhibited a significant sensitivity 

compared to WT when challenged with MMC or both xylose and MMC combined 

(Fig. 30C, D). Therefore, the presence of the plasmid seemed to be detrimental to 

the sensitivity of C. crescentus and diminished the ability of the cell to cope with 

DNA damage. To conclude the analysis, which compares the strains harbouring the 

overexpression vector, the insertion or not of calP or calP-flag did not confer any 

advantage to C. crescentus to resist or minimise the effect of MMC. Therefore, the 

calP expression was insufficient to counteract the effect of DNA damage in 

conjunction with the expression of a high-copy number plasmid. C. crescentus 

might have been overwhelmed in the presence of MMC, the sensitivity rose 

considerably compared to cells unexposed to DDA or cells not harbouring the high-

copy plasmid. 
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Fig. 30. calP overexpression in a liquid medium does not increase C. crescentus 

resistance to MMC. Plot showing calP overexpression in a liquid medium. calP 

was expressed from the xylose-inducible promoter (Pxyl) of the non-integrative 

expression plasmid pBXMCS-2 in a C. crescentus WT background. Cells were 

grown in a PYE medium to mid-exponential phase and cultures were diluted to an 

OD600=3.3·10-4. Cells were treated with 0.1% xylose, 0.12 µL MMC, both 

compounds combined, or left untreated. Plates were incubated at 30°C for 48 hrs in 

an automated plate reader. The OD600 was measured at the indicated times, and the 

average of three cultures was taken to make the plot. WT, ΔrecA, ΔcalP, 

WT+PBXMCS-2, and WT+PBXMCS-2::calP strains were tested on a plate with 

(A) no additives, (B) 0.1% xylose, (C) 0.75 μg/mL MMC, or (D) 0.1% xylose and 

0.75 μg/mL MMC combined. 
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2.15 CalP cannot form stable multimers when it is heterologously produced 

in E. coli 

CalP forms multimers that localise in the C. crescentus cell membrane. The 

truncation of key residues causes the inability of CalP to insert into the membrane. 

I wanted to investigate whether CalP could also self-polymerise when it is 

heterologously produced in E. coli. To do so, I transformed E. coli AB1157 with 

the high-copy plasmid pUT18C (-T18) expressing calP-flag from the IPTG-

inducible promoter Plac (AB1157::Plac-calP-flag). As a negative control strain, I 

transformed AB1157 with the high-copy plasmid expressing untagged calP from 

Plac (AB1157::Plac-calP). I grew cells to mid-exponential phase in a liquid medium 

supplemented with 0.1 mM IPTG, 0.25 µg/mL MMC, both compounds combined 

or left unsupplemented. I homogenised cells and purified CalP-FLAG by 

immunoprecipitation using an anti-FLAG antibody. Proteins were run in a 4-20% 

Tris-glycine SDS-PAGE and immunoblotted with α-FLAG/M2. The immunoblot 

showed two bright 8 KDa CalP-FLAG monomeric bands when challenged or not 

with MMC (Fig. 31). The other two fainter 13 KDa bands were visible under both 

conditions (Fig. 31). The upper half of the blot showed two CalP-FLAG smears, 

spanning from 29 KDa to approximately 180 KDa when proteins were isolated from 

cells treated with MMC or left untreated (Fig. 31). However, the 60 and 72 KDa 

multimeric CalP bands observed when CalP-FALG was produced in C. crescentus 

(Figs. 16, 19, 21) did not appear in E. coli whether with or without MMC treatment 

(Fig. 31). The untagged CalP control strain produced two distinct 120 KDa bands, 

irrespective to MMC exposure, with no evidence of any other CalP-like bands (Fig. 

31). However, given that the calP strain was tag-free, those two bands were likely 

non-specific and unrelated to the CalP protein (Fig. 31). The CalP-FLAG 

polymerisation pattern in E. coli (Fig. 31) was different from CalP-FLAG in C. 

crescentus (Figs. 16, 19, 21). The E. coli polymerisation pattern resembles previous 

phenotypes of truncated CalP derivative mutants which failed to polymerise in C. 

crescentus (Fig. 26). In this assay, E. coli produced native C-terminally tagged 

CalP-FLAG but did not exhibit polymerisation either (Fig. 31). As I demonstrated 

previously, CalP may need to insert into the cell membrane to polymerise. The 

absence of a calP homolog in the E. coli genome, could potentially lead to 
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inefficient transportation of CalP to the cell membrane for polymerisation. CalP 

may necessitate specific element absent in E. coli for proper transport, membrane 

insertion, or polymerisation. 
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Fig. 31. CalP does not stably polymerise when it is heterologously produced in E. 

coli. Immunoblot showing CalP production in E. coli and its polymerisation pattern 

when exposed to MMC. calP was expressed from the lactose-inducible promoter 

Plac in the non-integrative plasmid pUT18C, replacing the T18 subunit with either 

calP or calP-flag. The E. coli AB1157 strain was transformed with AB1157::Plac-

calP and AB1157::Plac-calP-flag. Strains were exposed to IPTG to induce the 

expression of calP and calP-flag. Cells were grown to mid-exponential phase in a 

liquid medium at 30°C. Cells were treated with 0.25 µg/mL MMC, 0.1 mM IPTG, 

both compounds combined or left untreated. I performed co-immunoprecipitation 

using anti-FLAG resin columns with magnetic beads to isolate proteins. Samples 

were run in a 4-20% Tris-Glycine SDS-PAGE and detected using an anti-FLAG 

antibody. Untagged CalP (AB1157::Plac-calP) was used as a control strain in the 

left lanes of the Western blot, while CalP (AB1157::Plac-calP-flag) was placed in 

the right lane. 
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2.16 CalP forms defective multimers in the membrane when heterologously 

produced in E. coli 

I demonstrated that CalP was unable to self-polymerise in E. coli. However, we 

wondered whether this inability to polymerise was caused by the incapacity of CalP 

to insert into the cell membrane and, as a result, was unable to polymerise. To 

investigate this possibility, I performed a cell fractionation test by separating the 

cytoplasmic and membrane fractions to discover in which fraction CalP was found. 

To do so, I assayed the E. coli strains AB1157::Plac-calP-flag and AB1157::Plac-ø (a 

vector-less AB1157 strain used as a negative control). I grew cells to mid-

exponential phase and treated cultures with 0.1 mM IPTG, 0.25 µg/mL MMC, both 

compounds combined or left untreated. I homogenised cells in a Triton-X-

containing buffer to solubilise membranes and ultracentrifuged at 194000 RCF. The 

pre-centrifuged fraction was saved to be used as a whole-cell extract control. I ran 

the three fractions in a 4-20% Tris-Glycine SDS-PAGE and immunoblotted with a 

FLAG-tag antibody. CalP-FLAG showed 10 KDa bands in each fraction when cells 

were unexposed to DDA, exposed to IPTG, MMC, or both (Fig. 32A). Additionally, 

a 12 KDa CalP band appeared in the membrane fraction in every condition (Fig. 

32A). These 12 KDa bands were not visible in the soluble fraction but were evident 

in the membrane and whole-cell extract (Fig. 32). The whole cell extracts only 

showed a single thick band, probably because the 10 and 12 KDa bands merged due 

to the large wideness of both multimers (Fig. 32A). CalP-FLAG was produced even 

in the absence of IPTG, possibly due to the IPTG-inducible promoter (Plac) being 

activated by endogenous metabolites, causing the expression of calP-flag (Fig. 

32A). Expression of calP under the Plac promoter remained consistent across all 

conditions and was not influenced by exposure to MMC (Fig. 32A). In contrast, 

CalP production increased in C. crescentus in the presence of MMC when calP was 

ectopically expressed (Fig. 15). This suggest that C. crescentus likely employs a 

specific posttranslational pathway that activate CalP during the DNA-damage stress 

response. 

 

Nevertheless, E. coli lacks this posttranslational activation system for CalP due to 

its absence in the bacterium´s native protein repertoire. CalP was fully polymerised 
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in C. crescentus, especially in the presence of MMC (Figs. 16, 19, 21). On the 

contrary, CalP was unable to form full multimers under any conditions, but only a 

12 KDa band in the membrane fraction (Fig. 32A). Therefore, these results support 

the fact that CalP is localised in the membrane fraction and suggest that CalP needs 

the membrane as a scaffold to form multimers (Fig. 32A). Faint 25 KDa bands 

observed in both the E. coli strain expressing calP (Fig. 32A) and the vector-less 

control strain E. coli (Fig. 32B), were likely non-specific (boxed in red squares).  
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Fig. 32. CalP cannot fully polymerise in E. coli. Western blot showing cell fractions 

with C-terminally FLAG-tagged CalP heterologously produced in E. coli. Cells 

were standardised to a starting OD600=0.1 and grown to mid-exponential phase in a 

PYE medium. Cultures were treated with 0.1 mM IPTG, 0.25 μg/mL MMC, both 

compounds combined or left untreated. Cells were homogenised and cell lysates 

were ultracentrifuged at 194000 RCF to separate the soluble, membrane and whole 

cell fractions. The three fractions were run in a 4-20% Tris-Glycine SDS-PAGE and 

blotted with an α-FLAG/M2 antibody. (A) E. coli AB1157 strain carrying the 

plasmid pUT18C (-T18) expressing calP-flag from the Plac promoter (A1157::Plac-

calP-flag). This strain was supplemented with 1 mM IPTG for 3 hrs when necessary 

to induce calP-flag expression. (B) E. coli AB1157 was employed as an empty 

vector control strain. Unspecific bands in the control strain are boxed in red squares 

and pointed with red arrowheads. 
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2.17 Heterologous expression of calP in E. coli does not enhance tolerance 

to MMC 

As I demonstrated in previous sensitivity assays, CalP confers tolerance to DNA-

damaging agents in C. crescentus. The substitution of certain CalP residues caused 

the inability of CalP to polymerise and insert into the C. crescentus cell membrane, 

so mutants became sensitive to DDAs. The previous immunoblot assay showed that 

CalP could not polymerise when it was heterologously produced in E. coli. My 

objective was to investigate whether CalP enhances tolerance to DDA when 

exposed to MMC. Conversely, I aimed to explore if CalP does affect sensitivity to 

MMC due to its inability to polymerise and insert into the cell membrane. To do so, 

I transformed E. coli AB1157 with the empty plasmid pUT18C (-T18) as a control 

strain (AB1157::Plac-ø). Additionally, I used the plasmid expressing calP or calP-

flag from the IPTG-inducible promoter Plac (AB1157::Plac-calP or AB1157::Plac-

calP-flag). I included AB1157 and DH5α (recA-) as control without the vector. I 

grew cells to mid-exponential phase in a liquid medium and incubated cultures at 

30°C for 24 hrs. I treated cells with 0.1 mM IPTG, 0.75 µg/mL MMC, both 

compounds combined or left untreated. The explanation for the definition of the 

exponential and stationary phases and the comparison between the optical densities 

of the two strains was described in section 2.2. Strains in the free-drug medium or 

in the presence of IPTG exhibited a comparable OD600≈1, showing overlapping plot 

lines (Fig. 33A). However, DH5α entered the stationary phase 4 hrs after 

inoculation, which was 2-fold earlier than the other strains (Fig. 33B). These strains 

entered the stationary phase after 8 hrs, whether treated with IPTG or left untreated 

(Fig. 33B). Following MMC treatment, the optical density of DH5α remained close 

to zero, likely due to the lack of recA, which made this strain hypersensitive to DDA 

(Fig. 33C). AB1157::Plac-ø, AB1157::Plac-calP, and AB1157::Plac-calP-flag when 

challenged with MMC, entered the stationary phase 7 hrs after inoculation at 

OD600≈0.3, decreasing to an OD600≈0.2 after 13 hrs (Fig. 33C). Whereas the plot 

line of AB1157 showed a distinct tendency, maintaining the OD600≈0.05 up to the 

13th hr when it started the exponential phase, which reached an OD600≈0.5 after 24 

hrs (Fig. 33C). The phenotype shown by the strains exposed to with MMC (Fig. 

33C) was very similar to the phenotype of the strains exposed to IPTG+MMC, 
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suggesting that the addition or not of IPTG to the medium does not make any 

difference (Fig. 33D). calP and calP-flag strains exhibited the same sensitivity as 

the empty vector strain in all plot lines (Fig. 33). This suggests that the presence or 

absence of calP or calP-flag did not have an impact on E. coli sensitivity to the 

tested conditions (Fig. 33). Indeed, the presence of the plasmid was detrimental to 

the survival of E. coli when challenged with MMC. All strains harbouring plasmids 

had a reduced optical density and increased sensitivity compared to the free-plasmid 

strain (Figs. 33C, D). I can conclude that the production of CalP in E. coli did not 

contribute to lower cell sensitivity in the presence of MMC. These results correlate 

with previous results where CalP could not polymerise and thus did not configure 

the active form of the protein. Hence, CalP could not perform its regular activity to 

reduce the stress generated by the DNA-damaging agent MMC. 
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Fig. 33. calP heterologous expression does not increase E. coli tolerance to MMC. 

A plot showing the effect of the heterologous expression of calP in E. coli AB1157 

when cells were challenged with MMC. calP was expressed from a lactose-

inducible promoter (Plac) in the non-integrative plasmid pUT18C by substituting the 

T18 subunit for calP (untagged control strain) or calP-flag. Cells were grown to 

mid-exponential phase in a PYE medium. Cultures were diluted to an 

OD600=3.3·10-4 and treated with 0.1 mM IPTG, 0.75 µg/mL MMC, both compounds 

combined or left untreated.  E. coli strains DH5α, AB1157, AB1157::Plac-ø, 

AB1157::Plac-calP, and AB1157::Plac-calP-flag were incubated at 30°C for 24 hrs. 

The mean of three technical replicates was used to make the plot. The plots 

correspond to (A) no additives, (B) 1 mM IPTG (to induce calP expression from 

Plac), (C) 0.75 μg/mL MMC, and (D) 1 mM IPTG and 0.75 μg/mL MMC combined. 
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2.18 Discussion 

In this study, I report the discovery of a novel ORF that encodes an SP with an 

important effect on cell tolerance against DNA-damaging agents. Results indicated 

that CalP is an amphipathic small transmembrane protein with Nout-Cin topology. 

CalP forms a homooligomer in the cell membrane and increases its production upon 

DNA damage induction in C. crescentus.  

 

2.18.1 CalP is involved in DNA damage tolerance/repair in C. crescentus 

DNA damage repair is a system that specifically fixes damaged DNA caused by 

distinct agents of different natures, like antibiotics, reactive oxygen species, or UV 

light [594]. In this work, I report how CalP is required to maintain proper fitness in 

C. crescentus in the presence of DDAs such as MMC, MMS, norfloxacin, and 

ciprofloxacin. C. crescentus possesses other mechanisms, such as mmcA and mmcB, 

that are exclusively involved in DNA damage repair when exposed to MMC but not 

MMS [173]. MmcA is a member of the glyoxalase/dioxygenase protein family that 

works independently of known DNA damage repair pathways. MmcB is an 

endonuclease that generates substrates for imuABC-mediated TLS patches [173]. 

MmcA and MmcB are cytoplasmic proteins targeted to DNA damage produced by 

MMC [173], suggesting that it is a very specific pathway for repairing the damage 

caused by double-strand breaks [173]. However, CalP is more generalist and affects 

the tolerance of a wider range of antibiotics that create distinct types of DNA 

damage to the cell, such as norfloxacin, ciprofloxacin, MMC, and MMS (Fig. 9).  

 

2.18.2 calP encodes a protein 

Certain genes are subjected to post-transcriptional regulation by mRNA or ncRNA. 

The mRNA ChvR represses the TonB-dependent receptor mRNA ChvT by direct 

base-pairing in C. crescentus [444]. In E. coli, the yohP mRNA accumulates in the 

vicinity of the plasma membrane and may play some regulatory function in the 

insertion of YohP into the membrane [455]. It was proposed that calP was an 

ncRNA instead of a protein. The successful complementation suggested that calP 

encoded a protein instead of an ncRNA. Alternatively, the alteration in the 

nucleotide sequence might affect protein optimisation, resulting in the production 
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of a defective protein. However, Zhou et al. (2016) demonstrated that codon 

optimisation has an impact on transcription, but does not affect mRNA translation 

or stability [595]. I showed that complementation of the calP mutant with 

scrambled calP mRNA did not have any effect on the C. crescentus phenotype in 

the presence of MMC or norfloxacin (Fig. 15). Therefore, a putative mRNA 

transcribed from calP is unlikely to perform post-transcriptional regulation, since 

scrambled calP did not increase CalP production after MMC treatment (Fig. 15). 

However, the regulation of calP insertion in the membrane has not yet been tested.  

 

2.18.3 Multimeric CalP 

CalP monomeric (or single) form is approximately 8 KDa in size (Figs. 16, 19, 21). 

However, CalP was predicted to be 3.7 KDa (4.2 KDa for CalP-FLAG). Therefore, 

three possible theories were feasible for the unexpectedly larger size of CalP in 

immunoblot assays. The first hypothesis represents a different running pattern 

between the protein ladder and CalP-FLAG, resulting in deflected values. The 

second hypothesis is the possibility that two co-translationally nascent CalP 

dimerise, as demonstrated by Bertolini et al. (2021) and Shieh et al. (2015) [584, 

596]. A third option may be a posttranslational modification that enlarges CalP 

[597-599]. We could not distinguish between these three possibilities by analysing 

CalP in MP or cryo-electron microscopy assays because of the small size of CalP. 

Nevertheless, boiling the samples to denature CalP-FLAG resulted in bands with 

an 8 KDa size, comparable to the size of untreated CalP-FLAG (Fig. 19). Multimers 

were disrupted into monomers after boiling proteins, so it is likely that putative 

dimers also get disrupted. A putative posttranslational modification must be very 

stable for the protein to resist boiling temperatures. However, some modifications 

like phosphorylation, acetylation, and succinylation could resist such a high 

temperature but would not double CalP size to that extent. Therefore, the CalP-

FLAG size observed in the SDS-PAGEs or immunoblots might not be CalP´s real 

size but a deviation provoked by a different running pattern compared to the protein 

ladder.  
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Changes or deletions of single amino acids can substantially affect homooligomer 

stability, particularly if the protein interface is altered [573, 581]. Hashimoto et al. 

(2010) discovered that 25% of homologs had regions that either enhance or inhibit 

the formation of multimers [581]. They revealed that removing large non-polar side 

groups, such as phenylalanine or tryptophan, was important to forming protein 

interactions. A single amino acid replacement was enough to raise polymerisation 

[582]. I demonstrated that the active conformation of CalP is the multimeric form. 

The stability of the CalP multimer is compromised by substituting certain residues 

crucial for the self-interaction that allows polymerisation (Figs. 26B, C). The 

substitution of the CalP 22nd phenylalanine provoked the total inability of the CalP 

mutant to polymerise in vitro (Figs. 26B, C). Furthermore, this substitution caused 

one of the sickest phenotypes in C. crescentus CalP derivative mutants in vivo in 

the presence of MMC (Figs. 25K, L). Interestingly, other amino acid substitutions 

that alter CalP stability and interfere with multimerisation causing sensitivity, also 

occurred in the transmembrane domain (Figs. 22A, E, 25, 26). The substitution of 

CalP 16th alanine caused multimer destabilisation that impeded correct CalP 

insertion in the membrane, causing a loss of CalP function (Fig. 27C). 

 

2.18.4 Transport and insertion of CalP 

SMPs such as E. coli YohP are inserted into the E. coli cytosolic membrane through 

an alternative SRP-mediated recruitment pathway. This pathway transports YohP to 

be inserted in the membrane by the SecYEG or YidC mechanisms [455]. 

Nonetheless, whether this system exists in other proteobacteria, such as C. 

crescentus, remains unexplored. CalP was accumulated in a high proportion in the 

C. crescentus membrane after DNA damage (Fig. 21). Nonetheless, CalP 

heterologously produced in E. coli was equally found in the membrane and 

cytoplasm when DNA damage occurred (Fig. 32A). This phenotype indicates a 

defective delivery or insertion of CalP into the E. coli cell membrane (Fig. 32A). A 

hypothesis to explain the similarity in the amount of CalP in the cytoplasm and 

membrane in E. coli may be that C. crescentus lacks post-transcriptional SRP-

mediated transport of SMPs to the E. coli cell membrane. Hence, CalP might not be 

recognised by SRP and may remain in the E. coli cytoplasm. Alternatively, CalP 
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may be delivered to the C. crescentus membrane via direct recognition by SecA 

[458]. Therefore, SRP-independent targeting may not be the optimum option for 

SMPs in E. coli, so the efficiency in recognising and transporting CalP might be 

quite low. A tripartite motif determines the identification tags for protein targeting 

factors and is also necessary to recognise and open protein transport channels in the 

cell membrane [509, 510, 513, 600]. These recognition motifs span the entire length 

of SPs [451]. CalP might have a different recognition site that is identified by the 

SRP-mediated transport system of E. coli. Alternatively, the impossibility of 

inserting into the membrane might be due to CalP being residually recognised with 

low affinity and inefficiently delivered to the cell membrane. 

 

Bertolini et al. (2021) [584] demonstrated that the assembly of homodimers was 

machine- and species-independent (and even kingdom-independent), and they 

successfully expressed a nuclear lamin from human cells heterologously in E. coli. 

However, heterologously expressed CalP in E. coli could not fully polymerise (Fig. 

31).  This phenotype was like CalP mutants with single mutations in essential amino 

acids, resulting in a defective CalP polymerisation in C. crescentus (Figs. 26B, C). 

CalP, as a transmembrane protein, likely needs the membrane scaffold to 

multimerise, unlike lamin C, which is a non-transmembrane nuclear protein that 

could successfully dimerise without a membrane insertion. When heterologously 

produced in E. coli, CalP only formed defective multimers in the membrane fraction 

but remained in monomeric form in the soluble fraction (Fig. 32A). The fact that 

CalP could only polymerise in the membrane fraction reinforces the hypothesis that 

CalP needs the membrane as a scaffold to form multimers (Fig. 32A). According to 

Kukatsky et al. (2007) and Andre et al. (2008) [574, 575], a higher similarity in the 

amino acid sequence fosters multimers formation. However, the same CalP 

sequence was not enough to polymerise CalP in a bacterium different from C. 

crescentus. Although we cannot yet answer the reason why CalP cannot fully 

polymerise in E. coli, we speculate that SecYEG or YidC insertase were 

unsuccessful in promoting the CalP multimerisation in the E. coli cell membrane 

(Fig. 32A). These results suggest that CalP requires specific assembly machinery to 
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form CalP multimers because it is unable to do so when it is heterologously 

produced in E. coli.  

 

Several questions still await an answer, such as the function of CalP in the 

membrane, other proteins that may regulate CalP or the origin of CalP and why it 

is not conserved in other bacteria. CalP will contribute to shedding light on the 

barely known field of SPs, which is rapidly expanding and helping to solve 

biological questions that have been undefined so far. More concretely, the 

information provided about the characterisation of CalP will expand our knowledge 

about the stress response system in C. crescentus and bacteria in general. 

Eventually, understanding the mechanisms that bacteria possess to defend 

themselves from external agents is essential to antimicrobial control and public 

health. Therefore, each contribution may help shed light on the bacterial resistance 

mechanisms and find the best tools to combat them. 
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Chapter 3. Defining the function of CalP, a RecA-

dependent protein related to DDA export in the C. 

crescentus inner membrane 
 
3.1 Introduction 

Bacteria possess complex systems to cope with environmental changes [421]. 

Antibiotic resistance is one of the main concerns for public health. Mutations in 

critical bacterial genes confer bacteria with the capacity to tolerate higher doses of 

antibiotics [422]. Persistent bacteria, which are populations of highly stress-

resistant bacteria, create chronic infections due to antibiotic resistance [422-424] 

through various complex and redundant molecular mechanisms [425, 426]. 

Important systems to generate antibiotic resistance are TLS [173], HGT [427], 

quorum sensing, oxidant tolerance, TA systems, energy metabolism, global stress 

response, MDEPs, and SOS response [424, 425, 428, 429].  

 

3.1.1 TonB-dependent receptors 

Iron is one of the essential cofactors for bacteria and is crucial in metabolic 

pathways such as oxidative phosphorylation, electron transport, and 

deoxyribonucleotide synthesis [601]. Bacteria employ two central systems to 

uptake extracellular iron into the cell. The first system is passive diffusion through 

porins in favour of the concentration gradient [602]. The second system uses 

siderophores as ion chelators, which are imported against a concentration gradient 

using energy-dependent transport mechanisms [602]. Siderophores are low-

molecular-weight molecules (500-1500 Da) secreted under iron-limiting conditions 

to bind iron [603]. TonB-dependent proteins are a family of proteins responsible for 

transporting siderophores from the extracellular environment across the outer 

membrane and periplasm to the cytoplasm [604]. Three cytoplasmic proteins, 

TonB, ExbB, and ExbD, form a complex that spans the entire periplasm and reaches 

the outer membrane [604]. These proteins are coupled to a proton gradient and are 

responsible for transporting siderophores through the periplasm to the cytoplasm 

[604]. The outer membrane proteins that recognise and translocate iron-bound 
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siderophores across the outer membrane are called TonB-dependent receptors 

[605]. These protein receptors depend on the energy of the cytoplasmic protein 

complex and physically bind to TonB [605-607]. This interaction requires that the 

receptor has a TonB box, which consists of six semi-conserved amino acids close 

to the N-terminus of the protein [608]. 

 

3.1.2  Multidrug efflux pumps 

Bacteria display several mechanisms to resist the effects of antibiotics [609]. These 

effects can be divided into intrinsic causes of antibiotic resistance and acquired 

antibiotic resistance. Among the intrinsic antibiotic resistance are the export of toxic 

compounds by multidrug efflux pumps, outer membrane permeability, drug 

inactivation, alteration or destruction through enzyme modification, and biofilm 

formation. Acquired antibiotic resistance mechanisms are resistance by mutations, 

acquisition of resistance genes by HGT (e.g., transformation, transduction, 

conjugation), and metabolic bypass: camouflaging the target through changing 

antibiotic affinity modifying antibiotic targets (e.g., modification of topoisomerases 

to prevent QLs recognition or the alteration of penicillin-binding proteins (PBPs) 

to prevent the recognition of ß-lactams), target protection (e.g., the addition of 

methyl groups), modification of drug permeability by changing cell surface, and 

expressing alternative proteins that are less recognisable by certain antibiotics (e.g., 

mecA encodes an alternative PBP in S. aureus) [610-612]. Efflux pumps like 

MDEPs are transmembrane transporters responsible for expelling poisonous 

compounds out of the cell [613, 614] that contribute to multidrug resistance in 

bacteria [609, 615]. MDEPs are a family of ubiquitous proteins conserved in many 

organisms, including bacteria and mammals [616, 617]. Species such as E. coli have 

up to 37 efflux-pumps-encoding genes [618] and Salmonella enterica has ten [619, 

620]. MDEPs of Salmonella enterica serovar Typhimurium can distinguish between 

different cytotoxic compounds from a wide range of unrelated categories [621]. 

MDEPs detect antibiotics such as quinolones (norfloxacin, ciprofloxacin, or 

nalidixic acid), ß-lactams (carbenicillin, penicillin G, or ampicillin), macrolides 

(erythromycin or spiramycin), tetracycline, or chloramphenicol [621]. They can 

recognise compounds such as detergents (sodium dodecyl sulphate or deoxycholic 
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acid), dyes (ethidium bromide, crystal violet, rhodamine 6G, or acriflavine), or 

antiseptics (benzalkonium or triclosan) [621]. Efflux pumps are part of a 

multisystemic bacterial stress response element. Efflux pumps can be the most 

efficient and fastest defensive mechanism for exporting compounds that can be 

harmful to the cell. [622]. The presence of antibiotics can trigger transcriptomic 

changes that cause the expression of several transporter genes [623]. The 

simultaneous expression of different efflux pumps can activate a coordinated 

response with redundant functionality to combat the drug threat [624, 625]. In 

Salmonella enterica serovar typhimurium, the MDEP response is the primary 

mechanism to prevent antibiotic accumulation in the exponential phase, and lower 

membrane permeability is the primary system in the stationary phase [626]. In 

addition, efflux pumps participate in mechanisms other than exporting antibiotics, 

such as biofilm formation, transport of virulence factors, proteinaceous toxins and 

lipids, and cell communication [622, 627, 628]. Efflux pumps can be divided into 

six families according to their structure, coupling energies, and characteristically 

conserved amino acid sequence [629-632]. The ATP-binding cassette (ABC) family 

employs ATP as the driving force to transport compounds across the lipid bilayer 

[632]. The other efflux pump families are electrochemically powered by the energy 

produced in the membrane during ion exchange gradients. These other five efflux 

pump families are the major facilitator superfamily (MFS), multidrug and toxin 

extrusion (MATE), small multidrug resistance (SMR), resistance-nodulation-cell 

division (RND), and proteobacterial antimicrobial compound efflux (PACE) [631, 

633]. One of the best-studied efflux pumps is AcrAB-TolC in E. coli, which belongs 

to the RND family [634]. This protein set comprises the RND-type inner membrane 

protein AcrB, the periplasmic protein AcrA, and the outer membrane protein TolC 

[635, 636]. These tripartite complexes span the periplasmic space and connect the 

inner and outer membranes to transport compounds bidirectionally [636, 637]. In 

C. crescentus, the AcrAB2-NodT efflux pump has an antibiotic export function and 

an intricate function as a regulator of the cell polarity protein TipN [638]. During 

cell division, the TipN function directs the flagellum to its target in the new cell 

pole [638]. TipN acts in C. crescentus as a misregulation controller for the AcrAB2-



 195 

NodT efflux pump, preventing toxicity to nalidixic acid when AcrAB2-NodT is 

overproduced [638].  

 

3.1.3 RNA polymerase sigma and anti-sigma factors 

The transcription of bacterial genes is regulated by biomolecules called sigma 

factors, which are proteins that undergo modifications according to internal and 

external conditions [639, 640]. Sigma factors bind RNAP reversibly to induce gene 

transcription in bacteria [639, 640]. These factors have three different functions to 

initiate transcription: binding to the RNAP core to form the “holoenzyme” and 

carrying it to the correspondent promoter region forming the close complex (RPc) 

[641, 642]; stabilisation of the open complex (RPo), in which double-stranded DNA 

nearby the transcription start site melts and converts to single-stranded DNA [643-

645]; and interaction of the complex with other transcription activators to add an 

extra layer of regulation [640, 646]. Two main sigma factor families are classified 

according to their structure and evolutionary origin: σ54 (sometimes referred to as 

RpoN) [647] and σ70 (also called RpoD or σA) [642, 648]. Several bacterial species, 

but not all, produce σ54, induced by environmental signals and regulation of 

nitrogen metabolism genes [640, 646] and require enhancer proteins and ATP 

hydrolysis to promote transcription [649]. Nevertheless, at least one member of the 

σ70 family is present in all bacterial species [640, 648]. σ70 is the responsible factor 

for vegetative bacterial growth and is responsible for the expression of essential 

genes (for this reason, it is also known as the housekeeping sigma factor) [640, 648]. 

σ70 is categorised into four structurally and phylogenetically distinct groups, 

starting with the essential primary group (or Group I) and followed by the other 

three groups (Group II, III, and IV), comprised of alternative sigma factors with 

specialised functions [650-652]. Sigma factors of Groups II and III are involved in 

the transcription control of many genes involved in chemotaxis, flagellum structure 

and function, general stress response, and other processes related to cell 

development, such as endospore formation [640]. Group IV of sigma factors is also 

known as σECF and is the most numerous group of the σ70 family specialised in 

sensing environmental stimuli and generating a sufficient gene expression response 

[646]. σECF factors are divided into two different groups depending on whether the 
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signal that triggers the anti-sigma factor release mechanism is solely 

extracytoplasmic (canonical σECF) or, in addition to this signal, requires an 

additional cytoplasmic signal (non-canonical σECF) [639]. 93% of regular bacterial 

promoters in C. crescentus have binding sites for sigma factors upstream of the 

transcription start sites (TSS) between positions [-34 to -37] and -10 [653]. The 

most abundant housekeeping sigma factor in C. crescentus is σ73 (RpoD) [654]. The 

binding sites of the TFs RpoD, SigT, and RpoN comprise 63% (1725/2726) of all 

regions upstream of TSS in C. crescentus, and the other 13 TFs known in this 

bacterium can activate the other 37% of binding motifs upstream of TSS [653]. A 

high-throughput analysis of TSS and promoter binding sites in C. crescentus 

revealed that calP is regulated by σ73 (RpoD), with a binding site at position -36 

upstream of the calP TSS, and is not cell-cycle regulated [653].  

 

Bacteria deploy an extra layer of regulation with antagonists of sigma factors called 

anti-sigma factors. Alternative sigma factors control transcription via anti-sigma 

factors. Anti-sigma factors sequester sigma factors to prevent them from binding 

RNA polymerase to the gene promoter region [655]. Anti-sigma factors undergo 

specific regulatory systems to release sigma factors, usually after a proteolytic 

process when a signal is perceived either directly by the anti-sigma factor or by an 

associated signalling system [639, 655]. These mechanisms can be triggered by 

intracellular or extracellular signals transduced to the cytoplasm [646]. Unlike 

sigma factors, anti-sigma factors have little primary sequence homology and are 

often co-transcribed with sigma factors [656]. Anti-sigma factors of distinct σECF 

families have periplasmic domains with high variability as an adaptation, allowing 

them to recognise diverse signals [657, 658]. Most anti-sigma factors are predicted 

to have a unique transmembrane domain with the N-terminal anti-sigma domain in 

the cytoplasm [657].  

 

3.1.4 Small peptides can alter membrane properties 

Small membrane proteins can influence membrane thickness and fluidity [659], a 

key factor for stress tolerance [660]. A change in membrane fluidity can trigger 

stress signalling pathways and induce chaperone activity [661]. Some SPs provoke 
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membrane destabilisation, such as TA proteins, which are made up of a stable toxin 

and an unstable RNA or protein antitoxin, blocking the toxic effect of the toxin, 

such as the TisB/IstR1 TA system [662, 663]. TisB is an SOS-regulated 29-amino-

acid small membrane protein involved in the DNA-damage response [664, 665] and 

whose accumulation decreases membrane fluidity [659] and causes membrane 

depolarisation that reduces cellular ATP levels [666]. TisB also contributes to the 

generation of persisting cells [665] and chronic infections [429, 451]. 

De novo emergence peptides acquired through HGT [667], gene duplication [668], 

or non-coding regions of the genome [669, 670] can be transcribed and produce 

small peptides [671-673]. Occasionally, highly hydrophobic peptides with specific 

sequences can be inserted into the membrane, reducing the membrane potential and 

decreasing drug uptake to confer antibiotic resistance [674]. 

 

3.1.5 Detection of small proteins 

Tandem mass spectrometry (MS/MS) is one of the most widely used approaches 

for detecting new proteins in living organisms, and bottom-up proteomics is the 

most widely used technique [675]. This technique consists of proteolytic digestion 

of proteins into peptides before LC-MS analysis, characterisation of the resulting 

peptides, and bioinformatics of spectral information analysis to infer the identity of 

peptides and determine the original proteins [675, 676]. The detection by bottom-

up proteomics of SEPs lower than 10-15 KDa is inefficient and has limitations such 

as incomplete sequence coverage, difficulties with protein deduction, and 

recognition of posttranslational modifications [676]. This occurs because only a 

limited number of proteolytic peptides are formed with the bottom-up technique, 

which hinders the detection of SEP given the complex background, which is mainly 

made up of peptides derived from large proteins of high MW [599, 677]. The use 

of trypsin to digest peptides is inefficient for detecting SPs because it only generates 

a limited number of proteolytic peptides that can be taken as false positives if the 

unique count of peptides is less than one [678]. Hence, detecting SEP requires 

different or unique approaches, such as the enrichment of SPs or the depletion of 

larger proteins using differential solubilities to increase the proportion of SEP [679-
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681]. The combination of multiple proteases has also been demonstrated to increase 

the number of detected SPs [678]. 

 

Furthermore, detection of SEP requires techniques such as MW cut-off filters [676, 

682], enrichment of SPs (by the Gel-Free system) [683], size exclusion 

chromatography [684] or solid phase extraction (SPE) [685-688], reduction of high 

MW proteins (by precipitation of acetonitrile) [689], or precipitation of acetic acid 

[680]. However, these procedures may be beneficial or detrimental for specific 

proteins and would not be desirable in some other cases [679]. The use of top-down 

proteomics improves the performance of bottom-up proteomics for SEP detection, 

as it measures compounds in their intact form [599]. Top-down proteomics 

generates a much higher level of characterisation information, which is very 

precious if protein products are alternatively encoded [599, 690]. The complete 

molecular information is recorded from the accurate intact mass at MS and the 

sequence at the MS/MS level [599, 690]. 

 

Moreover, it allows the detection of full-length SEP, the identification of disulphide 

bonds in SEP, and the recognition of potential posttranslational modifications [599, 

690]. Bottom-up MS detection has some drawbacks, such as the need for efficient 

separation before analysis due to lower sensitivity, challenging data interpretation, 

and limited protein solubility [599, 675]. The best results are achieved by 

combining the techniques of both methods, the top-down approach to analyse 

samples and the bottom-up approach to confirm results [599]. To optimise 

efficiency when using both techniques, SEP is enriched by SPE, and robust cation 

exchange is used to minimise the proportion of low-charged ions [599].  

 

3.2 Protein-protein interaction assays in vivo indicated CalP binding to 

different polypeptides 

SPs are usually too small to perform complex actions on their own, such as 

performing catalytic reactions as larger enzymes do [452]. Therefore, they usually 

act as regulatory elements in larger protein processes [456]. SPs are usually integral 

pieces of higher complexes or systems, especially SMPs [452, 456]. CalP is a small 
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transmembrane protein that self-interacts, forming a multimer whose mechanism is 

still unknown (Figs. 19-22). In previously stained polyacrylamide gels, I showed 

that heating CalP could disrupt its stable self-interactions that were resistant to 

detergent treatment (Fig. 19). Furthermore, no other proteins were present after 

heating the samples, suggesting that the multimer shown on the polyacrylamide gel 

was only formed by CalP monomers (Fig. 19). Nonetheless, this result does not 

prove that CalP does not interact with other proteins in the membrane. The search 

for protein partners for CalP may shed light on the function of CalP and a putative 

system in which CalP might be involved. To further investigate a possible 

interaction of CalP with other protein partners, I screened for potential binding 

proteins of CalP in C. crescentus. To do so, I tested the interaction between CalP 

and other proteins by C-terminally fusing CalP to the T25 subunit of adenylate 

cyclase (CyaA). Additionally, I C-terminally fused sonicated fragments of the C. 

crescentus genome to the T18 Cya (Figs. 20A, 34). The sonicated fragments were 

random pieces of the genome that could harbour the ORF of a gene (Fig. 34). Each 

chimaera of CalP-T25 and the sonicated fragment-T18 were carried in a plasmid to 

be transcribed. If a gene in the sonicated fragment, which is fused to T18, encodes 

a protein, the translated protein may interact with CalP (fused to T25). In the 

scenario where T25 and T18 subunits bind and restore CyaA activity (Fig. 20A), 

cAMP synthesis is triggered, and it is used as a cofactor for the catabolite activator 

protein (CAP). CAP binds to promoters of genes involved in the catalysis of carbon 

sources to induce the transcription of genes whose enzymatic activity can be used 

as a measurable phenotypic trait (Fig. 20A) [587]. These genes encode enzymes 

that catalyse the cleavage of certain carbohydrates. The products of these 

carbohydrates generate a measurable phenotypic trait when they are in contact with 

an indicator substance in a selective medium [587] (Figs. 20A, 34). An E. coli cya- 

strain was co-transformed with the medium-copy plasmid pKT25 carrying calP-

T25 and the high-copy plasmid pUT18C carrying a C. crescentus genome fragment 

N-terminally fused to T18 (Fig. 34). These strains were spread onto a minimum 

selective medium with lactose and X-gal. Cells would use the compounds as the 

only carbon sources if T25 and T18 bind and reconstitute CyaA, which turns the 

cells blue (Fig. 34). If T18 and T25 did not re-bind, mal and lac operons would not 
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activate and could not use lactose and X-gal as carbon sources, and colonies would 

not grow (Figs. 20A, 34). Plates showed several blue colonies growing on the 

selective medium, and colonies were picked and sent for sequencing to retrieve the 

gene sequences encoding the proteins that interacted with CalP-T25 (Fig. 34). 

Sequencing results demonstrated that CalP potentially interacted with several 

proteins. However, most of them showed interactions in a BACTH assay only once 

or twice (Table 1). Such a low number of interactions may be because the potential 

CalP binding proteins were not genuine interactive partners of CalP but were false 

positives. Therefore, we rejected potential binding partners of CalP that only 

interacted once or twice. I selected seven proteins that interacted with CalP at least 

four times in a BACTH screen (Table 1). The main CalP binding partners consisted 

mainly of transmembrane proteins (Table 1). Most of these proteins were metabolite 

transporters such as MalY (maltose transporter), Slc5-6 (sodium/glucose 

transporter), or UhpB (specific micronutrients like sugars or phosphates) (Table 1). 

A translocase protein (T2SS) and a protein of unknown function (CCNA_03673) 

were also detected in the BACTH assay (Table 1). Additionally, the RNA sigma 

factor (CCNA_02837) was found to be the only cytoplasmic protein at first glance 

(Table 1). However, after a deeper analysis of the sequencing results of the vector 

carrying the C. crescentus fragment, I discovered that the fragment contained two 

genes instead of a single gene (Table 1). The second gene in the fragment was a 

gene upstream of CCNA_02837 that was annotated as CCNA_02836 and is 

predicted to be a transmembrane anti-sigma factor (Table 1).  
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Fig. 34. BACTH screen contributes to finding potential interacting partners for 

CalP. Diagram summarising the cloning process of the C. crescentus BACTH 

library. Sonicated fragments of C. crescentus genomic DNA were cloned at the 

SmaI site of the plasmid pUT18C. E. coli BTH101 was co-transformed with the 

plasmid pUT18C carrying random sonicated fragments of the C. crescentus genome 

along with calP C-terminally fused to T25 in the vector pKT25. Cells were streaked 

on minimal medium plates (0.3% lactose, 0.5 mM IPTG, 50 μg/mL kanamycin, 100 

μg/mL carbenicillin, and 40 µg/mL X-Gal) and incubated for 4-6 days at 30°C. Blue 

colonies were picked, and plasmids were extracted for sequencing to determine 

which gene from the C. crescentus library was inserted into the vector. 
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Table 2. calP presumably interacts with other protein partners in C. crescentus. 

BACTH screening candidates from the C. crescentus library, using CalP-T25 as 

bait. This table summarises the top hit proteins found in the CalP binding partner 

screening. The predicted function and localisation information were retrieved from 

the Uniprot bioinformatics protein database. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BACTH CalP binding partners 

Gene name Predicted function Localisation #Hits 

CCNA_02366 (malY) Maltose transporter Transmembrane x18 

CCNA_03673 Unknown function Cytoplasmic 

transmembrane 

x16 

CCNA_02089 (slc5-6) Sodium/glucose 

transporter 

Cytoplasmic 

transmembrane 

x7 

CCNA_02837 RNA pol. sigma factor Cytoplasmic x7 

CCNA_00182 (T2SSN) Type II secretion system Transmembrane x3 

CCNA_01007 (uhpB) ABC transporter permease Transmembrane x4 

CCNA_02836 RNA pol. anti-sigma factor Transmembrane - 
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To investigate whether CalP interacted with CCNA_02837 or CCNA_02836, I 

performed a one-to-one protein interaction assessment in a BACTH assay. To do 

so, I fused T25 to the N-terminus of CCNA_02837 and T18 to the N-terminus of 

CCNA_02836. Additionally, I fused T25 to the retrieved fragment CCNA_02837-

CCNA_02836 from the BACTH screen to confirm its direct one-to-one interaction 

with CalP (Fig. 35A). I co-transformed E. coli cya- with the cloned vectors and 

streaked the cells on MacConkey agar medium. E. coli cells carrying calP-T18 and 

T25-CCNA_02836 exhibited a magenta colour, suggesting a direct interaction 

between CalP and the anti-sigma factor (CCNA_02836) (Fig. 35A). In contrast, E. 

coli exhibited white colonies when expressing plasmids containing calP and 

CCNA_02837, indicating a lack of interaction between CalP and CCNA_02837 

(Fig. 35A). The strain carrying plasmids expressing calP and the 

CCNA_02837/CCNA_02836 fragment exhibited magenta-coloured colonies. This 

colour indicates an interaction of CalP with CCNA_02837/6, validating the result 

observed in the BACTH screening assay (Table 1, Fig. 35A). Therefore, the false 

interaction of CalP with CCNA_02837 may have occurred via CCNA_02836. Thus, 

we assume that CCNA_02837 and CCNA_02836 interact. To verify this 

hypothesis, I tested the direct interaction of CCNA_02837 with CCNA_02836 in a 

BACTH assay (Fig. 35B). Cells harbouring vectors carrying CCNA_02837 and 

CCNA_02836 exhibited an intense magenta colour, indicating that sigma and anti-

sigma factors also interact with each other (Fig. 35B). Additionally, I tested the CalP 

interaction with the other proteins found in the BACTH screening (Table 1). I N-

terminally fused genes selected from the BACTH screening to T25. I co-

transformed cells with the plasmid carrying the T25 fusion and the plasmid carrying 

calP-T18 and streaked them on a MacConkey agar medium. All strains producing 

proteins that interacted with CalP in the BACTH screening, except CCNA_02837, 

exhibited a magenta colour. This phenotype indicates that CalP also bound to them 

in a BACTH one-to-one interaction assay (Fig. 35A). Control strains producing ZIP 

and CalP fused to both T25 and T18 CyaA subunits also displayed a vivid magenta 

colour, validating the observed phenotype in other strains (Fig. 35A). In summary, 

the BACTH screening and one-to-one BACTH interaction demonstrated that CalP 

presumably binds to other membrane proteins. 
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Fig. 35. C. crescentus proteins heterologously expressed in E. coli interact with 

CalP. MacConkey agar plates were used to evaluate protein-protein interactions of 

top-hit CalP binding candidates detected in screening against the C. crescentus two-

hybrid library with CalP as bait. Strains were streaked on MacConkey plates (1% 

maltose, 0.5 mM IPTG, 50 μg/mL kanamycin, 100 μg/mL carbenicillin) and 

incubated for 48 hrs at 30°C. (A) Evaluation of binding between CalP and the main 

proteins found during BACTH screening in a one-to-one BACTH interaction assay. 

The proteins assayed in this assay were initially identified as CalP binding partners 

during the BACTH screening. (B) The image shows a cropped section of a 

MacConkey agar plate showing the interaction between T25-CCNA_2837 (sigma 

factor) and T18-CCNA_2836 (anti-sigma factor). (C) Illustration of two neighbour 

genes, CCNA_02836 (anti-sigma factor) and CCNA_02837 (sigma factor), which 

could co-transcribe [31]. 
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3.3 Mutants of C. crescentus genes encoding putative CalP interacting 

partners are not sensitive to MMC 

I hypothesised that a protein interacting with CalP might be involved in DNA 

damage tolerance/response. Hence, to further confirm the connection of CalP with 

proteins found in the BACTH screening, I knocked out various C. crescentus genes 

found in the BACTH screening. These genes are CCNA_02366 (malY), 

CCNA_03673, CCNA_02089 (slc5-6), CCNA_02837, CCNA_00182 (T2SSN), 

CCNA_01007 (uhpB), and CCNA_02836 (see their description in Table 2). I tested 

the sensitivity of the mutant strains of these genes with MMC. WT, ∆recA, and 

∆calP were included in the experiment as control strains. Cells were streaked on a 

solid agar medium and incubated at 30ºC for 48 hrs. Results showed that cells in 

the drug-free medium showed a phenotype comparable to WT, ∆recA and ∆calP 

(Figs. 36A, B, C). Following MMC treatment, mutants showed small-sized colonies 

similar to WT (Figs. 36D, E, F). Whereas ∆calP did not show any isolated colony, 

and ∆recA did not show any colony when exposed to MMC (Figs. 36D, E, F).  The 

reduction in colony size observed in WT and the mutants with MMC was not as 

pronounced as the colony size reduction seen in ∆recA and ∆calP (Figs. 36D, E, F). 

These results suggest that the genes identified in the BACTH screening may not be 

directly involved in DNA damage repair/response mechanisms. Another hypothesis 

is that these genes may have redundant functions and consequently did not exhibit 

any adverse phenotype in the presence of DDA. However, the predicted function of 

these genes does not inherently suggest involvement in DNA damage repair or 

related mechanism. Hence, it is likely that these genes were false positives and do 

not have any direct connection to CalP. 
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Fig. 36. Deletion of CalP interacting genes resulted in a WT phenotype under MMC 

conditions on solid medium. MMC sensitivity assay in a solid medium with the 

mutants of putative CalP binding proteins ΔCCNA_02366, ΔCCNA_03673, 

ΔCCNA_02836, ΔCCNA_02089, ΔCCNA_02837, and ΔCCNA_01007. WT, ΔrecA, 

and ΔcalP were included as control strains. Cells were streaked on a PYE agar 

medium without drugs (A, B, C; blue circled plates) or with 0.12 µg/mL MMC (C, 

D, E; red circled plates). Plates were incubated for 48 hrs at 30°C.  
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To further analyse the sensitivity of the mutants in a liquid medium in the presence 

of MMC, cells were grown for 48 hrs at 30ºC. WT, ∆recA, and ∆calP were included 

in the assay as control strains. The OD600 was monitored hourly in an automated 

plate reader. The definition of the exponential and stationary phases and the 

comparison between two optical densities from distinct strains were explained in 

section 2.2. Results showed that mutants were not sensitive in the unsupplemented 

medium, showing all a WT phenotype (Figs. 37A, C, E, G, I, K, M). Mutants were 

also not sensitive in comparison to the WT phenotype in the MMC-supplemented 

medium (Figs. 37B, D, F, H, J, L, N). However, ∆recA and ∆calP showed 

sensitivity in the presence of MMC, as was also demonstrated in previous 

experiments (Figs. 8, 9). On the contrary, none of the mutants of the BACTH 

screening candidates were sensitive to MMC, suggesting that they are not involved 

in DNA damage repair/tolerance. In the drug-free medium, all mutants showed a 

similar sensitivity, displaying overlapping plot lines comparable to WT, ∆recA, or 

∆calP (Fig. 37). The mutants did not exhibit sensitivity to MMC similarly to the 

WT phenotype (Fig. 37B, D, F, H, J, L). However, the mutants of CalP-binding 

protein candidates were not sensitive compared to ∆recA or ∆calP, which struggled 

to form colonies (Fig. 37 B, D, F, H, J, L). The results of sensitivity assays in the 

liquid PYE medium in the presence of MMC were consistent with the results of 

sensitivity assays in the solid medium under the same conditions (Fig. 36, 37). In 

summary, mutant strains of CalP-interacting partner candidates from the BACTH 

screening did not show sensitivity when challenged with MMC. This suggests that 

they are probably not involved in the DNA-damage tolerance repair system, and 

thus they are not involved in the same pathway as CalP (Figs. 36, 37). The 

interactions between CalP and the putative CalP-interactive partners seen in the 

BACTH screening assessment occurred in E. coli but probably did not occur in the 

native C. crescentus. Therefore, this result could be an artefact of producing CalP 

heterologously in E. coli. It may also be likely that CalP interacted with other 

membrane proteins because they were in the vicinity of the same 2D plane on the 

cell membrane. Therefore, T25 and T18 could have bound to each other, even 
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though CalP did not truly interact with the other protein fused to T25 or T18 in a 

biologically meaningful way. 
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Fig. 37. The sensitivity of mutants harbouring mutations in genes encoding proteins 

that possibly interact with CalP is not reduced with MMC. Sensitivity assessment 

of CalP interacting partner mutants in the presence of MMC (ΔCCNA_01007, 

ΔCCNA_03673, ΔCCNA_02836, ΔCCNA_02837, ΔCCNA_02366, ΔCCNA_00182, 

and ΔCCNA_03981). WT, ΔrecA, and ΔcalP were used as control strains. Cells were 

grown exponentially to an OD600=0.5 and diluted to an OD600=3.3·10-4. Cultures 

were mixed with or without 0.12 μg/mL MMC and incubated for 48 hrs at 30°C.  

OD600 measurements were taken hourly in an automated plate reader. Three 

technical replicates were used to calculate the mean of the OD600. (A) Untreated 

ΔCCNA_01007, (B) MMC-treated ΔCCNA_01007, (C) untreated ΔCCNA_03673, 

(D) MMC-treated ΔCCNA_03673, (E) untreated ΔCCNA_02836, (F) MMC-treated 

ΔCCNA_02836, (G) untreated ΔCCNA_02837, (H) MMC-treated ΔCCNA_02837, 

(I) untreated ΔCCNA_02366, (J) MMC-treated ΔCCNA_02366, (K) untreated 

ΔCCNA_00182, and (L) MMC-treated ΔCCNA_00182. 
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3.4 Deleting an MMC-upregulated gene upstream of CalP did not show 

sensitivity to MMC in C. crescentus 

A transcriptomics study conducted by Frohlich et al. (2018) reported that after 

exposure of C. crescentus to MMC, CCNA_03981, the gene upstream of calP was 

upregulated [444]. CCNA_03981 was 2.94-fold upregulated when cells were 

challenged with MMC in comparison to the same strain grown in a drug-free 

medium [444]. According to the same study, calP was 2.02-fold upregulated when 

cells were treated with MMC compared to calP isolated from untreated cells [444]. 

CCNA_03981 is predicted to encode a hypothetical protein whose function is 

unknown. CCNA_03981 is located upstream of calP and is upregulated under DNA 

damage conditions. This fact suggests that CCNA_03981 could be a DNA damage 

repair/response-associated gene and perhaps related to CalP. To determine whether 

CCNA_03981 was involved in DNA damage tolerance/response in C. crescentus, I 

performed a sensitivity assay with ∆CCNA_03981 in a liquid medium with MMC. 

To do so, cells were grown to mid-exponential phase and treated with 0.12 µg/mL 

or left untreated. Cultures were incubated at 30ºC for 48 hrs and the OD600 was 

monitored hourly in an automated plate reader. WT, ∆recA, and ∆calP were 

included as control strains. The criteria followed to determine the entry into the 

exponential and stationary phases and the comparison of optic densities from two 

distinct strains was detailed in section 2.2. Results showed that all strains in the 

drug-free medium had a similar phenotype (Fig. 38A). These untreated strains 

exhibited overlapping curves with an OD600≈0.65 in the transition from the 

exponential to the stationary phase after 20 hrs (Fig. 38A). ∆CCNA_03981 

exhibited a WT phenotype when challenged with MMC, displaying curves that 

overlapped with those of the WT (Fig. 38B). Following treatment with MMC, 

∆CCNA_03981 and WT exhibited an OD600≈0.6 in the transition from the 

exponential to the stationary phase after 20 hrs (Fig. 38B). Whereas ∆calP, with an 

OD600≈0.45, exhibited sensitivity in the exponential phase after 20 hrs in the 

presence of MMC (Fig. 38B). After 20 hrs of MMC exposure, the OD600≈0.45 

observed in ∆calP was 1.33-fold lower than the OD600≈0.6 measured in 

∆CCNA_03981 (Fig. 38B). Therefore, ∆CCNA_03981 exhibited less sensitivity to 

MMC than ∆calP (Fig. 38B). Following exposure to MMC, ∆recA exhibited an 
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optical density close to zero (Fig. 38B). These results showed that deletion of 

CCNA_03981 did not affect C. crescentus sensitivity to MMC. This outcome was 

not correlated with the upregulation of CCNA_03981 observed in the study of 

Frohlich et al. (2018). Therefore, I determined that a mutant with a phenotype 

different from ∆calP in the presence of MMC may not be involved in the same 

pathway as CalP. Hence, I excluded CCNA_03981 as a potential CalP-binding 

partner candidate.  
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Fig. 38. Deletion of genes encoding interacting partners of CalP shows a WT 

phenotype when exposed to MMC in a solid medium. Sensitivity test measuring the 

optical density over 48 hrs of ΔCCNA_03981 (the gene upstream of calP) when 

exposed to MMC. Cells were grown in a PYE medium to mid-exponential phase 

and cultures were diluted to an OD600=3.3·10-4 before the addition of 0.12 µg/mL 

MMC or left the medium drug-free. Cultures were incubated at 30ºC for 48 hrs, and 

the OD600 was measured hourly in an automated plate reader. The OD600 mean of 

three replicates was selected to represent each point of the plot line. (A) Untreated 

ΔCCNA_03981 and (B) MMC-treated ΔCCNA_03981. 
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3.5 Mass-spectrometry (MS) analysis found several putative CalP-binding 

partners  

MS/MS is probably the most widely used method for detecting new proteins when 

coupled with co-immunoprecipitated protein samples, as well as detecting 

interacting protein partners [675]. The search for CalP-binding partners in E. coli 

in vivo through BACTH screening found several membrane proteins. To further test 

if the putative candidates interacting with CalP were genuine proteins, I performed 

an in vitro screening assay directly with the purified CalP. To do this, I used an 

MS/MS approach to screen for CalP binding partners that were previously co-

immunoprecipitated alongside CalP. To this end, I C-terminally flag-tagged calP 

and inserted it into a C. crescentus ∆calP background (∆calP::PcalP-calP-flag). 

Cells grew to mid-exponential phase in a liquid medium. Cultures were 

supplemented with 0.12 µg/mL MMC or left untreated. Cells were homogenised 

and passed through a column containing FLAG antibody to retain CalP-FLAG. 

Samples were loaded in a Tris-Glycine SDS-PAGE and the stained bands were cut 

into slices. Bands were cleaned of loading dye and impurities and dehydrated. CalP-

FLAG and putative co-immunoprecipitated proteins were digested with trypsin and 

analysed by bottom-up MS/MS analysis. Results showed that CalP-FLAG 

coimmunoprecipitated with several proteins (Fig. 39A). The TonB-dependent 

receptor CCNA_00028 was 3.63-fold more abundant (159 hits) than the other ten 

proteins represented on the right side of the graph (an average of 43.7 hits) (Fig. 

39A). The three proteins with the highest number of hits were TonB-dependent 

receptors (159, 136, and 113 hits, respectively) (Fig. 39A). Six TonB-dependent 

receptors were found in the top eighth position (on the left side of the graph) (Fig. 

39A). Conversely, among the ten proteins that were more underrepresented (on the 

right side of the graph), only one TonB-dependent receptor (42 hits) was found (Fig. 

39A). In addition to the TonB-dependent receptors, both the iron receptor 

CCNA_01856, with 90 hits, and the polar localisation protein TipN, with 90 hits, 

were among the top eight proteins with the highest hits (Fig. 39A). The group of 

TonB-dependent receptors constituted the most represented proteins among all CalP 

coimmunoprecipitated proteins, with seven distinct receptors accounting for 

38.89% of the total (Fig. 39B). The remaining proteins, belonging to diverse protein 
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families, collectively accounted for a smaller proportion (5.56%) of the total protein 

amount in the sample (Fig. 39B). The majority of proteins identified in the 

coimmunoprecipitated sample were membrane proteins, consistent with the 

findings from the BACTH results (Figs. 34B, 39). The proteins identified in this 

MS/MS screening analysis did not correspond to any of the proteins identified in 

the BACTH screening as potential CalP binding partners (Figs. 34B, 39). As a 

result, I faced challenges in validating any of the proteins identified through the 

BACTH screening. Given that all proteins discovered in the MS/MS analysis were 

newly identified, it led to uncertainty regarding whether these proteins truly 

interacted with CalP or if they were false positive candidates. There is a chance that 

these proteins could be randomly interacting with CalP, potentially due to their 

shared characteristic of being membrane proteins and their proximity in location. 

The frequency of recurrence among TonB-dependent receptors warrants 

consideration, particularly because certain proteins within this group were found 

multiple times. CalP coimmunoprecipitated with various proteins, notably showing 

a significant enrichment of TonB-dependent receptors (Fig. 39). 
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Fig. 39. All identified CalP binding partners correspond to the category of 

membrane proteins. The graphs summarise the enrichment and proportion of CalP-

binding proteins found in MS/MS analysis. Cells were grown to mid-exponential 

phase and treated with 0.12 µg/mL MMC or left untreated. Cell homogenisation 

was followed by the purification of CalP-FLAG using columns packed with anti-

FLAG antibodies The elution of samples was performed with a buffer containing 

Triton-X. Samples were loaded onto a Tris-Glycine polyacrylamide gel without the 

utilisation of a stacking gel. Bands were excised from the gel, cleaned, and 

dehydrated. The CalP-FLAG slices underwent trypsin digestion before being 

subjected to analysis in the MS/MS equipment. (A) The bar graph illustrates the 

number of hits for each putative CalP-binding protein identified in the MS/MS 

analysis. Hits of MMC-treated and untreated samples were mixed and are 

represented on top of each bar (-/+MMC). Proteins are arranged from left to right 
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in descending order, with the highest number of hits on the left and the lowest on 

the right. (B) Pie chart displaying the proportion of CalP-binding partners. 
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3.6 The deletion of recA downregulates calP expression in C. crescentus 

In prior sensitivity assays, I illustrated that calP contributes to tolerance against 

DDAs and potentially plays a role in DNA damage response or tolerance 

mechanisms in C. crescentus. The SOS-dependent response serves as the primary 

mechanism for detecting and responding to DNA damage in bacteria, with RecA 

and LexA acting as the two main regulators of this system [422]. RecA serves as 

the initial protein to detect DNA damage in bacteria, triggered by evaluated 

intracellular ssDNA, and is frequently utilised in experiments as a hallmark of the 

SOS-dependent response [26, 691]. Interestingly, RecA has also been reported to 

be a key part of the SOS-dependent system in some species, such as Mycobacterial 

smegmatis, Deinococcus spp., Helicobacter pylori, and Streptococcus pneumoniae 

[170, 351, 447, 448]. I proposed a potential connection between CalP and RecA as 

a fundamental regulator of the DNA damage response. Consequently, modifications 

in this pathway may influence the expression of calP. To test this hypothesis, I 

quantitatively measured the differential transcription of calP in a WT background 

compared to a ∆recA background when C. crescentus cells were treated with MMC 

or left untreated. Cells were grown to an OD600=0.15 and cultures were incubated 

at 30°C. Cells were treated with 3 µg/mL MMC or left untreated and incubated for 

1 hr at 30ºC. I extracted the RNA, converted it to cDNA and measured the 

expression of calP using RT-qPCR. Results indicated that calP was downregulated 

by 1.4-fold in ∆recA (relative normalised expression (RNE)=0.32)) in comparison 

to calP in WT (RNE=0.45) in the drug-free medium (Fig. 40A). After exposure to 

MMC, the calP expression in ∆recA (RNE=0.47) was downregulated by 2.28-fold 

compared to calP in WT (RNE=1.07) (Fig. 40A). These results suggest that recA 

knockout alters calP expression when exposed to MMC (Fig. 40A). calP was 2.38-

fold upregulated in WT when treated with MMC compared to calP in an antibiotic-

free medium (Fig. 40A). calP was 1.47-fold upregulated in the ∆recA background 

when cells were challenged with MMC compared to calP from cells grown in the 

drug-free medium (Fig. 40A). Thus, the differential expression of calP under ∆recA 

in both conditions was 1.62-fold lower than that observed for calP in WT when 

challenged with MMC or in its absence (Fig. 40A). Therefore, deletion of recA, a 

crucial regulator in the bacterial DNA-damage response, resulted in a 
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downregulation in calP expression, suggesting a possible connection of calP with 

the SOS response. 

 

The differential expression analysis sheds light on the expression of calP at the 

transcriptional level. To validate if the phenotype aligns with the expression 

outcome, I conducted an immunoblot assay to assess CalP production specifically 

in a ∆recA background. To achieve this, I introduced a chromosomally encoded C-

terminally flag-tagged calP into the native locus of calP in a double mutant (∆calP 

and ∆recA) of C. crescentus (ΔrecA-tetR::ΔcalP::PcalP-calP-flag). I included in the 

assay the strains ΔcalP::PcalP-calP-flag (as a FLAG-tagged control for CalP 

production in WT) and WT (as an untagged control). Cells were grown to mid-

exponential phase and cultures were treated with 0.12 µg/mL or left untreated. After 

two-hrs incubation at 30ºC, cells were homogenised. The cell lysate was run in a 4-

20% Tris-Glycine SDS-PAGE and blotted with an anti-FLAG antibody. The 

western blot showed that ΔrecA-tetR::ΔcalP::PcalP-calP-flag produced CalP. 

However, when exposed to MMC, it exhibited diminished protein production, 

displaying fainter bands compared to ΔcalP::PcalP-calP-flag (Fig. 40B). Unlike the 

ΔrecA background strain, the control strain ΔcalP::PcalP-calP-flag demonstrated an 

augmented production of calP when exposed to MMC, showcasing a higher band 

intensity (Fig. 40B). Both ΔrecA-tetR::ΔcalP::PcalP-calP-flag and ΔcalP::PcalP-

calP-flag showed monomeric and multimeric CalP bands (Fig. 40B). However, 

following exposure of cells to MMC, the monomeric CalP produced in the ΔrecA 

background strain was also unable to increase CalP production compared to the 

monomeric CalP produced in WT (Fig. 40B). Even in the drug-free medium, CalP 

production was more significantly reduced in the ΔrecA background than in the WT 

phenotype strain, displaying bands with greater intensity (Fig. 40B). The untagged 

WT control strain showed no bands, indicating that that the bands observed in the 

CalP-FLAG lanes were genuine (Fig. 40B). In summary, CalP production could not 

increase when C. crescentus was exposed to MMC in a ΔrecA background. The 

incapacity of ΔrecA to enhance CalP production correlates with the downregulated 

expression of calP in the differential expression analysis (Fig. 40). These results 

support the implication of CalP in the DNA damage response of C. crescentus. 
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Fig. 40. C. crescentus ∆recA cannot elevate calP expression or CalP production in 

response to MMC. (A) Assay comparing the differential expression of calP before 

and after MMC treatment in the WT and ∆recA background strains of C. crescentus. 

The WT strain served as a control for assessing the baseline expression level of 

calP. rpoD was used as a normalisation control and selected as a gene with unaltered 

expression. Cells were cultivated to an OD600=0.15 either with 3 µg/mL MMC or in 

a drug-free medium and were incubated at 30°C. Cell lysis was performed to extract 

RNA, followed by its conversion into cDNA. cDNA was used for measuring the 

differential expression between calP in MMC-treated and untreated cells in an RT-

qPCR thermocycler. Each coloured bar on the X-axis represents the relative 

expression levels (as indicated on the Y-axis) of WT or ∆recA strains, both treated 

with or without MMC. The X-axis legend denotes the name of each strain 

represented by the corresponding bar. The error bars on top of each bar indicate the 

standard deviation derived from three biological replicates. (B) Western blot 

analysis for the analysis of CalP production in a C. crescentus ∆recA background 

(∆recA-tetR::∆calP::PcalP-flag) (right lanes). WT was utilised as an untagged 

control strain (left lanes) while ∆calP::PcalP-flag (middle lanes) served as the CalP 

control strain for standard protein production. Cells were grown in a PYE medium 

to mid-exponential phase and treated with 0.12 µg/mL MMC or left untreated. 

Proteins were purified and run in a 4-20% Tris-Glycine SDS-PAGE and were 

detected in an immunoblotted membrane using an anti-FLAG antibody. 
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I demonstrated that the absence of recA in C. crescentus ∆recA influenced the 

expression level of calP and, thus, CalP production (Fig. 40). However, it is still 

unknown whether a connection between CalP and RecA exists. To further 

investigate this association, I tested whether CalP and RecA directly interact with 

each other in vivo. To do so, I performed a bacterial-two hybrid (BACTH) assay 

with CalP and RecA co-expressed in E. coli. I streaked E. coli cells on a MacConkey 

selective medium that generates a measurable phenotypic trait to assess whether 

both proteins interact with each other. I fused each protein to one of the two subunits 

of the adenylate cyclase (CyaA), T18 or T25, which re-bind if proteins interact with 

each other (Fig. 20A). I fused calP or recA to T25 in the low-copy plasmid pKT25, 

being both genes expressed under the IPTG-inducible promoter (Plac). Additionally, 

I fused calP or recA (under Plac) to T18 in the high-copy plasmid pUT18C. I 

included C-terminally fused calP to T25 and T18. I used commercially made N-

terminally fused ZIP to T25 and T18 as positive interaction control plasmids. I co-

transformed E. coli cya- cells using the previously described combination of 

constructs. Additionally, I employed combinations of these constructs with empty 

vectors carrying T25 or T18, which were utilised as negative control strains. The 

results indicated no interaction between CalP-T25 and T18-RecA, and between 

CalP-T18 and T25-RecA (Fig. 41). The combination of the aforementioned 

constructs with empty plasmids solely carrying the T18 or T25 subunits similarly 

displayed no interaction (Fig. 41). The observed interactions were limited to the 

self-binding positive control T18-ZIP and T25-ZIP, in addition to those between 

CalP-T18 and CalP-T25 (Fig. 41). These BACTH results indicate an absence of 

interaction between CalP and RecA (Fig. 41). However, the potential interaction of 

CalP with other constituents of the SOS-dependent system cannot be dismissed. 

However, the precise mechanism through which the absence of recA influences the 

expression of calP remains unclear. The potential involvement of CalP in the SOS-

dependent system aligns with its recognition as the most well-characterised DNA-

damage response/repair pathway in bacteria. This association correlates with the 

compromised phenotype observed in ∆calP when exposed to DDAs (Figs. 8, 9). 
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Fig. 41. CalP does not interact with RecA in E. coli in vivo. BACTH analysis of 

interactions between T18/T25-RecA and CalP-T18/T25. The BACTH assay was 

conducted to assess the potential interaction between T18-RecA and CalP-T25, in 

addition to between T25-RecA and CalP-T18.  As negative control strains, empty 

vectors pUT18C (T18) and pKT25 (T25) were examined in comparison to the two 

aforementioned vectors and in mutual interaction with each other. Furthermore, 

interactions involving ZIP/ZIP complexes were used as a positive control strain. E. 

coli strains harbouring each pair of vectors were streaked on MacConkey agar 

plates. Plates contained 1% maltose, 0.5 mM IPTG, 50 μg/mL kanamycin, and 100 

μg/mL carbenicillin. Plates were incubated at 30°C for 48 hrs. Colonies coloured in 

magenta indicate interaction, while white colonies denote the absence of 

interaction. 
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3.7 ΔcalP is more sensitive to membrane depolarisation than WT  

CalP is a transmembrane protein that polymerises in the cell membrane. Hence, 

CalP may potentially influence membrane fluidity and polarity, as suggested by 

Knopp et al. (2019) in their findings regarding other transmembrane peptides [674]. 

To further examine the impact of CalP on the membrane, I conducted sensitivity 

assays with WT and ∆calP. To do so, I challenged cells with 1.5 µg/mL of the SIC 

of carbonyl cyanide 3-chlorophenylhydrazone (CCCP). CCCP acts as an uncoupler 

of oxidative phosphorylation, disrupting the ionic gradient across bacterial 

membranes [692]. To evaluate the impact of CCCP on ∆calP, I performed 

sensitivity assays in a solid and liquid media. WT and ∆recA were also included as 

control strains. In this assay, I evaluated the spot densities of WT, ∆recA, and ∆calP 

under CCC exposure. Spots displaying a greater cell density indicate reduced 

sensitivity to CCCP. For the sensitivity assay in a solid medium, cultures were 

diluted ten times and spotted from right to left (Fig. 42A) on the agar medium 

supplemented with CCCP or unsupplemented (Fig. 42B). Results demonstrated that 

the cell spots of WT, ∆recA, and ∆calP had a similar size in the drug-free medium 

(Fig. 42A). WT, ∆recA, and ∆calP formed cell spots in the drug-free medium up to 

the 10-4-fold dilution and exhibited isolated colonies beyond this dilution (Fig. 

42A). After exposure to CCCP, WT formed a cell spot in the undiluted drop 

(rightmost spot) and isolated colonies in the 10-1 and 10-2-fold dilution cell spots. 

However, no colonies were observed with higher dilutions after MMC exposure 

(Fig. 42B). ∆calP was more sensitive to CCCP than WT or ∆recA (Fig. 42B).  

Despite the inability to form distinct cell spots in the undiluted drops, ∆calP 

demonstrated the formation of a pseudo-spot through the agglomeration of isolated 

colonies (Fig. 42B). The 10-1-fold and 10-2-fold dilution drops of ∆calP exhibited 

significantly fewer isolated colonies compared to the equivalent dilutions of WT. 

This suggests a higher sensitivity to CCCP in comparison to WT (Fig. 42B). 

Unexpectedly, ∆recA displayed reduced sensitivity to CCCP compared to WT, 

forming cell spots in both the undiluted drop and the 10-2-fold dilution (Fig. 42B). 

∆recA displayed isolated colonies in the 10-2- and 10-3-fold dilutions, yet no colony 

were observed beyond these dilutions (Fig. 42B). The reduced sensitivity of ∆recA 

to CCCP compared to ∆calP suggests that CCCP, as a membrane decoupler, 
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primarily impacts membrane proteins such as CalP rather than cytoplasmic proteins 

such as RecA. In summary, ∆calP showed higher sensitivity to CCCP exposure 

compared to both WT and ∆recA. 
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Fig. 42. ΔcalP shows a lower cell density in cell spots than WT when exposed to 

CCCP in a solid medium. Cell spotting assays involved WT, ΔrecA, and ΔcalP cells 

cultured on a solid medium with or without CCCP. Cells were grown to mid-

exponential phase and cultures were initially diluted to an OD600=0.1. Following 

this, the culture of each strain was 10-fold serially diluted (represented with the 

wedge on top of each image) for spotting onto a plate. Agar plates were incubated 

for 48 hrs at 30°C before images were taken. The displayed plates consist of either 

(A) unsupplemented medium or (B) a medium supplemented with 1.5 μg/mL CCCP 

(SIC). 
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To further investigate the impact of CCCP on WT, ∆recA, and ∆calP, I conducted 

a sensitivity assay in a liquid medium. Cells were grown in a liquid medium until 

reaching mid-exponential phase. Cultures were supplemented with 1.5 or 2 µg/mL 

CCCP or left unsupplemented. Cells were incubated at 30ºC for 48 hrs and the 

OD600 was monitored hourly. The transition into both the exponential and stationary 

phases, along with the computation of the optical density ratio between two strains, 

was detailed in section 2.2. Results indicated comparable optical densities among 

WT, ∆recA, and ∆calP in the drug-free medium (Fig. 43A). In the exponential phase 

after 32 hrs of incubation and following treatment with 1.5 µg/mL CCCP, the 

OD600≈0.15 observed in ∆calP was 1.33-fold lower than the OD600≈0.2 measured 

in WT and 2.66-fold lower than the OD600≈0.4 observed in ∆recA (Fig. 43B). In the 

stationary phase after 48 hrs of treatment with 1.5 mg/mL CCCP, ∆recA also 

showed the highest optical density (OD600≈0.68) followed by WT (OD600≈0.58), 

and ∆calP (OD600≈0.49) (Fig. 43B). The optical density measured in ∆calP was 

1.33-fold lower than the optical density observed in WT and 1.33-fold lower than 

∆recA in the stationary phase in the medium supplemented with 1.5 µg/mL CCCP 

(Fig. 43B). The difference in the optical density between strains decreased from the 

exponential to the stationary phase. The higher sensitivity of the three strains when 

exposed to CCCP compared to the untreated medium indicates that 1.5 µg/mL 

CCCP causes a toxic effect in C. crescentus (Fig. 43B). WT, ∆recA, and ∆calP 

exhibited similar phenotypes in sensitivity assays in a liquid and solid medium 

when challenged with 1.5 µg/mL CCCP (Figs. 43A, B). After 40 hours of exposition 

to 2 µg/mL CCCP, WT and ∆recA exhibited a similar OD600≈0.45 (Fig. 43C 

However, the optical density of ∆calP was close to zero in the whole line plot, 

indicating a severe sensitivity when exposed to 2 µg/mL CCCP) (Fig. 43C). 

Therefore, ∆calP could not tolerate concentrations greater than 1.5 µg/mL CCCP, 

whereas WT and ∆recA could grow at least at concentrations of 2 µg/mL CCCP 

(Figs. 43B, C). The high tolerance to CCCP of ∆recA in a liquid medium was likely 

because the depolarisation effect of CCCP did not affect RecA. Overall, these 

results suggest that the effect of membrane depolarisation when CalP was absent 

was higher than the effect of membrane depolarisation when CalP was present. CalP 

may play some role in stabilising membrane polarity, so its absence causes an 
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impact when the ionic gradient of the membrane is disrupted. Alternatively, CalP 

may act as an exporter of toxic compounds that contribute to pumping CCCP out 

of the cell to prevent membrane depolarisation. In this case, the absence of CalP 

might negatively affect cell fitness since CCCP would accumulate intracellularly 

and would generate a toxic effect on C. crescentus.  
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Fig. 43. ΔcalP shows lower optical density than WT when treated with CCCP in a 

liquid medium. Growth curves testing the sensitivity of ΔcalP in a liquid medium 

with CCCP. WT and ΔrecA were included as control strains. Cells were grown in a 

PYE medium to mid-exponential phase and cultures were diluted to an 

OD600=3.3·10-4. Cells were challenged with 1.5 µg/mL CCCP, 2 µg/mL CCCP or 

left untreated. Cultures were incubated for 48 hrs at 30°C. OD600 measurements 

were taken hourly, and three technical replicates were used to calculate the OD600 

mean. Each medium contained (A) no additives, (B) 1.5 μg/mL CCCP (MIC), or 

(C) 2 μg/mL CCCP.  
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3.8 ∆calP cells accumulate more MMC-TRC than WT in C. crescentus  

The mechanisms underlying the role of CalP in DNA damage tolerance/repair in C. 

crescentus remains unclear. The likelihood of CalP engaging in DNA damage repair 

is low, given its limited size with only eleven or twelve amino acids in the 

cytoplasm. It is improbable for such. A short domain to perform a repairing 

function. As a multimeric transmembrane protein, CalP may potentially be involved 

in activities associated with the detection or extrusion of DDAs from the cell, 

resembling the function of efflux pumps [638]. CalP might function within a larger 

system similar to an MDEP, akin to the AcrAB-TolC system observed in E. coli, 

where small membrane protein like AcrZ play pivotal roles [492]. According to 

predictions from AlphaFold2, the multimeric structure of CalP appears to adopt a 

hexamer-cylindric model, potentially indicating compatibility with an efflux pump 

system (Fig. 20C). To investigate whether the absence of CalP leads to an 

intracellular accumulation of MMC, I compared MMC uptake between WT and 

∆calP strains. To do so, it was necessary to have a traceable DDA whose amount 

could be quantified and mimicked the effect of DNA damage on cells. As MMC 

displayed the most promising performance in sensitivity assays, we conjugated 

mitomycin A (MMA) with the fluorophore Texas Red Cadeverine (TRC) to form 

MMC-TRC. Therefore, I aimed to quantify the cytoplasmic accumulation of this 

compound by fluorescence, comparing its levels in C. crescentus WT with that of 

∆calP (Fig. 44). The newly conjugated compound was chemically synthesised and 

could be isolated by high-performance liquid chromatography (HPLC) (Fig. 44A). 

The correct isoform was analysed and selected by high-resolution mass 

spectrometry (HR-MS) analysis (Fig. 44B). The conjugation project was performed 

by Dr Martin Rejzek at the Chemistry Platform at the John Innes Centre (JIC).  

 

To evaluate the toxicity of the newly created compound, I conducted a sensitivity 

assay using MMC-TRC on WT, ∆recA, and ∆calP strains. This experiment aimed 

to assess the efficacy of MMC-TRC as a DDA compared to the original MMC. I 

grew cells to mid-exponential phase in a liquid medium, supplementing the media 

with 0.8 µg/mL MMC-TRC (SIC) or leaving it unsupplemented. I incubated 

cultures at 30ºC for 48 hrs. Instructions for defining entry into exponential and 
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stationary phases and calculating the difference in the optical densities between the 

strains were provided in section 2.2. WT, ∆recA, and calP exhibited a comparable 

OD600≈0.75 after 30 hrs in the unsupplemented medium (Figs. 44A). WT in the 

MMC-TRC-supplemented medium showed an OD600≈0.75 similar to that of the 

WT under the same conditions (Figs. 44A, B). However, ∆calP exhibited sensitivity 

when exposed to MMC-TRC, showing an OD600≈0.5 after 30 hrs (Figs. 45A, B). In 

comparison, ∆calP in the drug-free medium was reduced by 1.5-fold, exhibiting an 

OD600≈0.75 after 30 hrs (Figs. 45A, B). After 30 hours, ∆recA exhibited an 

OD600≈0.45, which decreased by 1.66-fold when exposed to MMC-TRC compared 

to the unexposed ∆recA (Figs. 45A, B). However, the optical density of ∆recA when 

challenged with MMC-TRC was markedly different compared to ∆recA when 

exposed to MMC, in which the plot line was flat and close to zero (Figs. 45B, 4E). 

The OD600≈0.75 observed in ∆calP after 30 hrs with MMC-TRC was 1.85-fold 

lower than the OD600≈0.27 measured in ∆calP after 30 hrs of MMC-treatment (Figs. 

45B, 4D). The SIC of 0.8 µg/mL MMC-TRC used to treat ∆calP was 6.6-fold 

higher than the SIC used for ∆calP with MMC (Figs. 45B, 9E). This difference in 

the SIC of both compounds indicates a reduction in the toxicity caused by the loss 

of potency of MMC-TRC (Figs. 45B, 9E). This decrement may occur due to 

modifications in the MMC chemical structure, which could hinder MMC-TRC from 

adequately accessing or binding DNA to effectively crosslink it. Alternatively, 

chemical modifications might alter the charges and polarities of the compound, 

resulting in reduced permeability that diminishes the compound's efficiency in 

passing through the cell membrane. 
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Fig. 44. C. crescentus ∆calP shows a different accumulation pattern of MMC-TRC 

in comparison to WT. (A) Chemical structure of TRC, MMA, and the resulting 

conjugated compounds MMC-TRC. Conjugation with TRC causes MMA to lose a 

methanol (MeOH) group, transforming it into MMC. The chemical formula and 

molar mass are displayed at the bottom of the image. (B) HR-MS spectra of MMC-

TRC. Each peak in the HR-MS analysis represents a detected substance, and its 

height indicates the relative amount compared to a standard compound. The number 

on top of each peak specifies the exact mass detected for each compound. The Y-

axis represents the percentage scale for comparing sample peaks, while the X-axis 

denotes the mass of the compound. The highest peak corresponding on the right 

B 

A 

C 
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side of the image represents MMC-TRC and details various parameters. From top 

to bottom, it delineates the chemical formula, anticipated mass, detected mass in 

the HR-MS analysis, and deviation value between the predicted and detected 

masses. Dr Martin Rejzek performed this work at the Chemistry Platform of the 

JIC. 
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Fig. 45. MMC-TRC exhibits lower toxicity than MMC against ∆calP. ΔcalP was 

more sensitive when challenged with MMC than when challenged with MMC-TRC 

in a liquid medium. Growth curves were used to evaluate the sensitivity of ∆calP 

when exposed to the newly conjugated compound MMC-TRC. WT and ΔrecA were 

included as control strains. Cells were grown to mid-exponential phase in a PYE 

liquid medium and cultures were diluted to an OD600=3.3·10-4. Cultures were 

treated with 0.8 µg/mL MMC-TRC or left untreated and incubated at 30°C for 48 

hrs. OD600 measurements were taken hourly, and three technical replicates were 

used to calculate the OD600 mean. Each medium contained (A) no additives, and (B) 

0.8 μg/mL MMC-TRC.  

 

A 

B 
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I theorised that if the amount of MMC-Texas Red Cadaverine (MMC-TRC) in the 

WT or ∆calP cytoplasm differed from each other, the lack of calP may have an 

impact on MMC uptake or export in C. crescentus. A defect in the uptake or export 

can influence the intracellular accumulation of compounds. Therefore, to determine 

the accumulation of compounds in WT compared to ∆calP, I treated C. crescentus 

with a spectrophotometrically measurable MMC-TRC. To do so, I grew cells to 

mid-exponential phase in a liquid medium and treated cultures with MMC-TRC or 

left them untreated. Cells, whether MMC-treated or untreated, were incubated for 

2 hrs at 30ºC and then washed to remove the media and MMC-TRC. After washing, 

cells were placed in a 96-well plate to quantify MMC-TRC accumulation in the 

cytoplasm. I did so in the cytoplasms of both WT and ∆calP by assessing 

fluorescence intensity using a plate reader. The mean of the fluorescence values of 

MMC-TRC in WT and ∆calP was compared. Results of the unsupplemented 

control medium showed that WT and ∆calP did not emit any signal and were 

slightly negative below zero compared to the buffer control (Fig. 46). WT treated 

with MMC-TRC showed a mean fluorescence intensity of 61077 (Fig. 46). 

Meanwhile, ∆calP exhibited a mean fluorescence intensity of 77841, which was 

1.28-fold higher than the mean fluorescence intensity of WT (Fig. 46). The unpaired 

T-test with Welch correction determined a p-value of 0.0017 for the fluorescence 

intensity means of WT and ∆calP (Fig. 46, Table A2, Fig. A19). The mean of both 

values is significantly different since the p-value of 0.0017 is below the threshold 

of P<0.05 (Fig. 46, Table A2, Fig. A19). The fact that ∆calP showed a higher 

fluorescence intensity than WT suggests that the absence of CalP in the membrane 

caused a higher cellular uptake and accumulation of MMC-TRC (Fig. 46). The lack 

of signal in untreated samples indicates that the fluorescence intensity observed in 

MMC-TRC-treated cells was not due to a signal emitted by the cells, medium, or 

plate in which samples were analysed. Whereas MMC-TRC emitted a signal 

detected by the spectrophotometer (Fig. 46). Therefore, CalP could play a role in 

the membrane as a DDA exporter and contribute to mitigating the toxic effects of 

such compounds. The rise of CalP production induced by the SOS response system 

may be one of the multiple resources that C. crescentus displays to counteract DNA 

damage. 
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Fig. 46. The deletion of calP boosts the accumulation of MMC-TRC in C. 

crescentus. A graph depicting the fluorescence intensity comparison between C. 

crescentus WT and ∆calP in vivo before and after exposition to MMC-TRC. The Y-

axis indicates the fluorescence intensity in absolute values. The X-axis shows 

untreated WT and ∆calP before exposure to MMC-TRC (time zero) and both strains 

after 2 hrs of exposure to MMC-TRC. WT was used as a reference control for the 

accumulation of MMC-TRC. Cells were grown to mid-exponential phase and 

treated with 0.8 µg/mL MMC-TRC or left untreated. Cultures were incubated for 2 

hrs at 30ºC and washed to remove the medium and MMC-TRC. The fluorescence 

intensity was measured at 470-20 and 630-40 nm. The error bars on top of each bar 

represent the standard deviation of four biological replicates. The p-value indicates 

whether the difference between the means of WT and ∆calP treated with MMC-

TRC is statistically significant. 
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3.9 ∆calP is not conserved and shows residual homology to membrane 

proteins 

Conserved protein domains can shed light on the evolution and origin of a certain 

protein. Hence, a bioinformatics analysis to assess CalP's conservation in other 

organisms could help elucidate its function, based on the activity of similar proteins. 

To do so, I performed homology analysis using a genomic database from the 

National Library of Medicine belonging to the National Center for Biotechnology 

Information (NCBI). The BLASTP homology analysis of the CalP amino acid 

sequence revealed that only four proteins exhibited an identity of at least 50% 

similarity to the CalP sequence. All four of these proteins were associated with four 

distinct species of the genus Caulobacter. More specifically, Caulobacter sp. SL161 

exhibited a 37-amino-acid protein sharing an identity of 35 out of 37 (95%) amino 

acids with CalP (Fig. 47A). Furthermore, an unclassified Caulobacter displayed a 

31-amino-acid protein, demonstrating an identity of 18 out of 29 (62%) amino acids 

similarity to CalP (Fig. 47A). A 37-amino-acid protein found in Caulobacter sp. 

RHG1 demonstrated an identity of 18 out of 33 (55%) amino acids when compared 

to the CalP amino acid sequence (Fig. 47A). Finally, Caulobacter sp. 602-1 

showcased a protein with an identity of 16out of w33 (48%) amino acids compared 

to the CalP amino acid sequence (Fig. 47A).  

 

The NCBI bioinformatics analysis indicated that the sequence of CalP, specifically 

from the 5th isoleucine to the 37th arginine, shares similarities with the DUF6479 

superfamily, characterised as a protein family of unknown function (Fig. 47B). This 

domain family, commonly present in bacteria, typically ranges between 39 and 51 

amino acids in length (Fig. 47B). Furthermore, I conducted another BLASTP 

analysis in the Kyoto Encyclopedia of Genes and Genomes (KEGG) [693, 694] to 

explore potential homologues of CalP (Fig. 47C). The results indicated that CalP 

displayed 36% identity with a small section of the complete amino acid sequence 

(366 aa) of Hhal_1739. This protein belongs to the RND family and functions as an 

MDEP transporter in the bacterium Halorhodospira halophila (Fig. 47C). Although 

these results are inconclusive on their own because the genes found only showed 

homology with calP in a limited section of the sequence, they can serve as valuable 
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supplementary data. Combining these findings with others may contribute to 

unravel the role of CalP. 
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Fig. 47. CalP is conserved across species within the genus Caulobacter but shows 

minimal homology with proteins of other species. Figures presenting alignments of 

both amino acid and nucleotide sequences of CalP with proteins demonstrating 

relative sequence similarity. (A) Amino acid homology test of CalP using the 

compositional matrix adjustment method through BLASTP on the NCBI platform. 

Hits are arranged from top to bottom, listed in descending order based on identity 

percentage. The name of each Caulobacter species is written in bold letters at the 

top of each letterbox. The CalP sequence (aa sequence on top), the protein query 

sequence of the Caulobacter species (bottom aa sequence) and the consensus 

sequence are situated at the bottom of each letterbox. (B) Protein family test (Pfam) 

from the KEEG platform. The segment of the CalP amino acid sequence spanning 

from the 5th to the 37th amino acid exhibits conservation within the DUF6479 

superfamily. (C) BLASTP analysis on the KEEG platform. Comparative data 

displaying amino acid and nucleotide sequences, along with the identity percentage, 

between CalP and Hhal_1739. Hhal_1739 is a multidrug efflux pump transporter of 

the RND family from the bacterium Halorhodospira halophila. 
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Furthermore, I conducted a nucleotide alignment (BLASTN) on the NCBI platform 

to explore nucleotide homology within the genomic sequences of other species. 

Among the identified gene candidates, I specifically chose 14 genes from various 

bacterial species that displayed identities ranging between 95 and 100% similarity 

with calP (Table 2). The nucleotide alignments revealed minimal homology 

between calP and various genes encoding membrane proteins of diverse functions. 

Only 21 to 24 nt coincided with the calP nucleotide sequence (Table 2). These 

nucleotides constituted roughly 18 to 21% of the complete 114 nt sequence of calP, 

indicating a minor segment within the entire calP´s nucleotide sequence (Table 2). 

However, the nucleotide sequences of the 14 identified genes from the alignment 

ranged from as little as 585 nt to as large as 1653 nt (Table 2). Therefore, in relative 

terms, calP accounted for approximately 7% to 19% of the overall nucleotide 

sequence among the 14 genes selected in the nucleotide alignment. All identified 

genes encoded membrane proteins, with the majority being membrane transporters 

or signal transducers (Table 2). Among the 11 genes displaying 100% identity with 

a segment of the nucleotide sequence of calP, 6 genes encoded stress membrane 

proteins and metal-sensing proteins. Notably, these proteins are engaged in signal 

transduction across different Streptomyces species (Table 2). A single gene 

exhibited 100% identity with calP, while two other displayed 96% identity, and all 

three encoded different types of MDEP (Table 2). The identified MDEPs consisted 

of the ABC permease from Streptomyces sp. CNQ-509, and an MFS transporter 

found in Cellulomonas dongxiuzhuiae (Table 2). Additionally, an efflux transporter 

belonging to the MATE family was identified from Halolamina sp. CBA1230 (Table 

2). Among the remaining identified genes were those encoding a peptidase, fusaric 

acid resistance protein (FUSC family), a methyl-accepting chemotaxis protein, and 

an RNA-splicing ligase (RtcB) (Table 2). All shared 100% identity with calP, 

except for RtcB, which displayed 96% identity (Table 2). The sequence and length 

variability observed between CalP and proteins displaying homology from the 

genus Caulobacter was moderate (Table 2). However, outside the genus 

Caulobacter the sequence identity in other genes was notably low, and the 

sequences displaying homology were notably short. The identified gene candidates 

exhibiting homology to calP were 5.13 to 14.5 times larger than calP (Table 2). 
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Conversely, proteins homologous to CalP within the Caulobacter genus 

demonstrated a comparable number of amino acids to CalP (Table 2). Collectively, 

these findings indicate the presence of CalP-like homologues in other members of 

the genus Caulobacter. With limited conservation observed beyond this specific 

genus. Therefore, based on the results, it is reasonable to hypothesise that the origin 

of CalP potentially emerged in a common ancestor of the genus Caulobacter. 

Exploring beyond the genus Caulobacter for a common ancestor is feasible, as 

evolutionary imprint might have left traceable sequence footprints. Furthermore, 

the presence of higher similarity homologs in other species supports this 

exploration. Substantial variability is evident in three of the four species within the 

genus Caulobacter (62, 55, and 48% amino acid identity). This suggests the 

possibility of a common ancestor of CalP in species outside of the genus 

Caulobacter. While the sequence divergence might suggest it has become 

untraceable, this hypothesis is less likely as evolutionary divergence typically 

leaves a discernible footprint. Examining the anticipated functions of proteins 

linked to genes sharing identity with calP could offer valuable insights. This 

exploration remains significant despite the observed variability in these genes. The 

top hits included genes encoding proteins related to signal transduction, while the 

remaining three genes encoded MDEPs. These and other findings offer 

opportunities for a discussion on the potential role of CalP within C. crescentus. 
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Gene name Predicted protein 

function 

Organism Gene 

length 

(bp) 

Identity 

(nt) 

CP969_20525 Stress protein Streptomyces 

viridosporus 

585 23/23 

(100%) 

CP972_05265 Stress protein Streptomyces 

prasinus 

585 23/23 

(100%) 

CNQ36_18160 Stress protein Streptomyces 

fungicidus 

585 23/23 

(100%) 

SPA2297_30475 Stress protein Streptomyces 

parvulus 

585 23/23 

(100%) 

SACTE_0325 Stress protein Streptomyces sp. 

SirexAA-E 

585 23/23 

(100%) 

DMB37_09820 Peptidase Nocardia sp. 

CS682 

525 23/23 

(100%) 

AA958_27815 ABC transporter 

permease 

Streptomyces sp. 

CNQ-509 

1326 22/22 

(100%) 

DSYM_14180 RNA-splicing 

ligase RtcB 

Candidatus 

Desulfobacillus 

denitrificans 

1428 22/22 

(100%) 

C5746_41955 Stress protein Streptomyces 

atratus 

585 21/21 

(100%) 

NFX46_23040 TerD family- metal 

sensing 

Streptomyces 

phaeoluteigriseus 

585 21/21 

(100%) 

H9L06_07705 FUSC family-

fusaric acid resist. 

Leucobacter 

denitrificans 

1059 21/21 

(100%) 

KKR89_16740 MFS transporter Cellulomonas 

dongxiuzhuiae 

1263 24/25 

(96%) 
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B4589_008335 MATE family 

efflux transporter 

Halolamina sp. 

CBA1230 

1398 24/25 

(96%) 

ACMV_17410 Methyl-accepting 

chemotaxis protein 

Acidiphilium 

multivorum 

1653 24/25 

(96%) 

Table 3. Small amino acid sequences of CalP are conserved in genes from species 

other than the genus Caulobacter. A table summarising identified proteins in a 

nucleotide homology test (BLASTN) of calP conducted on the NCBI platform. The 

genes are listed in descending order of similarity with calP (represented in 

percentage). The rightmost column displays number of amino acids sharing the 

nucleotide sequence with calP and the corresponding percentage ratio (identity). 

Only proteins exhibiting an identity greater than 95% were selected and presented 

in the table. The comprehensive data and alignment of nucleotide sequences for the 

genes highlighted in this table are detailed in Table A1.  
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3.10 Discussion 

In this chapter, I demonstrated that CalP possibly interacts with several proteins in 

BACTH screening (Table 1) and in MS/MS analysis of co-immunoprecipitated 

CalP samples (Fig. 39).  BACTH screening found membrane proteins, and the top 

hits found in MS/MS were mainly composed of TonB-dependent receptors (Fig. 

39B). Moreover, induction of DNA damage using MMC led to a downregulation of 

calP in the ∆recA background strain. Conversely, calP demonstrated upregulation 

in WT C. crescentus when exposed to MMC, triggering the DNA damage response 

(Fig. 40A). The alteration in calP expression due to recA deletion strongly suggest 

a probable interconnection between calP and recA within the shared regulatory 

pathway of DNA damage tolerance/response. Furthermore, immunoblot assays 

showed that CalP production remained unchanged despite DNA damage caused by 

MMC (Fig. 40B). Meanwhile WT clearly showed higher CalP production in the 

presence of MMC (Fig. 40B). This phenotype at the translational level confirms the 

previous phenotype at the transcriptional level. The absence of calP is detrimental 

to C. crescentus when the membrane depolarises and could play a role in 

maintaining the membrane potential (Figs. 42, 43). Lastly, ∆calP was more 

permeable for absorbing MMC-TRC than WT, suggesting that CalP could be 

important in keeping toxic compounds out of the cell or exporting them once they 

enter the cell (Fig. 46).  

 

3.10.1 DNA damage 

The deletion of a key component in the SOS-dependent system, such as RecA, 

impacts both calP transcription and CalP production. This suggests that CalP may 

be regulated through the SOS-dependent response, as shown in Figure 40A. 

However, it's worth noting that RecA is also involved in the SOS-independent 

response in certain species, like Mycobacterium smegmatis, where RecA/LexA is 

controlled by the SOS-independent master transcriptional activator PafBC [170]. 

Deinococcus spp. triggers an SOS-independent response called the 

radiation/desiccation response, in which various DNA damage repair genes are 

transcribed, such as recA [351]. Furthermore, Helicobacter pylori and 

Streptococcus pneumoniae do not have any lexA homolog in their genome but 
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conserve recA, whose protein induces cell competence to import extracellular DNA 

under DNA damage conditions [447, 448]. Therefore, considering the involvement 

of RecA in the SOS-independent response in other species, it is feasible that CalP 

could participate in the SOS-independent response. This hypothesis is further 

supported by the fact that calP lacks a LexA-binding promoter, as demonstrated by 

da Rocha et al. (2008) in screening to search for SOS box sequences in promoter 

regions of C. crescentus [431]. Despite my demonstration that CalP is 

downregulated in ∆recA in the presence of MMC, the regulation of CalP in C. 

crescentus could be RecA-dependent but LexA-independent (Fig. 40A). However, 

it is not yet clear whether this regulation is controlled via the SOS-dependent or 

SOS-independent pathway, or even both, as in Deinococcus spp. [351]. The other 

two SPs of the SOS-dependent response in C. crescentus, SidA (involved in cell 

division arrest) [443] and BapE (controls cell apoptosis after irreversible DNA 

damage), had SOS boxes [13], according to da Rocha et al. (2008) [431]. In 

contrast, DidA (involved in cell division arrest) and DriD (an activator of the SOS-

independent response) are SPs involved in the SOS-independent system in C. 

crescentus that do not have SOS boxes. An SOS box sequence in the promoter site 

is often an unequivocal sign of participation in the SOS-dependent response. 

Considering the regulation of CalP through RecA, the likelihood that CalP is part 

of the SOS-dependent system is significant, especially considering that the SOS-

dependent system is well conserved and present across different species, regulating 

a wide set of genes related to DNA damage response. Nevertheless, CalP could even 

participate in both systems, the SOS-dependent and SOS-independent responses, 

like Deinococcus spp. [351]. 

 

3.10.2 Detection of CalP-binding partners 

Identifying interacting protein partners for CalP is a conventional approach to 

contextualising the protein within the cell and uncovering its role in C. crescentus. 

BACTH screening found several membrane protein candidates that interacted with 

CalP (Table 1). However, none of these binding partners showed sensitivity to 

MMC (Figs. 36, 37). One of the main concerns of two-hybrid assays (bacterial/yeast 

two-hybrid) is the number of cases of false positives [695]. In our BACTH results, 
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all the proteins found were transmembrane proteins primarily involved in solute 

transport (Table 1). As CalP seems to be involved in the DNA-damage response and 

none of the candidates is sensitive to MMC, it is plausible that most of the 

candidates found in the BACTH screening were false positives. However, one of 

the binding protein candidates detected in the CalP BACTH screening, the anti-

sigma factor (CCNA_02836), could be truly related to CalP (Table 1). This protein 

is the cognate anti-sigma factor of the σ70 factor (CCNA_02837), and both are 

presumably co-transcribed and interacted in vivo in BACTH assays (Figs. 35A, B). 

σ70 factor is an extracytoplasmic function sigma factor (σECF) part of the sigma factor 

group IV, the most numerous group of σ70 family specialised in sensing 

environmental stimuli and generating an adequate gene expression response [646]. 

Therefore, the anti-sigma factor of σ70 may be a genuine regulator of CalP that 

sequesters σ70 in the membrane, preventing its binding to the RNA polymerase that 

transcribes calP. The anti-sigma factor could release σ70 upon interaction with CalP 

or after sensing some extracytoplasmic stimuli [646, 648, 655]. Therefore, σ70 as an 

σECF might be involved in sensing extracytoplasmic conditions and may regulate 

calP transcription in response to potential DNA damage generated by DDA. In 

addition to that, Zhou et al. (2015) discovered that the promoter binding site of 

numerous genes in C. crescentus showed that calP had a σ73 (RpoD) binding site 

[653]. RpoD is considered the housekeeping sigma factor in C. crescentus [654] 

and probably regulates calP transcription under non-stress conditions; as I 

demonstrated in previous immunoblot assays, C. crescentus produces CalP even 

though no DNA damage was induced in the cell (Figs. 16, 17).  

 

SPs are challenging to detect in standard MS analysis, and poor results are 

sometimes achieved [599, 676, 677]. Sample preparation is also crucial for the later 

detection of SPs and for detecting binding proteins [599, 675, 678, 681, 689]. 

MS/MS analysis to screen for CalP interacting partners found several potential 

binding proteins. However, none of these candidates matched with protein 

candidates previously found in the BACTH protein partners screening (Table 1). 

Numerous proteins were found in the coimmunoprecipitated CalP samples, and it 

is unlikely that such a high number of proteins interacted with CalP (Fig. 39). TonB-
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dependent receptors represent nearly 39% of all proteins found to interact with CalP 

(Fig. 39A). The other 61% of proteins found were comprised of membrane proteins, 

with a proportion slightly higher than 5.5% each (Fig. 39). TonB-dependent 

receptors are the outermost element of the siderophore uptake system to import 

extracellular iron [604]. In E. coli, TonB, ExbB, and ExbD form the siderophore 

import system and span the entire periplasm to connect with TonB-dependent 

receptors. The fact that CalP is an inner transmembrane protein could cause TonB-

periplasmic spanning proteins to interact with CalP serendipitously. Alternatively, 

CalP could play a role in the C. crescentus TonB system and contribute to the import 

of siderophores into the inner membrane. Nevertheless, our experiments have 

consistently suggested the connection of CalP with DNA damage response and 

never indicated the involvement of CalP in iron uptake, although it is something to 

further investigate in future experiments. Ultimately, the use of bottom-up standard 

proteomics procedures and the lack of sample optimisation for the detection of CalP 

and its binding partners could have caused unconvincing results (Fig. 39). However, 

previously stained polyacrylamide gels showed that after heating CalP samples at 

100ºC, no other proteins were found in the sample besides CalP (Fig. 19C). 

Therefore, the possibility of CalP not interacting with other proteins is also feasible. 

Alternatively, CalP could be indirectly regulated by other proteins that are 

controlled by the SOS-dependent response. 

 

3.10.3 CalP function 

Bacteria possess several systems to counteract the effects of drugs [609], such as 

MDEPs, which are membrane transporters that transport cytotoxic compounds out 

of the cell [613, 614]. Antibiotics can trigger the expression of several genes that 

encode membrane metabolite transporters [623]. Simultaneous activation of 

numerous MDEPs in the cell can generate multiple redundant responses to block 

antibiotic uptake and initialise antibiotic export [624, 625]. We hypothesised that 

CalP could be an MDEP because data obtained in previous results may suggest that: 

(i) CalP contributes to maintaining lower intracellular levels of MMC-TRC, (ii) 

CalP is a transmembrane protein, that forms homomers in the membrane, and (iii) 

CalP has efflux pump orthologs in other bacterial species. I showed that the absence 
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of CalP increased intracellular levels of MMC-TRC in C. crescentus (Fig. 46). The 

slight increase in the uptake of MMC-TRC observed in ∆calP compared to WT may 

be a consequence of redundancy in the elements destined to protect the bacterium 

from cytotoxic substances (Fig. 46). CalP probably forms a single homomeric 

structure comprised of six or eight monomers that insert into the inner membrane, 

forming a pore-like structure that could pump toxic compounds out of the cell (Figs. 

19-21).  

 

The inner membrane proteins of efflux pumps are often medium- to large proteins 

with multiple transmembrane domains that translocase solutes across the lipid 

bilayer [622]. In E. coli, the homo-trimeric inner membrane protein AcrB interacts 

with AcrA and TolC to form the tripartite AcrB-AcrA-TolC efflux pump that spans 

from the inner membrane to the outer membrane [492]. Previous experiments with 

stained polyacrylamide gels with heated CalP suggest the absence of proteins other 

than CalP in the sample (Fig. 19C). Additionally, BACTH and MS/MS analysis 

showed inconclusive interactions of CalP with other proteins (Table 1, Fig. 39). 

Therefore, if CalP did not interact with other proteins, it would not form a pump-

like tripartite AcrB-AcrA-TolC efflux complex. Nevertheless, other efflux pumps 

could be feasible CalP orthologs, such as the non-tripartite ABC superfamily or the 

MATE family, which are inner membrane proteins [622]. Homodimers form the 

(non-tripartite) ABC superfamily in Gram-negative bacteria, which bind and 

hydrolyse ATP to power the transport mechanism [696, 697], like McjD, which 

exports antibacterial peptides [698]. The DinF subfamily belonging to the MATE 

family of proteins is inducible by DNA damage [699]. PfMATE, a member of the 

DinF subfamily, has a Nout-Cin topology (like CalP) and uses the electrochemical 

gradient of H+ or Na+ across the membrane as a driving force to export compounds 

such as the norfloxacin-derivative substrate Br-NRF [699-701].  

 

In E. coli, the same transcriptional regulator (MarA) regulates genes encoding 

efflux pumps (acrAB and tolC), DNA damage repair, and transport proteins [702]. 

Hence, these mechanisms demonstrate examples of connections between DNA 

damage response/repair and efflux pumps. A bioinformatics screening for CalP 
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homologs (BLASTP) found an efflux pump with 36% identity (only in a small 

domain that comprised a tiny portion of the entire amino acid sequence of the 

protein) in the bacterium Halorhodospira halophila (Fig. 47C). Although this 

homology was low, it was the only CalP ortholog found outside of the genus 

Caulobacter. Similarly, calP nucleotide alignments (BLASTN) showed 96 to 100% 

identity with small fragments of 21-24 nt from 14 different genes (with length 

ranges between 585 and 1653 nt) (Table 2). Three of these 14 genes were MDEPs, 

such as the ABC permease of Streptomyces sp. CNQ-509, the MFS transporter from 

Cellulomonas dongxiuzhuiae, and the efflux transporter from the MATE family 

(Table 2). Despite the identity between calP and the candidate genes being high, 

the sequence coverage was low, and so was the fidelity of the homology. Hence, 

considering the low fidelity of these data, these results are not conclusive but 

support the hypothesis that CalP may be an efflux pump. In contrast, I showed in 

previous experiments that ∆calP was more sensitive to the membrane depolariser 

CCCP than WT (Figs. 42, 43). This phenotype could be caused by the 

destabilisation of the membrane potential upon deletion of calP. Alternatively, it 

could be possibly due to the loss of the CCCP extrusion capacity because of the 

absence of CalP, which enhances the sensitivity of ∆calP to CCCP.  CCCP is also 

known to be a potent inhibitor of efflux pumps [692, 703]. Therefore, if CalP 

functioned as an efflux pump, its inhibition by CCCP in the WT strain would display 

a phenotype akin to ∆calP. In such a scenario, both the WT and ∆calP strains would 

exhibit identical phenotypes. However, considering the optical density observed in 

∆calP compared to WT, it is plausible that CalP might not function as an efflux 

pump (Figs. 42, 43). Previous data suggested that CalP may be a specific efflux 

pump transporter that exports DNA-damaging compounds, but the latter result 

suggested that CalP is not an efflux pump. Hence, given the inconclusive and 

contradictory results, the hypothesis that CalP is an MDEP will need further 

investigation. 

 

3.10.4 CalP origin 

Bioinformatics analysis showed that CalP is not conserved beyond the genus 

Caulobacter, except for a few exceptions showing low homology and poor identity. 
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Nonetheless, the poor SEP annotations in genomes still make possible the existence 

of CalP-like proteins with high homology in other species [463, 673, 704]. Thus, if 

we consider CalP to only be present in the genus Caulobacter, an evolutionary 

divergence from common ancestors may not answer the question of its origin. 

However, other hypotheses based on previous studies could explain the origin of 

CalP, such as Boto L. (2010) and Nasvall et al. (2012), which theorised the origin 

of new genes acquired by HGT and gene duplication, respectively [667, 668]. Other 

studies, such as B. A. Wilson and J. Masel (2011) and Ruiz-Orera et al. (2018), 

showed that previous non-coding ORFs were transcribed and subsequently 

translated [669, 670]. Grage et al. (2016) showed that small membrane proteins 

could influence membrane thickness and fluidity [659]. Knopp et al. (2019) 

demonstrated that synthetic-made peptides produced in E. coli could reduce 

membrane potential and decrease drug uptake to confer antibiotic resistance [674]. 

CalP shares properties such as short ORF and high hydrophobicity with peptides 

mentioned in Knopp et al. (2019), that confer antibiotic resistance. I showed in 

previous experiments that ∆calP was more sensitive than WT in the presence of 

CCCP (Fig. 43), suggesting that CalP may be important in maintaining the ionic 

gradient of the cell membrane. Perhaps CalP affects membrane potential and/or 

fluidity and prevents the entrance of antibiotics. Nevertheless, I demonstrated that 

CalP is regulated by RecA, so calP expressed in a ∆recA background was unable to 

upregulate upon MMC-induced DNA damage in the differential expression assay 

(Fig. 40A). Therefore, an unresolved question is how RecA could associate with 

and regulate a de novo generated calP [353]. All these questions require further 

investigation to elucidate the origin and role of CalP in C. crescentus. 
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Chapter 4. General Discussion 
 

4.1 Outlook of bacterial resistance 

Antibiotic resistance is one of the major concerns in public health and has been 

estimated to cause millions of human and livestock deaths over the next decades 

[164, 705-708]. The mode of action of antibiotics is very diverse and positively 

impacts their capacity to treat a wide variety of bacterial species. However, this 

diversity negatively affects the rapid adaptation of bacteria to different types of 

antibiotics [709]. Although multi-resistant bacteria usually have fast and developed 

systems to bypass the harmful effects of antibiotics on cells, many of these 

mechanisms are conserved across bacteria [609]. Distinct bacterial mechanisms 

contribute to creating AMR, such as membrane permeability, efflux pumps [619, 

632, 710], DNA damage repair pathways [417, 702], antibiotic degradation 

pathways [709], or a combination of these mechanisms [609]. Bacteria rapidly 

adapt to resist new antibiotics with error-prone mutagenesis systems like TLS [24, 

26]. HGT also plays a crucial role in exchanging genetic information intra- and 

inter-species to foster AR. The acquisition of new traits through HGT is common 

during antibiotic-treated infections [427]. Bacteria often trigger apoptotic-like 

systems that release cellular components into the extracellular medium, causing 

irreversible DNA damage [13]. Conjugation mechanisms [446] and cell damage-

induced prophage pathways also enhance genetic variability via active genetic 

transference [433, 711]. Understanding the new methods bacteria develop to create 

AR is necessary to establish new strategies to overcome this evolving threat. 

 

The multifunctional SOS-response system is ubiquitous in bacteria and contributes 

to creating AR [422, 430]. The SOS-dependent response was discovered in 1970 

and was well-characterised, especially in E. coli [234, 352]. However, the SOS-

independent response is still very unknown in many bacteria [351, 446, 450]. Some 

of the most striking SOS-independent systems are the M. smegmatis PafBC [170, 

712, 713], Irre and DdrO in Deinococcus spp. [351], or the Ada system in E. coli 

[119]. Surprisingly, in C. crescentus, the SOS-independent response and SPs 

converge with at least three known proteins: DriD [450], DidA [449], and MmcA 
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[173]. A further understanding of SOS-independent systems in bacteria can shed 

light on unknown systems that can contribute to an effective AR [422]. The ubiquity 

of many AR systems in many classes of pathogenic and non-pathogenic bacteria 

enables the study of these pathways in non-pathogenic organisms. Thus, many 

discoveries in non-pathogenic model organisms can establish versatile models valid 

for numerous classes of bacteria. This insight can be ultimately transferred to 

studying pathogenic species. 

 

The current bacterial resistance situation requires new strategies to stop this 

increasing problem. The development of new-generation antibiotics has increased 

substantially in recent years, given the increase in bacterial resistance [714-718]. 

New techniques such as genome mining and editing allow the development of 

several antibiotics. Nowadays, numerous antibiotics, some with novel modes of 

action, are in advanced phase trials [718]. An interesting and promising strategy to 

treat bacterial infections is using engineered bacteriophages to target specific 

populations of pathogenic bacteria. This method can limit the damage to commensal 

bacteria in the microbiota to maintain eubiosis. It can also reduce the side effects of 

certain antibiotics that affect eukaryotic cells [715, 719, 720]. Lastly, AMPs can be 

an alternative technique against AMR (described below) [517]. 

 

4.2 Overview of SPs 

The investigation of SPs in different organisms has been scarce in recent years. The 

SPs scope is a growing scientific field that emerged a few years ago with the 

dedication of SPs specialist researchers such as Gisela Storz, Kai Papenfort, Joe 

Wade, and Todd Gray. In 2020, the mentioned researchers organised the first 

international Congress about SPs to gather scientists to present the latest discoveries 

in SPs investigations [451]. The Congress was eventually postponed because of the 

COVID-19 pandemic and reorganised as a virtual Congress in 2021. For many 

decades, SPs were considered too small to be functional, leading to an incomplete 

interpretation of pathways in which SPs play an important role [452]. The study of 

SPs can shed light on completing the puzzle that the biomolecules of an organism 

constitute. SPs are important in many regulatory processes and are integral parts of 
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several complexes in different bacteria, like photosynthetic machinery [721, 722] 

or efflux pumps, such as AcrB [492, 638]. Detecting SPs is more challenging than 

detecting bigger ones because the annotation of SPs was overlooked (due to a 

minimum cut-off of 50 KDa in bacteria), and far fewer annotations are available in 

genomic data [451, 452, 723]. In addition, SPs do not always show an apparent 

phenotype and are detected via mutagenesis, and if so, they may run off when 

copurified if the gel system is not optimised to detect proteins smaller than 5 KDa 

[452, 724]. Laboratory work with SPs is also more complicated than managing 

larger proteins with specific protocols, materials, and facilities optimised for them. 

The minimum detection threshold for proteins by MP analysis is 40 KDa [725]. 

Similarly, SPs (fewer than 50 aa) are not large enough to be analysed in electron 

microscopy or crystallography. Other detection assays, like MS/MS, struggle to 

detect SPs because the number of residues these devices can detect is often too 

scarce and does not reach the necessary amount to be sensed [675, 676, 678]. 

Usually, immune or fluorescence tags are far more prominent than the protein of 

the study itself, making it harder to discern whether the results are a genuine 

observation or an artefact of the fusion tag [451, 452, 724].  

 

Understanding the functions of SPs, their conformation, and their structure can 

provide useful insight into developing anti-SP weapons to attack bacteria. The 

simplicity of SPs, with a short amino acid sequence and a single TM domain, makes 

them accessible for the action of potential drugs. Nonetheless, once SMPs are 

embedded in the membrane, they might be relatively inaccessible, especially for 

more hydrophilic compounds. In a reverse way, small peptides, like AMPs, can 

destabilise membrane integrity when the net charge is low and they have a high 

lysine and arginine content [451]. Small peptides can destroy cell envelopes by 

inhibiting cell wall synthesis and/or pore formation [517, 549]. Hence, engineering 

SPs to destabilise bacterial membranes could be an option to use as an antimicrobial 

strategy [717]. Furthermore, this method can work alongside conventional 

antibiotic and/or phage therapy treatments. A higher effectivity in treatments can 

allow the use of lower doses of antibiotics and, thus, reduce the propensity to create 

bacterial resistance. 
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CalP did not have any high-identity homologues in other organisms, according to 

BLAST screenings (Fig. 47). However, bioinformatics predictions showed several 

proteins of unknown function with domains like CalP. Therefore, a myriad of 

proteins whose genes are annotated require ribosome profiling to prove their 

translation and further characterisation and categorisation. By doing this, we will 

keep creating data libraries that will pave the way for future discoveries that will 

walk over previous discoveries. It will be like a puzzle in which several pieces are 

completed, and the setting process already speeds up. Sequencing and newer 

bioinformatics tools play a crucial role in this development, and machine 

automation in the future will likely be vital for completing laborious tasks and 

accelerating the process. 
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Chapter 5. Materials and methods 
 

5.1 Bioinformatics procedures 

The design and analysis of the constructs (oligo design, sequencing analysis, 

fragment synthesis design) were performed using Geneious Prime version 2019 

(Biomatters, inc.). The DNA sequence annotator, visualiser, and analyser software 

Artemis (version 17.0.1) were used to analyse sequences like the BACTH 

fragments and visualise the genome of C. crescentus NA1000. The scrambling of 

the calP nucleotide sequence was done through the bioinformatic portal Expasy. 

The analysis of the C. crescentus genome and BACTH data was done in Geneious 

and Artemis. The BLAST analysis of the binding partners of CalP was done with 

the portal of the National Centre for Biotechnology Information (NCBI) from the 

US National Library of Medicine (NIH). For predicting the CalP structure, the 

bioinformatics platform AlphaFold2 and the molecular visualisation system 

PyMOL (Schrödinger/version 2.4.1) were used to represent the images. The 

information about C. crescentus genes and proteins was retrieved from the Uniprot 

and Caulobrowser databases [726]. 

 

5.2 Experimental procedures 

 

5.2.1 Growth and storage conditions 

 

5.2.1.1 Growth conditions 

E. coli and C. crescentus were grown in LB or PYE media, respectively. C. 

crescentus cells were incubated at 30ºC and E. coli cells at 37ºC. C. crescentus cells 

with genes expressed under the Pxyl locus (ectopically inserted in the xylX locus) 

were treated with 0.1% xylose in a liquid PYE medium and 0.3% xylose in a solid 

medium. E. coli cells harbouring plasmids with the Plac promoter were exposed to 

0.1 mM IPTG.  
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5.2.1.2 Storage of strains 

E. coli and C. crescentus strains, plasmids, and DNA fragments were stored at -

20ºC for short- and mid-term storage and at -80ºC for long-term storage. E. coli and 

C. crescentus strains were preserved in 900 µL of LB and PYE cell cultures, 

respectively, with the addition of 100 µL of DMSO to prevent cell breakage during 

freezing.  

 

5.2.2 Media, antibiotics, and buffers 

 

5.2.2.1 Media 

 

1.4.1.1.1.1 C. crescentus 

 

PYE  

Peptone yeast extract (PYE) is a complex medium rich in amino acids commonly 

employed as the standard medium to grow C. crescentus in laboratories. The high 

amino acid content provides the bacterium with a carbon source that can be used by 

the cell via amino acid degradation pathways as an energy source [727]. The 

standard recipe (for 1 L) of PYE medium was: 2 g/L bactopeptone, 1 g/L yeast 

extract, 1 mM MgSO4 (0.3 g/L), 0.5 mM CaCl2 (0.0735 g/L) (Ca is required for 

growth) [728]. 

Solid medium (standard recipe for 1 L): addition of 1.5% Bacto Agar (15 g/L) and 

fill to 1 L with liquid PYE. The mixture was boiled to dissolve the Bacto Agar. 

Sterilisation: autoclave for 20 min. 

 

1.4.1.1.1.2 E. coli 

 

LB 

JIC media service 

 

Lysogeny broth, also known as LB, is a nutritionally rich medium used to grow E. 

coli and many other types of bacteria. The general composition for 1 L is: 
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10 g/L tryptone 

5 g/L yeast extract 

10 g/L NaCl 

 

Components were dissolved in dH2O  [729, 730]. Solid medium: for the LB agar, a 

final concentration of 1.5% of the agar was added and filled up to 1 L. The mixture 

was boiled to dissolve the agar. The mixture was sterilised and autoclaved for 15 

min at 15 psi, from 121 to 124°C [731].  

 

SOC  

(JIC media service) 

The components for 1 L of SOC medium are: 

 

5 g yeast extract  

20 g tryptone 

0.584 g NaCl 

0.186 g KCl 

2.4 g MgSO4 

20 mL 20% glucose 

 

All components except the glucose were mixed. The solution was autoclaved and 

let cool down below 50ºC. 20 ml of 20% glucose was sterilised by passing it through 

a 0.2 µm filter, added to the solution, and mixed. 

 

MacConkey agar 

(Millipore/cat. no. 70143) 

 

40 g/L MacConkey agar 

20% glucose-free maltose 

1 mM IPTG 
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The MacConkey agar powder was dissolved in dH2O and autoclaved. The glucose-

free maltose was sterilised by filtration and added to the dissolved MacConkey agar 

medium. Antibiotics (carbenicillin and kanamycin) were added to the autoclaved 

MacConkey medium just before pouring plates. IPTG was included in the medium 

to induce protein expression [587].  

 

M63 

The components for 1 L of M63 medium are: 

 

2 g/L (NH4)2SO4 

13.6 g/L KH2PO4 

0.5 mg/L FeSO4·7H2O  

15 g/L agar per L of dH2O 

 0.3% lactose 

0.5 mM IPTG 

40 µg/mL X-Gal 

 

After autoclaving, the following reagents were added to the mixture, and the pH 

was adjusted to 7.0 with KOH. [587]: 

 

1M MgSO4·7H2O 

10 mL 20% maltose 

2 mL 0.05 % vitamin B1 (thiamin) 

 

Dual-indicator medium 

 

The LB agar was mixed with: 

80 µg/mL Magenta-gal 

100 µg/mL X-Pho 

1 mM IPTG 
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One single plate was poured with ~12.5 ml of medium to make it as thin as possible 

to distinguish the colours [592]. 

 

5.2.2.2 Antibiotics used for trait selection 

To select antibiotic-resistant cells, cultures were treated with the appropriate 

antibiotic when required in a solid or liquid PYE medium. The antibiotics, which 

depended on the strain (Table 5) and the plasmid (Table 6), had the following 

concentrations (liquid/solid medium (µg/mL)):  

 

PYE 

• Kanamycin (5/25) for the C. crescentus strains transformed with the 

plasmids pXYFPC-2 and pBXMCS-2. 

• Oxytetracycline (1/2) for the C. crescentus strain transformed with the 

plasmid ∆recA-tetR::∆calP::PcalP-calP-flag. 

LB 

• Kanamycin (30/50), for the E. coli cells harbouring the plasmid(s) 

pK(N)T25.  

• Carbenicillin (50/100), for the E. coli cells harbouring the plasmid(s) 

pUT18(C). 

• Oxytetracycline (12/12) for the E. coli strain harbouring the plasmid ∆recA-

tetR::∆calP::PcalP-calP-flag. 

MacConkey 

• Kanamycin (-/50) for the E. coli cells harbouring the plasmid(s) pK(N)T25.  

• Carbenicillin (-/100) for the E. coli cells harbouring the plasmid(s) 

pUT18(C). 

M63 

• Kanamycin (-/25) for the E. coli cells harbouring the plasmid(s) pK(N)T25. 

• Carbenicillin (-/50) for the E. coli cells harbouring the plasmid(s) 

pUT18(C). 

Dual-indicator medium 

• Kanamycin (-/50) for the E. coli cells harbouring the plasmid(s) pK(N)T25. 
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Table 4. SIC of the stress inducer agents used in sensitivity assays in C. 

crescentus WT 

Compound SIC (µg/mL) of liquid PYE  Manufacturer/source 

MMC 0.12/0.75 (overexpression)/ 3 

(RT-qPCR) 

Sigma-Aldrich. M4287 

Norfloxacin 4 Merck/cat. no. N9890 

MMS 1 Merck/cat. no. 129925 

Ciprofloxacin 1 Merck/cat. no. 17850 

Novobiocin 0.5 Merck/cat. no. N6160 

HU 9 Merck/cat. no. H8627 

CCCP 2 Sigma-Aldrich/cat. no. 215911 

MMC-TRC 0.75 This study 

Compound MIC (%)  

H2O2 0.15% Sigma-Aldrich/cat. no. H1009 

NaClO 15 µL 6-14% stock JIC media service 

 

Table 4.1. SIC of the stress inducer agent used in sensitivity assays in E. coli 

BTH101 

Compound SIC (µg/mL) of liquid PYE Manufacturer/source 

MMC 0.75 Sigma-Aldrich. M4287 
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5.2.2.3 Buffers 

 

Phosphate-buffered saline  

Buffer from the JIC media service 

0.8 g/L NaCl (Sigma-Aldrich/cat. no. S3014) 

0.2 g/L KCl (Sigma-Aldrich/cat. no. P9541) 

1.44 g/L Na2HPO4 Sigma-Aldrich/cat. no. S9763) 

0.24 g/L KH2PO4 (Sigma Aldrich/cat. no. E6635) 

0.133 g/L CaCl2·2H2O (Sigma Aldrich/cat. no. C3306) 

0.10 g/L MgCl2·6H2O Sigma Aldrich/cat. no. M2393) 

* pH was adjusted to 7.4 (or 7.2, if required) with HCl 

 

Cell fractionation resuspension buffer  

Buffer modified from Modell et al. (2011) [443] 

1 M Tris-HCl (pH8) (Merck/cat. no. 648317) 

250 mM EDTA (Sigma Aldrich/cat. no. E6635) 

0.3 M sucrose (Sigma Aldrich/cat. no. S0389) 

200 µg/mL lysozyme (Sigma-Aldrich/cat. no. L6876) 

2 U/mL DNAse I (Invitrogen/cat. no. 10694233). 

 

Protein lysis buffer 

Buffer modified from the manufacturer (Miltenyi Biotec/cat. no. 130-101-591) 

50 mM Tris-HCl pH8 (Merck/cat. no. 648317) 

150 mM NaCl (Sigma-Aldrich/cat. no. S3014) 

1%Triton-X (Merck/cat. no. 1086031000) 

1x protease inhibitor (per 10 mL) (Merck/cat. no. P8849) 

200 µg/mL lysozyme (Sigma-Aldrich/cat. no. L6876) 

 

TE buffer 

0.75 M Tris-HCl (Merck/cat. no. 648317) 

0.5 M EDTA (Sigma Aldrich/cat. no. E6635) 

pH 8 
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TBST 

Tris-buffered saline (TBS) (Severn Biotech/cat. no. 20-7301-10) 

0.1% Tween (Promega/cat. no. H5151) 

5% skimmed dehydrated milk (Tesco) 

 

Uptake assay lysis buffer 

Buffer modified from A. E. Asuquo and L. J. Piddock (1993) [732] 

0.05 M Tris-HCl pH8 (Merck/cat. no. 648317) 

0.150 M NaCl (Sigma-Aldrich/cat. no. S3014) 

0.1 M glycine (Sigma-Aldrich/cat. no. G8898) 

 

5.2.3 Biological material 

All the biological materials used for this study are listed in the following tables: 

strains (Table 5), plasmids (Table 6), synthesised DNA fragments (Table 7), and 

oligonucleotides (Table 8). 

 

Notes: 

• I deleted genes uniquely in C. crescentus and only used E. coli for 

heterologous expression of calP. Hence, all gene deletion mutants 

correspond to C. crescentus mutants. 

• For the oligo names, I used indistinctly CCNA_03982 or calP. 
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Table 5. Strains 

Strains Description Source 

C. crescentus 

 

NA1000 

Synchronisable derivative of WT CB15 Laboratory 

stock 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NA1000+pBXMCS-2, KanR This study 

NA1000+pBXMCS-2::calP, KanR This study 

NA1000+pBXMCS-2::calP-flag, KanR This study 

ΔcalP Laboratory 

stock 

ΔcalP::PcalP-calP-flag This study 

ΔcalP::PcalP-scr calP-flag This study 

ΔcalP::PcalP-calP-yfp This study 

ΔcalP::PcalP-Φ This study 

ΔcalP::PcalP-calP This study 

ΔcalP::Pxyl-calP-flag, KanR This study 

ΔcalP::Pxyl-calP (D2A)-flag, KanR This study 

ΔcalP::Pxyl-calP (P3A)-flag, KanR This study 

ΔcalP::Pxyl-calP (V4A)-flag, KanR This study 

ΔcalP::Pxyl-calP (I5A)-flag, KanR This study 

ΔcalP::Pxyl-calP (Q6A)-flag, KanR This study 

ΔcalP::Pxyl-calP (V7A)-flag, KanR This study 

ΔcalP::Pxyl-calP (V8A)-flag, KanR This study 

ΔcalP::Pxyl-calP (L9A)-flag, KanR This study 

ΔcalP::Pxyl-calP (I10A)-flag, KanR This study 

ΔcalP::Pxyl-calP (G11A)-flag, KanR This study 

ΔcalP::Pxyl-calP (L12A)-flag, KanR This study 

ΔcalP::Pxyl-calP (V13A)-flag, KanR This study 

ΔcalP::Pxyl-calP (F14A)-flag, KanR This study 

ΔcalP::Pxyl-calP (V15A)-flag, KanR This study 

ΔcalP::Pxyl-calP (A16P)-flag, KanR This study 



 270 

 

NA1000 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ΔcalP::Pxyl-calP (A17P)-flag, KanR This study 

ΔcalP::Pxyl-calP (A18P)-flag, KanR This study 

ΔcalP::Pxyl-calP (Y19A)-flag, KanR This study 

ΔcalP::Pxyl-calP (G20A)-flag, KanR This study 

ΔcalP::Pxyl-calP (V21A)-flag, KanR This study 

ΔcalP::Pxyl-calP (F22A)-flag, KanR This study 

ΔcalP::Pxyl-calP (W23A)-flag, KanR This study 

ΔcalP::Pxyl-calP (L24A)-flag, KanR This study 

ΔcalP::Pxyl-calP (S25A)-flag, KanR This study 

ΔcalP:: Pxyl-calP (M26A)-flag, KanR This study 

ΔcalP::Pxyl-calP (R27A)-flag, KanR This study 

ΔcalP::Pxyl-calP (E28A)-flag, KanR This study 

ΔcalP::Pxyl-calP (K29A)-flag, KanR This study 

ΔcalP::Pxyl-calP (P30A)-flag, KanR This study 

ΔcalP::Pxyl-calP (H31A)-flag, KanR This study 

ΔcalP::Pxyl-calP (Q32A)-flag, KanR This study 

ΔcalP::Pxyl-calP (K33A)-flag, KanR This study 

ΔcalP::Pxyl-calP (G34A)-flag, KanR This study 

ΔcalP::Pxyl-calP (P35A)-flag, KanR This study 

ΔcalP::Pxyl-calP (P36A)-flag, KanR This study 

ΔcalP::Pxyl-calP (K45A)-flag, KanR This study 

ΔcalP::Pxyl-calP, KanR This study 

ΔcalP::Pxyl-calP-flag, KanR This study 

ΔcalP::Pxyl-scr calP, KanR This study 

ΔcalP::Pxyl-scr calP-flag, KanR This study 

∆recA This study 

∆recA-tetR::∆calP::PcalP-calP-flag, KanR, TetR This study 

ΔCCNA_03981 This study 

ΔCCNA_02836 This study 

ΔCCNA_03673 This study 

ΔCCNA_02366 This study 
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ΔCCNA_02837 This study 

ΔCCNA_02089 This study 

ΔCCNA_00182 This study 

ΔCCNA_01007 This study 

E. coli 

 

DH5α 

 

General host for DNA cloning (F– φ80lacZΔM15 

Δ(lacZYA-argF) U169 recA1 endA1 hsdR17(rK–, 

mK+) phoA supE44 λ–thi-1 gyrA96 relA1) 

Laboratory 

stock 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DH5α+pXYFPC-2::Φ, KanR This study 

DH5α+pXYFPC-2::calP, KanR This study 

DH5α+pXYFPC-2::calP-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (D2A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (P3A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (V4A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (I5A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (Q6A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (V7A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (V8A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (L9A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (I10A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (G11A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (L12A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (V13A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (F14A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (V15A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (A16P)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (A17P)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (A18P)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (Y19A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (G20A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (V21A)-flag, KanR This study 
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DH5α 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DH5α+pXYFPC-2::Pxyl-calP (F22A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (W23A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (L24A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (S25A)-flag, KanR This study 

DH5α+pXYFPC-2:: Pxyl-calP (M26A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (R27A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (E28A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (K29A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (P30A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (H31A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (Q32A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (K33A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (G34A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (P35A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (P36A)-flag, KanR This study 

DH5α+pXYFPC-2::Pxyl-calP (K45A)-flag, KanR This study 

DH5α+pXYFPC-2::scrambled calP, KanR This study 

DH5α+pBXMCS-2::Φ, KanR This study 

DH5α+pBXMCS-2::calP, KanR This study 

DH5α+pBXMCS-2::calP-flag, KanR This study 

DH5α+pUT18C (-T18)::Φ, KanR This study 

DH5α+pUT18C (-T18)::calP, KanR This study 

DH5α+pUT18C (-T18)::calP-flag, KanR This study 

DH5α+pNPTS138::calP-flag, KanR This study 

DH5α+pNTPS138::scr calP-flag, KanR This study 

DH5α+pNTPS138::calP-yfp, KanR This study 

DH5α+pNTPS138::(FS1-FS2) CCNA_02836, 

KanR 

This study 

DH5α+pNTPS138::(FS1-FS2) CCNA_03673, 

KanR 

This study 
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DH5α 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DH5α+pNTPS138::(FS1-FS2) CCNA_02366, 

KanR 

This study 

DH5α+pNTPS138::(FS1-FS2) CCNA_02837, 

KanR 

This study 

DH5α+pNTPS138::(FS1-FS2) CCNA_02089, 

KanR 

This study 

DH5α+pNTPS138::(FS1-FS2) CCNA_00182, 

KanR 

This study 

DH5α+pNTPS138::(FS1-FS2) CCNA_01007, 

KanR 

This study 

DH5α+pNTPS138::(FS1-FS2)CCNA_03981, 

KanR 

This study 

DH5α+pNTPS138::∆recA-tetR::∆calP::PcalP-calP-

flag, KanR, TetR 

This study 

DH5α+pXYFPC-2::scr calP-flag, KanR This study 

DH5α+pNKT25, KanR This study 

DH5α+pUT18, AmpR This study 

DH5α+pNKT25::calP, KanR This study 

DH5α+pUT18::calP, AmpR This study 

DH5α+pKTN25::calP, KanR This study 

DH5α+pUT18::calP, AmpR This study 

DH5α+pKT25::calP, KanR This study 

DH5α+pUT18C::calP, AmpR This study 

DH5α+pKT25::CCNA_02837, KanR This study 

DH5α+pUT18C::CCNA_02837, AmpR This study 

DH5α+pKT25::CCNA_02836, KanR This study 

DH5α+pUT18C::CCNA_02836, AmpR This study 

DH5α+pKT25::CCNA_02837-CCNA_02836, 

KanR 

This study 

DH5α+pUT18C::CCNA2837-CCNA_02836, 

AmpR 

This study 
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DH5α 

DH5α+pKT25::CCNA_02366, KanR This study 

DH5α+pUT18C::CCNA_02366, AmpR This study 

DH5α+pKT25::CCNA_02089 KanR This study 

DH5α+pUT18::CCCNA_02089, AmpR This study 

DH5α+pKT25::CCNA_0182, KanR This study 

DH5α+pUT18C::CCNA_0182, AmpR This study 

DH5α+pKT25::CCNA_01007, KanR This study 

DH5α+pUT18C::CCNA_01007, AmpR This study 

DH5α+pKT25::CCNA_03673, KanR This study 

DH5α+pUT18C::CCNA_03673, AmpR This study 

DH5α+pKNT25::calP (L9A)-flag, KanR This study 

DH5α+pUT18::calP (L9A)-flag, AmpR This study 

DH5α+pKNT25::calP (L12A)-flag, KanR This study 

DH5α+pUT18::calP (L12A)-flag, AmpR This study 

DH5α+pKNT25::calP (A16P)-flag, KanR This study 

DH5α+pUT18::calP (A16P)-flag, AmpR This study 

DH5α+pKNT25::calP (A17P)-flag, KanR This study 

DH5α+pUT18::calP (A17P)-flag, AmpR This study 

DH5α+pKNT25::calP (A18P)-flag, KanR This study 

DH5α+pUT18::calP (A18P)-flag, AmpR This study 

DH5α+pKNT25::calP (F22A)-flag, KanR This study 

DH5α+pUT18::calP (F22A)-flag, AmpR This study 

DH5α+pKTop::Φ, KanR Laboratory 

stock 

DH5α+pKTop::calP, KanR This study 

DH5α+pKTop::rsbN, KanR This study 

DH5α+pUT18C (-T18), KanR This study 

DH5α+pUT18C (-T18)::calP, KanR This study 

DH5α+pUT18C (-T18)::calP-flag, KanR This study 

 

 

Δcya used for BACTH assays (BTH101: F_, cya-

99, araD139, galE15, galK16, rpsL1 (Strr), hsdR2, 

 (Laboratory 

stock) 
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BTH101 

 

mcrA1, mcrB1; DHM1: F-, cya-854, recA1, 

endA1, gyrA96 (NalR), thi1, hsdR17, spoT1, 

rfbD1, glnV44(AS)))  

[733] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BTH101+pKT25::zip+pUT18C::zip, KanR, AmpR This study 

BTH101+pKT25::Φ+pUT18C::Φ, KanR, AmpR This study 

BTH101+pKT25::Φ+pUT18C::calP, KanR, AmpR This study 

BTH101+pKT25::Φ+pUT18::calP, KanR, AmpR This study 

BTH101+pKT25::calP+pUT18C::Φ, KanR, AmpR This study 

BTH101+pKT25::calP+pUT18C::calP, KanR, 

AmpR 

This study 

BTH101+pKT25::calP+pUT18::calP, KanR, 

AmpR 

This study 

BTH101+pKNT25::calP+pUT18C::Φ, KanR, 

AmpR 

This study 

BTH101+pKNT25::calP+pUT18C::calP, KanR, 

AmpR 

This study 

BTH101+pKNT25::calP+pUT18::calP, KanR, 

AmpR 

This study 

BTH101+pKT25::Φ+pUT18C::CCNA_02837, 

KanR, AmpR 

This study 

BTH101+pKT25::Φ+pUT18C::CCNA_02836, 

KanR, AmpR 

This study 

BTH101+pKT25::Φ+pUT18C::CCNA_02837+ 

CCNA_02836, KanR, AmpR 

This study 

BTH101+pKT25::calP+pUT18C::Φ, KanR, AmpR This study 

BTH101+pKT25::calP+pUT18C::CCNA_02837, 

KanR, AmpR 

This study 

BTH101+pKT25::calP+pUT18C::CCNA_02836, 

KanR, AmpR 

This study 
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BTH101 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BTH101+pKT25::calP+ 

pUT18C::CCNA_02837+ CCNA_02836, KanR, 

AmpR 

This study 

BTH101+pKNT25::calP+ pUT18C::Φ, KanR, 

AmpR 

This study 

BTH101+pKNT25::calP+pUT18C::CCNA_02837

, KanR, AmpR 

This study 

BTH101+pKNT25::calP+pUT18C::CCNA_02836

, KanR, AmpR 

This study 

BTH101+pKNT25::calP+ 

pUT18C::CCNA_02837+ CCNA_02836, KanR, 

AmpR 

This study 

BTH101+pKT25::CCNA_02837+pUT18C::Φ, 

KanR, AmpR 

This study 

BTH101+ pKT25::CCNA_02837+ 

pUT18C::CCNA_02837, KanR, AmpR 

This study 

BTH101+pKT25::CCNA_02837+ 

pUT18C::CCNA_02836, KanR, AmpR 

This study 

BTH101+ pKT25::CCNA_02837+ 

pUT18C::CCNA_02837+ CCNA_02836, KanR, 

AmpR 

This study 

BTH101+pUT18::Φ+BTH101+pKNT25::calP 

(L9A)-flag, KanR, AmpR 

This study 

BTH101+pUT18::calP (L9A)-

flag+BTH101+pKNT25::Φ, KanR, AmpR 

This study 

BTH101+pUT18::calP (L9A)-

flag+BTH101+pKNT25::calP (L9A)-flag, KanR, 

AmpR 

This study 

BTH101+pUT18::Φ+ BTH101+pKNT25::calP 

(L12A)-flag, KanR, AmpR 

This study 

BTH101+pUT18::calP (L12A)-

flag+BTH101+pKNT25::Φ, KanR, AmpR 

This study 
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BTH101 

 

BTH101+pUT18::calP (L12A)-

flag+BTH101+pKNT25::calP (L12A)-flag, KanR, 

AmpR 

This study 

BTH101+pUT18::Φ+ BTH101+pKNT25::calP 

(A16P)-flag, KanR, AmpR 

This study 

BTH101+pUT18::calP (A16P)-flag 

+BTH101+pKNT25::Φ, KanR, AmpR 

This study 

BTH101+pUT18::calP (A16P)-

flag+BTH101+pKNT25::calP (A16P)-flag, KanR, 

AmpR 

This study 

BTH101+pUT18::Φ+BTH101+pKNT25::calP 

(A17P)-flag, KanR, AmpR 

This study 

BTH101+pUT18::calP (A17P)-

flag+BTH101+pKNT25::Φ, KanR, AmpR 

This study 

BTH101+pUT18::calP (A17P)-flag 

+BTH101+pKNT25::calP (A17P)-flag, KanR, 

AmpR 

This study 

BTH101+pUT18::Φ+BTH101+pKNT25::calP 

(A18P)-flag, KanR, AmpR 

This study 

BTH101+pUT18::calP (A18P)-

flag+BTH101+pKNT25:Φ, KanR, AmpR 

This study 

BTH101+pKNT25::calP (A18P)-flag+ 

BTH101+pUT18::calP (A18P)-flag, KanR, AmpR 

This study 

BTH101+pUT18::Φ+ BTH101+pKNT25::calP 

(F22A)-flag, KanR, AmpR 

This study 

BTH101+pUT18::calP (F22A)-flag 

BTH101+pKNT25::Φ  

This study 

BTH101+pUT18::calP (F22A)-

flag+BTH101+pKNT25::calP (F22A)-flag, KanR, 

AmpR 

This study 

 

 

RecA+ host used for heterologous expression of 

calP (F-, thr-1, araC14, leuB6(Am), Δ(gpt-

Laboratory 

stock 
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AB1157 

proA)62, lacY1, tsx-33, qsr'-

0, glnX44(AS), galK2(Oc), λ-, Rac-

0, hisG4(Oc), rfbC1, mgl-

51, rpoS396(Am), rpsL31(StrR), kdgK51, xylA5, 

mtl-1, argE3(Oc), thiE1I) 

[734] 

 

 

AB1157+pUT18C (-T18)::Φ, KanR This study 

AB1157+pUT18C (-T18)::calP, KanR This study 

AB1157+pUT18C (-T18)::calP-flag, KanR This study 

 

Table 6. Plasmids 

Plasmid Description Reference 

pXYFPC-2 

Integrative vector for generating C-

terminal protein fusions encoded at the 

xylX locus, KanR 

 

[586] 

pXYFPC-2::calP 

Integrative vector carrying calP 

encoded at the xylX locus, KanR 
This study 

pXYFPC-2::calP-flag 

Integrative vector carrying calP-flag 

encoded at the xylX locus, KanR 
This study 

pXYFPC-2::scr calP 

Integrative vector carrying scrambled 

calP encoded at the xylX locus, KanR 
This study 

pXYFPC-2::scr calP-

flag 

Integrative vector carrying scrambled 

calP-flag encoded at the xylX locus, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(D2A)-flag, KanR 

calP derivative carrying substitution 

of aspartic acid in position 2nd for 

alanine, KanR 

 

This study 

pXYFPC-2::Pxyl-calP 

(P3A)-flag, KanR 

calP derivative carrying substitution 

of proline in position 3rd for alanine, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(V4A)-flag, KanR 

calP derivative carrying substitution 

of valine in position 4th for alanine, 

KanR 

This study 
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pXYFPC-2::Pxyl-calP 

(I5A)-flag, KanR 

calP derivative carrying substitution 

of isoleucine in position 5th for 

alanine, KanR 

This study 

pXYFPC-2::Pxyl-calP 

(Q6A)-flag, KanR 

calP derivative carrying substitution 

of glutamine in position 6th for 

alanine, KanR 

This study 

pXYFPC-2::Pxyl-calP 

(V7A)-flag, KanR 

calP derivative carrying substitution 

of valine in position 7th for alanine, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(V8A)-flag, KanR 

calP derivative carrying substitution 

valine acid in position 8th for alanine, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(L9A)-flag, KanR 

calP derivative carrying substitution 

leucine in position 9th for alanine, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(I10A)-flag, KanR 

calP derivative carrying substitution 

of isoleucine in position 10th for 

alanine, KanR 

This study 

pXYFPC-2::Pxyl-calP 

(G11A)-flag, KanR 

calP derivative carrying substitution 

of glycine in position 11th for alanine, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(L12A)-flag, KanR 

calP derivative carrying substitution 

of leucine in position 12th for alanine, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(V13A)-flag, KanR 

calP derivative carrying substitution 

of valine in position 13th for alanine, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(F14A)-flag, KanR 

calP derivative carrying substitution 

of phenylalanine in position 14th for 

alanine, KanR 

 

This study 
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pXYFPC-2::Pxyl-calP 

(V15A)-flag, KanR 

calP derivative carrying substitution 

of valine in position 15th for alanine, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(A16P)-flag, KanR 

calP derivative carrying substitution 

of alanine in position 16th for proline, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(A17P)-flag, KanR 

calP derivative carrying substitution 

of alanine in position 17th for proline, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(A18P)-flag, KanR 

calP derivative carrying substitution 

of alanine in position 18th for proline, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(Y19A)-flag, KanR 

calP derivative carrying substitution 

of tyrosine in position 19th for alanine, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(G20A)-flag, KanR 

calP derivative carrying substitution 

of glycine in position 20th for alanine, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(V21A)-flag, KanR 

calP derivative carrying substitution 

of valine in position 21st for alanine, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(F22A)-flag, KanR 

calP derivative carrying substitution 

of phenylalanine in position 22nd for 

alanine, KanR 

This study 

pXYFPC-2::Pxyl-calP 

(W23A)-flag, KanR 

calP derivative carrying substitution 

of tryptophan acid in position 23rd for 

alanine, KanR 

This study 

pXYFPC-2::Pxyl-calP 

(L24A)-flag, KanR 

calP derivative carrying substitution 

of leucine in position 24th for alanine, 

KanR 

This study 
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pXYFPC-2::Pxyl-calP 

(S25A)-flag, KanR 

calP derivative carrying substitution 

of serine in position 25th for alanine, 

KanR 

This study 

pXYFPC-2:: Pxyl-calP 

(M26A)-flag, KanR 

calP derivative carrying substitution 

of methionine in position 26th for 

alanine, KanR 

This study 

pXYFPC-2::Pxyl-calP 

(R27A)-flag, KanR 

calP derivative carrying substitution 

of arginine in position 27th for alanine, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(E28A)-flag, KanR 

calP derivative carrying substitution 

of glutamic acid in position 28th for 

alanine, KanR 

This study 

pXYFPC-2::Pxyl-calP 

(K29A)-flag, KanR 

calP derivative carrying substitution 

of lysine in position 29th for alanine, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(P30A)-flag, KanR 

calP derivative carrying substitution 

of proline in position 30th for alanine, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(H31A)-flag, KanR 

calP derivative carrying substitution 

of histidine in position 31st for alanine, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(Q32A)-flag, KanR 

calP derivative carrying substitution 

of glutamine in position 32nd for 

alanine, KanR 

This study 

pXYFPC-2::Pxyl-calP 

(K33A)-flag, KanR 

calP derivative carrying substitution 

of lysine in position 33rd for alanine, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(G34A)-flag, KanR 

calP derivative carrying substitution 

of glycine in position 34th for alanine, 

KanR 

This study 
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pXYFPC-2::Pxyl-calP 

(P35A)-flag, KanR 

calP derivative carrying substitution 

of proline in position 35th for alanine, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(P36A)-flag, KanR 

calP derivative carrying substitution 

of proline in position 36th for alanine, 

KanR 

This study 

pXYFPC-2::Pxyl-calP 

(K45A)-flag, KanR 

calP derivative carrying substitution 

of lysine in position 45th for alanine, 

KanR 

This study 

pBXMCS-2 

Non-integrative high-copy number 

plasmid for overexpression in C. 

crescentus, KanR 

[586] 

pBXMCS-2::calP 

Non-integrative high-copy number 

plasmid for overexpression carrying 

calP, KanR 

This study 

 

 

pBXMCS-2::calP-flag 

Non-integrative high-copy number 

plasmid for overexpression carrying 

calP-flag, KanR 

 

This study 

 

 

pUT18C (-T18) 

T18-less high-copy number plasmid 

used as an empty vector control for the 

heterologous expression of calP in E. 

coli, AmpR  

 

This study 

 

 

pUT18C (-T18)::calP 

T18-less high-copy number plasmid 

used for the heterologous expression 

of calP in E. coli, AmpR 

 

This study 

 

 

pUT18C (-T18)::calP-

flag 

T18-less high-copy number plasmid 

used for the heterologous expression 

of calP-flag in E. coli, AmpR  

 

This study 

pUT18 

High copy number plasmid for 

generating C-terminal protein fusions 

expressing CyaA225-339, AmpR 

BioBasics 

[587] 
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pKNT25 

Low copy number plasmid for 

generating C-terminal protein fusions 

expressing CyaA1-224, KanR 

BioBasics 

[587] 

pUT18::zip 

High-copy number plasmid producing 

zip cloned at the N-terminus domain 

of CyaA225-339, AmpR 

BioBasics 

[587] 

pKNT25::zip 

Low-copy number plasmid producing 

zip cloned at the N-terminus domain 

of CyaA1-224, KanR 

BioBasics 

[587] 

pUT18::calP 

High-copy number plasmid producing 

calP cloned at the N-terminus domain 

of CyaA225-339, AmpR 

 

This study 

pKNT25::calP 

Low-copy number plasmid producing 

calP cloned at the N-terminus domain 

of CyaA1-224, KanR 

 

This study 

pUT18::C. crescentus 

library 

Library cloned by the insertion of 

random sonicated fragments of the C. 

crescentus genome in the SmaI site of 

pUT18 at the N-terminus of CyaA225-

339, AmpR 

 

Laboratory 

stock 

/BioS&T 

pUT18C 

High copy number plasmid for 

generating N-terminal protein fusions 

expressing CyaA225-339, AmpR 

BioBasics 

[587] 

pKT25 

Low copy number plasmid for 

generating N-terminal protein fusions 

expressing CyaA1-224, KanR 

BioBasics 

[587] 

 

 

pUT18C::calP 

High-copy number plasmid producing 

calP cloned at the C-terminus domain 

of CyaA225-339, AmpR 

 

This study 

 

 

pKT25::calP 

Low-copy number plasmid producing 

calP cloned at the C-terminus domain 

of CyaA1-224, KanR 

 

This study 
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pUT18C::CCNA_028

37 

High-copy number plasmid producing 

CCNA_02837 cloned at the C-

terminus domain of CyaA225-339, AmpR 

 

This study 

pKT25::CCNA_02837 

Low-copy number plasmid producing 

CCNA_02837 cloned at the C-

terminus domain of CyaA1-224, KanR 

 

This study 

pUT18C::CCNA_028

36 

High-copy number plasmid producing 

CCNA_02836 cloned at the C-

terminus domain of CyaA225-339, AmpR 

 

This study 

pKT25::CCNA_02836 

Low-copy number plasmid producing 

CCNA_02836 cloned at the C-

terminus domain of CyaA1-224, KanR 

 

This study 

pUT18C::CCNA_028

37-CCNA_02836 

High-copy number plasmid producing 

CCNA_02837-CCNA_02836 cloned at 

the C-terminus domain of CyaA225-339, 

AmpR 

 

This study 

pKT25::CCNA_02837

-CCNA2836 

Low-copy number plasmid producing 

CCNA_02837-CCNA_02836 cloned at 

the C-terminus domain of CyaA1-224, 

KanR 

 

This study 

pUT18C::CCNA_023

66 

High-copy number plasmid producing 

CCNA_02366 cloned at the C-

terminus domain of CyaA225-339, AmpR 

 

This study 

pKT25::CCNA_02366 

Low-copy number plasmid producing 

CCNA_02366 cloned at the C-

terminus domain of CyaA1-224, KanR 

 

This study 

pUT18::CCNA_02089 

High-copy number plasmid producing 

CCNA_02089 cloned at the C-

terminus domain of CyaA225-339, AmpR 

 

This study 

pKT25::CCNA_02089 

Low-copy number plasmid producing 

CCNA_02089 cloned at the C-

terminus domain of CyaA1-224, KanR 

This study 
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pUT18C::CCNA_001

82 

High-copy number plasmid producing 

CCNA_00182 cloned at the C-

terminus domain of CyaA225-339, AmpR 

This study 

pKT25::CCNA_00182 

Low-copy number plasmid producing 

CCNA_00182 cloned at the C-

terminus domain of CyaA1-224, KanR 

This study 

pUT18C::CCNA_010

07 

High-copy number plasmid producing 

CCNA_01007 cloned at the C-

terminus domain of CyaA225-339, AmpR 

This study 

pKT25::CCNA_01007 

Low-copy number plasmid producing 

CCNA_01007 cloned at the C-

terminus domain of CyaA1-224, KanR 

This study 

pUT18C::CCNA_036

73 

High-copy number plasmid producing 

CCNA_03673 cloned at the C-

terminus domain of CyaA225-339, AmpR 

This study 

pKT25::CCNA_03673 

Low-copy number plasmid producing 

CCNA_03673 cloned at the C-

terminus domain of CyaA1-224, KanR 

This study 

 

 

pUT18::calP (L9A)-

flag 

High-copy number plasmid producing 

calP (L9A)-flag cloned at the C-

terminus domain of CyaA225-339, AmpR 

This study 

 

 

pKNT25::calP (L9A)-

flag 

Low-copy number plasmid producing 

calP (L9A)-flag cloned at the C-

terminus domain of CyaA1-224, KanR 

This study 

 

 

pUT18::calP (L12A)-

flag 

High-copy number plasmid producing 

calP (L12A)-flag cloned at the C-

terminus domain of CyaA225-339, AmpR 

This study 
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pKNT25::calP 

(L12A)-flag 

Low-copy number plasmid producing 

calP (L12A)-flag cloned at the C-

terminus domain of CyaA1-224, KanR 

This study 

 

 

pUT18::calP (A16P)-

flag 

High-copy number plasmid producing 

calP (A16P)-flag cloned at the C-

terminus domain of CyaA225-339, AmpR 

This study 

pKNT25::calP 

(A16P)-flag 

Low-copy number plasmid producing 

calP (A16P)-flag cloned at the C-

terminus domain of CyaA1-224, KanR 

This study 

pUT18::calP (A17P)-

flag 

High-copy number plasmid producing 

calP (A17P)-flag cloned at the C-

terminus domain of CyaA225-339, AmpR 

This study 

 

pKNT25::calP 

(A17P)-flag 

Low-copy number plasmid producing 

calP (A17P)-flag cloned at the C-

terminus domain of CyaA1-224, KanR 

This study 

 

 

pUT18::calP (A18P)-

flag 

High-copy number plasmid producing 

calP (A18P)-flag cloned at the C-

terminus domain of CyaA225-339, AmpR 

This study 

 

pKNT25::calP 

(A18P)-flag 

Low-copy number plasmid producing 

calP (A18P)-flag cloned at the C-

terminus domain of CyaA1-224, KanR 

This study 

 

 

pUT18::calP (F22A)-

flag 

High-copy number plasmid producing 

calP (F22A)-flag cloned at the C-

terminus domain of CyaA225-339, AmpR 

 

This study 

 

pKNT25::calP 

(F22A)-flag 

Low-copy number plasmid producing 

calP (F22A)-flag cloned at the C-

terminus domain of CyaA1-224, KanR 

 

This study 

pNTPS138::(FS1-

FS2) calP-flag 

Integrative vector carrying calP fused 

to a C-terminal FLAG tag epitope tag 
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transcribed from its native promoter, 

KanR 
This study 

pNTPS138::scr calP-

flag 

Integrative vector carrying scrambled 

calP fused to a C-terminal FLAG tag 

epitope tag transcribed from its native 

promoter, KanR 

 

 

This study 

pNTPS138::calP-yfp 

Integrative vector carrying calP fused 

to a C-terminal YFP epitope tag 

transcribed from its native promoter, 

KanR 

 

This study 

pNTPS138::(FS1-

FS2) CCNA_02836 

Vector used to create a markerless in-

frame CCNA_02836 deletion, KanR 
This study 

pNTPS138::(FS1-

FS2) CCNA_03673 

Vector used to create a markerless in-

frame CCNA_03673 deletion, KanR 
This study 

pNTPS138::(FS1-

FS2) CCNA_02366 

Vector used to create a markerless in-

frame CCNA_02366 deletion, KanR 
This study 

pNTPS138::(FS1-

FS2) CCNA_02837 

Vector used to create a markerless in-

frame CCNA_02837 deletion, KanR 
This study 

pNTPS138::(FS1-

FS2) CCNA_02089 

Vector used to create a markerless in-

frame CCNA_02089 deletion, KanR 
This study 

pNTPS138::(FS1-

FS2) CCNA_00182 

Vector used to create a markerless in-

frame CCNA_00182 deletion, KanR 
This study 

pNTPS138::(FS1-

FS2) CCNA_001007 

Vector used to create a markerless in-

frame CCNA_01007 deletion, KanR 
This study 

pNTPS138::(FS1-

FS2) CCNA_03981 

Vector used to create a markerless in-

frame CCNA_03981 deletion, KanR 
This study 

pNTPS138::∆recA-

tetR::∆calP::PcalP-

calP-flag 

Vector used to create a tetR marker in-

frame recA deletion in a ∆calP 

background, KanR, TetR 

This study 

pNPTS138::ΔrogA::tet

R 

Vector used to amplify a tetR marker, 

KanR, TetR 
Lab stock 
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pKTop::Φ 

Vector expressing dual reporter 

PhoA22-472/LacZ4-60, p15 ori; KanR 
[592] 

pKTop::calP 

calP cloned at the N-terminus domain 

of PhoA22-472/LacZ4-60, p15 ori; KanR 
This study 

pKTop::rsbN 

 

rsbN cloned at the N-terminus domain 

of PhoA22-472/LacZ4-60, p15 ori; KanR 

Gifted by 

Felix Ramos-

Leon [593] 

 

Table 7. Synthesised fragments 

DNA fragments Description Source 

calP-flag flag tag fused to the C terminus of 

calP 

Integrated 

DNA 

Technologies 

scr calP Scrambled calP sequence keeping the 

amino acid sequence 

Integrated 

DNA 

Technologies 

calP (D2A)-flag 

calP derivative carrying substitution 

of aspartic acid in position 2nd for 

alanine, KanR 

 

Novogene 

calP (P3A)-flag 

calP derivative carrying substitution 

of proline in position 3rd for alanine, 

KanR 

 

Novogene 

calP (V4A)-flag 

calP derivative carrying substitution 

of valine in position 4th for alanine, 

KanR 

 

Novogene 

calP (I5A)-flag 

calP derivative carrying substitution 

of isoleucine in position 5th for 

alanine, KanR 

 

Novogene 
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calP (Q6A)-flag 

calP derivative carrying substitution 

of glutamine in position 6th for 

alanine, KanR 

 

Novogene 

calP (V7A)-flag 

calP derivative carrying substitution 

of valine in position 7th for alanine, 

KanR 

 

Novogene 

calP (V8A)-flag 

calP derivative carrying substitution 

valine acid in position 8th for alanine, 

KanR 

 

Novogene 

calP (L9A)-flag 

calP derivative carrying substitution 

leucine in position 9th for alanine, 

KanR 

 

Novogene 

calP (I10A)-flag 

calP derivative carrying substitution 

of isoleucine in position 10th for 

alanine, KanR 

 

Novogene 

calP (G11A)-flag 

calP derivative carrying substitution 

of glycine in position 11th for alanine, 

KanR 

 

Novogene 

calP (L12A)-flag 

calP derivative carrying substitution 

of leucine in position 12th for alanine, 

KanR 

 

Novogene 

calP (V13A)-flag 

calP derivative carrying substitution 

of valine in position 13th for alanine, 

KanR 

 

Novogene 

calP (F14A)-flag 

calP derivative carrying substitution 

of phenylalanine in position 14th for 

alanine, KanR 

 

 

Novogene 
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calP (V15A)-flag 

calP derivative carrying substitution 

of valine in position 15th for alanine, 

KanR 

 

Novogene 

calP (A16P)-flag 

calP derivative carrying substitution 

of alanine in position 16th for proline, 

KanR 

 

Novogene 

calP (A17P)-flag 

calP derivative carrying substitution 

of alanine in position 17th for proline, 

KanR 

 

Novogene 

calP (A18P)-flag 

calP derivative carrying substitution 

of alanine in position 18th for proline, 

KanR 

 

Novogene 

calP (Y19A)-flag 

calP derivative carrying substitution 

of tyrosine in position 19th for alanine, 

KanR 

 

Novogene 

calP (G20A)-flag 

calP derivative carrying substitution 

of glycine in position 20th for alanine, 

KanR 

 

Novogene 

calP (V21A)-flag 

calP derivative carrying substitution 

of valine in position 21st for alanine, 

KanR 

 

Novogene 

calP (F22A)-flag 

calP derivative carrying substitution 

of phenylalanine in position 22nd for 

alanine, KanR 

 

 

Novogene 

calP (W23A)-flag 

calP derivative carrying substitution 

of tryptophan acid in position 23rd for 

alanine, KanR 

 

 

Novogene 
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calP (L24A)-flag 

calP derivative carrying substitution 

of leucine in position 24th for alanine, 

KanR 

 

Novogene 

calP (S25A)-flag 

calP derivative carrying substitution 

of serine in position 25th for alanine, 

KanR 

 

Novogene 

calP (M26A)-flag 

calP derivative carrying substitution 

of methionine in position 26th for 

alanine, KanR 

 

Novogene 

calP (R27A)-flag 

calP derivative carrying substitution 

of arginine in position 27th for alanine, 

KanR 

 

Novogene 

calP (E28A)-flag 

calP derivative carrying substitution 

of glutamic acid in position 28th for 

alanine, KanR 

 

Novogene 

calP (K29A)-flag 

calP derivative carrying substitution 

of lysine in position 29th for alanine, 

KanR 

 

Novogene 

calP (P30A)-flag 

calP derivative carrying substitution 

of proline in position 30th for alanine, 

KanR 

 

Novogene 

calP (H31A)-flag 

calP derivative carrying substitution 

of histidine in position 31st for alanine, 

KanR 

 

Novogene 

calP (Q32A)-flag 

calP derivative carrying substitution 

of glutamine in position 32nd for 

alanine, KanR 

 

Novogene 
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calP (K33A)-flag 

calP derivative carrying substitution 

of lysine in position 33rd for alanine, 

KanR 

 

Novogene 

calP (G34A)-flag 

calP derivative carrying substitution 

of glycine in position 34th for alanine, 

KanR 

 

Novogene 

calP (P35A)-flag 

calP derivative carrying substitution 

of proline in position 35th for alanine, 

KanR 

 

Novogene 

calP (P36A)-flag 

calP derivative carrying substitution 

of proline in position 36th for alanine, 

KanR 

 

Novogene 

calP (K45A)-flag 

calP derivative carrying substitution 

of lysine in position 45th for alanine, 

KanR 

 

Novogene 

 

Table 8. Oligonucleotides 

*The manufacturer of all oligonucleotides was Sigma-Aldrich  

Oligo ID Description Sequence (5´to 3´) 

P1-pXYFPC2-

CCNA_03982F 

 

 

Complementation of ΔcalP 

with calP 

GAGTTTTGGGGAGACGAC

CATATGGACCCGGTAATCC

AAGTCGTCCTGATC 

P2-pXYFPC2-

CCNA_03982R 

CTAGTGGATCCCCCGGGC

TGCAGCTACCGCGGCGGT

CCCTTCTGGTGC GGC 

P5-pBXMCS2-
CCNA_03982F 

Primers for the 

amplification of calP to 

insert it in the 

overexpression plasmid 

pBXMCS-2 

CGCTCGAGTTTTGGGGAG
ACGACCAATGGACCCGGT
AATCCAAGTCGTC 

P6-pBXMCS2-
CCNA_03982R 

CGACTCACTATAGGGCGA
ATTGGAGCTCTACCGCGG
CGGTCCCTTCTGGT 
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P9-

pKNT25/pUT18

-CCNA3982F 

 

 

 

BACTH CalP-self 

interaction test 

AAACAGCTATGACCATGAT

TACGCCAATGGACCCGGT

AATCCAAGTCGTC 

P10-pKNT25-

CCNA3982R 

TTGAATTCGAGCTCGGTAC

CCGGGGCCGCGGCGGTCC

CTTCTGGTGCGGC 

P11-pUT18-

CCNA3982R 

AATTCGAGCTCGGTACCC

GGGGCCGCGGCGGTCCCT

TCTGGTGCGGCTTTTC 

P12-

CCNA3982-

FS1-F 

 

Construction of 

ΔcalP::PcalP-scr calP-flag 

for western blot analysis 

CAATTGAAGCCGGCTGGC

GCCACGGCCAAGGCGCCG

ACCGAAGCCGCCGCGC 

P15-

CCNA3982-

FS2-R 

CGCGTCACGGCCGAAGCT

AGCGGGCGCTGACGGTGC

GCATCTGATCAATGG 

P16-

pKT25_calPF1 

 

 

 

 

 

 

 

BACTH: One-to-one 

interaction analysis of 

CalP against putative 

binding partners 

candidates detected during 

the screening of CalP with 

C. crescentus binding 

protein candidates in a 

GCGGGCTGCAGGGTCGAC

TCTAGAGATGGACCCGGT

AATCCAAGTCGTC 

P17-

pKT25_calPR2 

TCACGACGTTGTAAAACG

ACGGCCGCTACCGCGGCG

GTCCCTTCTGGTG 

P18-pUT18C-

calPF1 

CGCCACTGCAGGTCGACT

CTAGAGATGGACCCGGTA

ATCCAAGTCGTC 

P19-pUT18C-

calPR2 

CACCATATTACTTAGTTATA

TCGATGCTACCGCGGCGG

TCCCTTCTGGTG 

P20-pUT18C-

CCNA_02837F

1 

CGCCACTGCAGGTCGACT

CTAGAGTTGGTCTCCGAC

GGGAACGATC 
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P21-pUT18C-

CCNA_02837R

2 

two-hybrid assay in E. 

coli. 

 

CCATATTACTTAGTTATATC

GATGTCACGCTTCGCCTCG

CGTCAGATC 

P22-pUTC18-

CCNA_02836F

1 

CGCCACTGCAGGTCGACT

CTAGAGATGACGGCGGCC

GGCATGTCTGTG 

P23-pUTC18-

CCNA_02836R

2 

CCATATTACTTAGTTATATC

GATGTCATAGCGCGGAAG

ACTCCTCAAG 

P24-pNTPS138-

FS1-calP-F 

 

 

 

 

Construction of 

ΔcalP::PcalP-calP-flag for 

western blot analysis 

 

GTGCAATTGAAGCCGGCT

GGCGCCACGGCCAAGGCG

CCGACCGAAG 

 

P25-calP-(FS1)-

FLAGTAG-R 

GACTACAAGGATGACGAT

GACAAGTAAGCGTCGGAC

CCGTTTCCCCAAAAGGTC

TCGTG 

P26-

FLAGTAG-FS2 

(calP)-F 

TTACTTGTCATCGTCATCC

TTGTAGTCCCGCGGCGGT

CCCTTCTGGTGCGGCTTTT

CTC 

P27-

555bpupstcalPF 

 

Verification of the 

genotype of mutants of C. 

crescentus 

GTGGAGAAGGCAAAGGC

GAAG 

P28-

617bpdowncalP

R 

CGCGAGTGTCAGCCGATT

TTC 

P29.pUT18C.C

CNA2366F 

 

 

 

 

 

 

CGCCACTGCAGGTCGACT

CTAGAGATGGCCAGGCAA

AGGCTCAGTTTC 

P30.pUT18C.C

CNA2366R 

CCATATTACTTAGTTATATC

GATGTCAGGCGGGGGCGC

CGGCGACGCGGTC 
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P31.pKT25.CC

NA2366F 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BACTH: One-to-one 

interaction analysis of 

CalP against putative 

binding partners 

candidates detected during 

the screening of CalP with 

C. crescentus binding 

protein candidates in a 

two-hybrid assay in E. 

coli. 

GCGGGCTGCAGGGTCGAC

TCTAGAGATGGCCAGGCA

AAGGCTCAGTTTC 

P32.pKT25.CC

NA2366R 

CACGACGTTGTAAAACGA

CGGCCGTCAGGCGGGGGC

GCCGGCGAC 

P33.pUT18C.C

CNA2089F 

CCACTGCAGGTCGACTCT

AGAGTTGACGGCTCCAAG

GTGCGGCGGGAG 

P34.pUT18C.C

CNA2089R 

GCACCATATTACTTAGTTAT

ATCGATGTCAGACCGGCA

CGAACTGCAGAAG 

P35.pKT25.CC

NA2089F 

GGCTGCAGGGTCGACTCT

AGAGTTGACGGCTCCAAG

GTGCGGCGGGAG 

P36.pKT25.CC

NA2089R 

CACGACGTTGTAAAACGA

CGGCCGTCAGACCGGCAC

GAACTGCAGAAG 

P37.pUT18C.C

CNA0182F 

GCCACTGCAGGTCGACTC

TAGAGATGAGCCATCGCC

TTCTCCTGGTGATC 

P38.pUT18C.C

CNA0182R 

CCATATTACTTAGTTATATC

GATGCTAGCGCGACGTCA

GCCGACCGGCGAC 

P39.pKT25.CC

NA0182F 

CGGGCTGCAGGGTCGACT

CTAGAGATGAGCCATCGC

CTTCTCCTGGTGATC 

P40.pKT25.CC

NA0182R 

CACGACGTTGTAAAACGA

CGGCCGCTAGCGCGACGT

CAGCCGACCGGCGAC 
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P41.pUT18C.C

CNA1007 

 

 

CCACTGCAGGTCGACTCT

AGAGATGACCGTCGCCTC

GCAGACCCGTTC 

P42.pUT18C.C

CNA1007 

CCATATTACTTAGTTATATC

GATGTCACAAACTCAGGA

AGACCTTCGCCAC 

P43.pKT25.CC

NA1007F 

GGGCTGCAGGGTCGACTC

TAGAGATGACCGTCGCCT

CGCAGACCCGTTC 

P44.pKT25.CC

NA1007R 

CACGACGTTGTAAAACGA

CGGCCGTCACAAACTCAG

GAAGACCTTCGCCAC 

p45-

pUT18::calP**

R 

GAATTCGAGCTCGGTACC

CGGGGTTACTACCGCGGC

GGTCCCTTCTGGTG 

P46.pUT18C.C

CNA3673F 

CGCCACTGCAGGTCGACT

CTAGAGGTGATGTTCGAA

AAAACTCTGATG 

P47.pUT18C.C

CNA3673R 

CACCATATTACTTAGTTATA

TCGATGTCAGCGTTCTGGC

GGCTTGGGATC 

P48.pUT25.CC

NA3673F 

GCGGGCTGCAGGGTCGAC

TCTAGAGGTGATGTTCGA

AAAAACTCTGATG 

P49.pUT25.CC

NA3673R 

CACGACGTTGTAAAACGA

CGGCCGTCAGCGTTCTGG

CGGCTTGGGATC 

P56.calPFS1(pN

TPS.YFP)R 

 

 

 

GAACAGCTCCTCGCCCTT

GCTCACCCGCGGCGGTCC

CTTCTGGTG 
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P57.YFP(calPF

S1/2)F 

 

Construction of 

ΔcalP+pNTPS138::calP-

yfp for visualising the 

subcellular localisation of 

CalP 

 

CCGCACCAGAAGGGACCG

CCGCGGGTGAGCAAGGGC

GAGGAGCTGTTC 

P58.YFP(calPF

S1/2)R 

CCTTTTGGGGAAACGGGT

CCGACGCTTACTTGTACAG

CTCGTCCATGCCGAG 

P59.calPFS2(YF

P.pNTPS)F 

CGGCATGGACGAGCTGTA

CAAGTAAGCGTCGGACCC

GTTTCCCCAAAAGG 

P60.pKT25.CC

NA2837F 

 

 

Construction of C. 

crescentus ΔCCNA_02837 

GCGGGCTGCAGGGTCGAC

TCTAGAGTTGGTCTCCGA

CGGGAACGATC 

P61.pKT25.CC

NA2837R 

CACGACGTTGTAAAACGA

CGGCCGTCACGCTTCGCC

TCGCGTCAGATC 

P62.pKT25.CC

NA2836F 

 

 

Construction of C. 

crescentus ΔCCNA_02836 

GGGCTGCAGGGTCGACTC

TAGAGATGACGGCGGCCG

GCATGTCTGTG 

P63.pKT25.CC

NA2836R 

GTCACGACGTTGTAAAAC

GACGGCCGTCATAGCGCG

GAAGACTCCTCAAG 

P66.UpS.xylocu

s.F 

 

Verification of the 

genotype of mutants of C. 

crescentus with insertions 

in xylX 

CGGGCTGGAAGGCGTTCA

TC 

P67.DwS.xyloc

us.R 

GTCAGGTCGGTCATGGGC

AAG 

P68.UpS.calP.C

au.F 

CGGCGCAGATGTTCTTGC

AATG 

P69.DwS.calP.C

au.R 

GACAGCAGCGAAGAGCG

CTAG 

P70.p138.FS1.C

CNA2836.F 

 

 

 

GCAATTGAAGCCGGCTGG

CGCCACCTGCTGGACCGA

CGCTTGCCGCGCATTC 
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P71.FS1.FS2CC

NA2836.F 

 

 

Construction of C. 

crescentus ΔCCNA_02836 

CCGATCAGCAGCGGACGC

GGAAGACCAGCAGACCTC

CTTCATCACGCTTC 

P72.FS1.FS2CC

NA2836.F 

GCGTGATGAAGGAGGTCT

GCTGGTCTTCCGCGTCCG

CTGCTGATC 

P73.FS2.CCNA

2836.p138.R 

GACGCGTCACGGCCGAAG

CTAGCGCGCCTGGATTTCC

AGATCGCGCGCCGTC 

P74.p138.FS1.C

CNA3673.F 

 

 

 

 

 

Construction of C. 

crescentus ΔCCNA_03673 

GTGCAATTGAAGCCGGCT

GGCGCCAACCTTAGCCTC

GCTTCGCGCATTG 

P75.FS1.FS2CC

NA3673.F 

TCGGCTGACAACACAACG

CGCGACGGTTGTGACGGC

TGCCGCCGGCGATG 

P76.FS1.FS2CC

NA3673.F 

CGCCGGCGGCAGCCGTCA

CAACCGTCGCGCGTTGTG

TTGTCAGCCGAAAG 

P77.FS2.CCNA

3673.p138.R 

CGCGTCACGGCCGAAGCT

AGCGGGCGGCCAGTTCGG

CGCCCGGCGCGGTC 

P78.p138.FS1.C

CNA2366.F 

 

 

 

 

 

Construction of C. 

crescentus ΔCCNA_02366 

 

 

GCAATTGAAGCCGGCTGG

CGCCAGGGCCGGCGGGCA

TGTAGCGACGGAAC 

P79.FS1.FS2CC

NA2366.F 

CGTCAGGCTTGAAGGAAA

AGGACGATCCTCCGCCAC

TCCGACCACCGGTTG 

P80.FS1.FS2CC

NA2366.F 

CGGTGGTCGGAGTGGCGG

AGGATCGTCCTTTTCCTTC

AAGCCTGACGAG 
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P81.FS2.CCNA

2366.p138.R 

 GACGCGTCACGGCCGAAG

CTAGCGAGGGCCGTCACC

GTCACGCGCACGAAC 

P82.p138.FS1.C

CNA2837.F 

 

 

 

 

 

Construction of C. 

crescentus ΔCCNA_02837 

 

GTGCAATTGAAGCCGGCT

GGCGCCAGACGGAAACGT

TTGCCCGCATCGTTC 

P83.FS1.FS2CC

NA2837.F 

CGCCGTCATCAGCAGACC

TCCTTCAAACTCAGCTCG

CCGCGCACGTCGTC 

P84.FS1.FS2CC

NA2837.F 

CGACGACGTGCGCGGCGA

GCTGAGTTTGAAGGAGGT

CTGCTGATGAC 

P85.FS2.CCNA

2837.p138.R 

GACGCGTCACGGCCGAAG

CTAGCGATGAGCCCGATC

AGCAGCGGACGCG 

P86.p138.FS1.C

CNA2089.F 

 

 

 

 

 

Construction of C. 

crescentus ΔCCNA_02089 

GTGCAATTGAAGCCGGCT

GGCGCCAGGCCTGCGGGT

TGGCGACGTCCTC 

P87.FS1.FS2CC

NA2089.F 

GGCGTCAGCTTCTCGATCT

GAACCGTGCGTATCGCCA

CCTGGAACGTC 

P88.FS1.FS2CC

NA2089.F 

GACGTTCCAGGTGGCGAT

ACGCACGGTTCAGATCGA

GAAGCTGAC 

P89.FS2.CCNA

2089.p138.R 

GACGCGTCACGGCCGAAG

CTAGCGGAACCGACGCCC

CTTCGATTTG 

P90.p138.FS1.C

CNA0182.F 

 

 

 

GTGCAATTGAAGCCGGCT

GGCGCCACAGCGATCTCA

TCATCAGGAGAAAG 
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P91.FS1.FS2CC

NA0182.F 

 

 

Construction of C. 

crescentus ΔCCNA_00182 

CGGATCCACTTCGTCGGA

AAATGCTGGGGCGGCGCG

CGCGAAGGTGATC 

P92.FS1.FS2CC

NA0182.F 

CGAGATCACCTTCGCGCG

CGCCGCCCCAGCATTTTCC

GACGAAGTGGATC 

P93.FS2.CCNA

0182.p138.R 

GACGCGTCACGGCCGAAG

CTAGCGTCCCGACAGGCT

GACCCTGCCCTTC 

P94.p138.FS1.C

CNA1007.F 

 

 

 

 

 

Construction of C. 

crescentus ΔCCNA_01007 

GTGCAATTGAAGCCGGCT

GGCGCCAGCCGATCGTCA

TCGGCCGCGATC 

P95.FS1.FS2CC

NA1007.F 

GGAGAAGTACGAAACGCT

TACGCGAAACGCTCCTTA

ACCATGACCCCATG 

P96.FS1.FS2CC

NA1007.F 

GGGGTCATGGTTAAGGAG

CGTTTCGCGTAAGCGTTTC

GTACTTCTC 

P97.FS2.CCNA

1007.p138.R 

GACGCGTCACGGCCGAAG

CTAGCGCTACGAAGCCAA

CCTCAATGTCATC 

P98.SeqFS1CC

NA2836F 

Verification of the 

genotype of C. crescentus 

ΔCCNA_02836 

GAGTTTTGGTCTCCGACG

GGAAC 

P99.SeqFS2CC

NA2836R 

GCGGCTGCTTTGGCGCAT

AG 

P100.SeqFS1CC

NA3673F 

Verification of the 

genotype of C. crescentus 

ΔCCNA_03673 

CAGTCCCCGCACAGCTTC

AAG 

P101.SeqFS2CC

NA3673R 

CGTCGTGGGTCGAGATGA

TCTTC 

P102.SeqFS1CC

NA2366F 

CCGGCCAACAGTTCCAGG

AAG 
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P103.SeqFS2CC

NA2366R 

Verification of the 

genotype of C. crescentus 

ΔCCNA_02366 

CTGGCCTTCAGGCTGAGG

AAC 

P104.SeqFS1CC

NA2837F 

Verification of the 

genotype of C. crescentus 

ΔCCNA_02837 

CCTCATCCTGAGCTTGTCG

AAG 

P105.SeqFS2CC

NA2837R 

TGGCGGGCGGAGTCGATA

G 

P106.SeqFS1CC

NA2089F 

Verification of the 

genotype of C. crescentus 

ΔCCNA_02089 

CGCCGTCGGCCTGCATATA

G 

P107.SeqFS2CC

NA2089R 

GTCGCCTTCATGAGCGAC

GAAG 

P108.SeqFS1CC

NA0182F 

Verification of the 

genotype of C. crescentus 

ΔCCNA_00182 

CCGGTCGACCATCGTCTAC

AAC 

P109.SeqFS2CC

NA0182R 

CAGGCGCTACCCTCTCCTT

G 

P110.SeqFS1CC

NA1007F 

Verification of the 

genotype of C. crescentus 

ΔCCNA_01007 

GCCGGCCAGAAGATCAGG

TTC 

P111.SeqFS2CC

NA1007R 

CCGAGTACGATCCCGGCA

AC 

P112.FS1.scr 

calPR 

 

Construction of 

ΔcalP::PcalP-scr calP-flag 

for western blot 

GAACGACCTGAATCACAG

GATCCATTCAATCCTCCAC

GCGCGACAAGATG 

P113.scr 

calP.FS1F 

CATCTTGTCGCGCGTGGA

GGATTGAATGGATCCTGTG

ATTCAGGTCGTTC 

P114.scr 

calP.FLAGTR 

 

 

 

Construction of 

ΔcalP::Pxyl-scr calP-flag 

for western blot 

CTTGTCATCGTCATCCTTG

TAGTCGCGGGGTGGGCCC

TTTTGATG 

P115.scr calP. 

pXYFPC2F 

GCTCGAGTTTTGGGGAGA

CGACCATATGGATCCTGTG

ATTCAGGTCGTTC 
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P116.pXYFPC2.

FLAGTF 

CTACAAGGATGACGATGA

CAAGTAACTGCAGCCCGG

GGGATCCACTAG 

P117.fdsmcs.pX

YFPC2R 

CTAGTGGATCCCCCGGGC

TGCAGTTACCGCCTTTGA

GTGAGCTGATAC 

 

P122.calP-

FT.pUT18CF 

Forward primer for 

amplification of calP from 

genomic DNA (NA1000) 

and calP-flag from 

pNTPS138::calP-flag 

CAGCTATGACCATGATTAC

GCCAATGGACCCGGTAAT

CCAAGTCGTC 

 

P123.calP-

FT.pUT18CR 

Reverse primer for 

amplification of calP-flag 

from pNTPS138::calP-

flag for the construction of 

pUT18C (-T18)::calP 

GATGAATTCGAGCTCGGT

ACCCGGGTTACTTGTCATC

GTCATCCTTGTAG 

P128.CCNA398

1FS1.p138F 

 

 

 

 

Amplification of 

CCNA_03981 flanking 

sequences for deletion of 

CCNA_03981 

GCAATTGAAGCCGGCTGG

CGCCAAGTTCCGCCTGTT

CCACGAGGAG 

P129.CCNA398

1FS1.FS2R 

CCCTGCAAGACAACGAAG

CCGATCATGGCGCGAACA

TTGCAAGAAC 

P130CCNA398

1FS2.FS1R 

CTTGCAATGTTCGCGCCAT

GATCGGCTTCGTTGTCTTG

CAGGGGCTTC 

P131.CCNA398

1FS2.p138R 

CGCGTCACGGCCGAAGCT

AGCGAAACTTGTAGGCGC

GCTGGTTC 

 

 

P132.calP.pUT1

8CR 

Reverse primer for 

amplification of calP from 

genomic DNA (NA1000) 

GATGAATTCGAGCTCGGT

ACCCGGGCTACCGCGGCG

GTCCCTTCTGGTG 
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for the construction of 

pUT18C (-T18)::calP 

P133.US3981FS

1F 

 

Verification of the 

genotype of 

ΔCCNA_03981  

CGGCAGCCTCTTGATGAC

CTTC 

P134.IntraCCN

A3981F 

GAACTCCGATGGATCAGC

TTCTTG 

P135.IntraCCN

A3981R 

CAGCAGAGCCGAAACCAG

GAAAG 

138.calP-

flag.pBXMCS2

R 

 

Amplification of calP-flag 

with flanking sequences of 

the vector pBXMCS-2 for 

Gibson cloning 

CACTATAGGGCGAATTGG

AGCTTTACTTGTCATCGTC

ATCCTTGTAGTC 

139.calP-

yfp.pBXMCS2R 

GACTCACTATAGGGCGAAT

TGGAGCTTTACTTGTACAG

CTCGTCCATG 

P145.recA.pNT

PS138F 

 

Deletion of recA in a 

∆calP-PcalP-calP-flag 

background 

GCAATTGAAGCCGGCTGG

CGCCAGCGGATGTGCTTG

TCGGCAGGTTC 

P146.pNTPS138

F.recA.R 

GACGCGTCACGGCCGAAG

CTAGCGAGCGAGGGGTGG

TGAGTTGCCTTC 

 

4029 

 

Forward oligo to delete 

recA 

GCAATTGAAGCCGGCTGG

CGCCACAGCACGACAGGG

CCGCGCCGCACG   

 

4032 

 

Reverse oligo to delete 

recA 

CGGCCGAAGCTAGCGAAT

TCGTGAGAGGGGAGCAGA

ATCTGTGAGCGTC  

 

4080F 

 

 

Oligos to construct 

recA::tetR in pNPTS138 

GGACCGAGAAAGGGTGA

CGATTGAACTTGTCATTGT

TGATCCGCCTTC 

4081R GCAGGGCAACGAGCCGAT

CGCTGAGAGGACTAGATC

CAGGCGCTCAAG 
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2303 Forward oligo to amplify 

tetR cassette 

TCAATCGTCACCCTTTCTC

GG 

2304 Reverse oligo to amplify 

tetR cassette 

TCAGCGATCGGCTCGTTG

CCC 

P973F Sequencing of the region 

downstream of Pxyl 

Test for integration into 

the xylX locus 

ATGCCGTTTGTGATGGCTT

CCATGTCG 

P975R TCTTCCGGCAGGAATTCA

CTCACGCC 

P977 Sequencing of the region 

downstream of Pxyl 

CCCACATGTTAGCGCTACC

AAGTGC 

1411 Reverse sequencing from 

pUT18C  

CCTCTGACACATGCAGCT

CCCGG 

1412 pUT18C-read from T18 CGCCGGATGTACTGGAAA

CG 

1413 Reverse sequencing from 

pKT25 

TTCGGTGACCAGCGGCGA

TT 

3058 Reverse sequencing from 

pUT18  

CTCGGTGCCCACTGCGGA

AC 

1372 (M13F (-

47)) 

Forward sequencing from 

pNTPS138 

CGCCAGGGTTTTCCCAGT

CACGAC 

1708 (M13R) Reverse sequencing from 

pNTPS138 

CAGGAAACAGCTATGAC 

q141.calPF1 Amplification of calP in 

RT-qPCR 

GTAATCCAAGTCGTCCTG

ATCG 

q142.calPR1 CCTTCTGGTGCGGCTTT 

2740F Amplification of the 

housekeeping rpoD as a 

control gene in RT-qPCR  

TCAGGCCAAGAAGGAAAT

GG 

2741R GCCTTCATCAGGCCGATAT

T 
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5.2.4 Genetic manipulations 

 

5.2.4.1 Plasmid construction 

The procedure for the construction of the plasmids used in this work is explained 

below. A brief description of these plasmids is shown in Table 6. The chemically 

synthesised fragments are shown in Table 7.  The sequences and information about 

the oligonucleotides used to amplify DNA fragments cloned in these plasmids are 

shown in Table 8 (the manufacturer of all oligonucleotides). The concentration of 

antibiotics used in the plasmid construction is described in section 5.2.2.1.2. 

 

pXYFPC-2::calP 

The calP sequence (114 bp) was amplified by PCR using Phusion polymerase 

(Thermo-Fisher Scientific/F630S) with the oligos P1-pXYFPC2-CCNA_03982F 

and P2-pXYFPC2-CCNA_03982R. The PCR product was run in a 2% agarose gel 

and the DNA fragment was extracted from the agarose gel with the isolation kit 

Qiagen/cat. no. 28706. The calP fragment and the plasmid pXYFPC2 were each 

double-digested with NdeI (NEB/R0111S) and NheI (NEB/R3131S). The cleaving 

of the DNA with restriction enzymes excised a region of the multi-cloning site 

(MCS) of the plasmid. The digested calP fragment and the plasmid pXYFPC2 were 

run in a 2% agarose gel to separate them from the cleaved bases. The DNA bands 

corresponding with the expected bases of calP, and the plasmid were extracted from 

the agarose gel with the kit Qiagen/cat. no. 28706. 2.5µL of the PCR-amplified 

fragment and 2.5µL of the plasmid pXYFPC2 were assembled by mixing them with 

5µL of the Gibson assembly master mix. Gibson assembly was possible due to a 25 

bp sequence homology shared between the PCR fragment and the NdeI-NheI 

digested pXYFPC-2 vector backbone. The assembly aims to insert the DNA 

fragment of calP into the gap left by the excised MCS. The mixture was incubated 

for 1 hr at 50 °C and then used to transform chemically competent E. coli DH5α by 

heat shock. The culture was incubated for 1 hr with a rotatory shake at 37°C. Cells 

were plated onto LB agar plates treated with kanamycin (see antibiotic 

concentrations in section 5.2.2.1.2) and incubated at 37°C ON. Colonies from the 

successful transformants had the plasmids extracted (Qiagen/cat. no. 27104) and 
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sent for sequencing with the oligonucleotides P973F and P975R to Eurofins 

Genomics. P973F binds a DNA sequence on the left flanking side of the MCS of 

the plasmid pXYFPC2 and starts the amplification direction to the MCS. P975R 

binds a DNA sequence on the right flanking side of the MCS of the plasmid 

direction to the MCS.  

 

pXYFPC-2::calP-flag 

The calP-flag fragment was chemically synthesised by Integrated DNA 

Technologies (IDT) with 25 bp homology with the vector pXYFPC2 for Gibson 

assembly cloning. The plasmid pXYFPC-2 was digested with NdeI (NEB/R0111S) 

and NheI (NEB/R3131S) and assembled with the DNA fragment calP-flag by 

Gibson assembly.  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

pXYFPC-2::scr calP 

The fragment scrambled calP was chemically synthesised by IDT with 25 bp 

homology with the vector pXYFPC2 for Gibson assembly cloning. The plasmid 

pXYFPC-2 was digested with NdeI (NEB/R0111S) and NheI (NEB/R3131S) and 

assembled with the DNA fragment scrambled calP by Gibson assembly.   

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

pXYFPC-2::scr calP-flag 

The sequence of calP was PCR amplified using a template genomic DNA of C. 

crescentus with the oligos P114.scr calP.FLAGTR and P115.scr calP.pXYFPC2F 

(Sigma-Aldrich). The oligo P115 had 25 bp homology with the plasmid pXYFPC-

2, and the oligo P114 had 25 bp homology with the flag tag sequence. A sequence 

of 200 bp downstream of the HindIII (NEB/ R3104S) site of the plasmid 

pXYFPC2F was PCR amplified using as a template the plasmid pXYFPC2F with 

the oligos P116.pXYFPC2.FLAGTF and P117.fdsmcs.pXYFPC2R (Sigma-

Aldrich). The oligo P116 had 25 bp homology with the flag tag sequence, and the 

oligo P117 had 25 bp homology with the plasmid pXYFPC-2 for Gibson assembly 

cloning. The plasmid pXYFPC-2 was digested with NdeI (NEB/R0111S) and NheI 

(NEB/R3131S) and cloned alongside the PCR fragments by Gibson assembly. The 
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rest of the steps were performed as described above for the construct of pXYFPC-

2-calP.  

 

pXYFPC-2::calP (XNA)/(ANP)-flag 

X=original CalP residue substituted  

N=position of the CalP residue substituted 

A=alanine 

P=proline 

36 calP derivatives carrying an alanine substitution (XNA) in each amino acid, or a 

proline substitution if it was originally an alanine (ANP), were chemically 

synthesised by Invitrogen. Each derivative was cloned into the vector pXYFPC-2 

by Gibson assembly through microhomology between the flanking sequences of 

each fragment and the edges in the backbone of the plasmid. pXYFPC-2 was 

previously digested with NdeI (NEB/R0111S) and NheI (NEB/R3131S), and the 

gel was digested to separate the backbone and the MCS.  

 

pBXMCS-2::calP 

The calP sequence was PCR-amplified using C. crescentus genomic DNA as a 

template with the P5-pBXMCS-2-CCNA_03982F and P6-pBXMCS-2-

CCNA_03982R oligos (Sigma-Aldrich). Both oligos had 25 bp homology with the 

plasmid pBXMCS-2. The plasmid pBXMCS-2 was digested with NdeI 

(NEB/R0111S) and SacI (NEB/R3156S) and cloned alongside the PCR fragments 

by Gibson assembly. The rest of the steps were performed as described above for 

the construct of pXYFPC-2-calP.  

 

pBXMCS-2::calP-flag 

The sequence of calP-flag was PCR amplified using a template pXYFPC-2::calP-

flag with the oligos P5-pBXMCS-2-CCNA_03982F and 138.calP-

flag.pXBMCS2R (Sigma-Aldrich). Both oligos had 25 bp homology with the 

plasmid pBXMCS-2. The plasmid pBXMCS-2 was digested with NdeI 

(NEB/R0111S) and SacI (NEB/R3156S) and cloned alongside the PCR fragments 
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by Gibson assembly. The rest of the steps were performed as described above for 

the construct of pXYFPC-2-calP.  

 

pUT18C (-T18)::calP 

The plasmid pUT18C was digested with BamHI (NEB/R3136S) and HindIII (NEB/ 

R3104S) to excise the T18 fragment. calP was PCR amplified using as a template 

genomic DNA of C. crescentus WT with the oligos P122.calP-FT.pUT18CF and 

P132.calP.pUT18CR (Sigma-Aldrich). Both oligos had 25 bp homology with the 

vector pUT18C (-T18) for Gibson assembly cloning. The rest of the steps were 

performed as described above for the construct of pXYFPC-2-calP, except that 

plates were supplemented with carbenicillin instead of kanamycin. The reverse 

oligo 1411 was used to verify the insertion of calP in pUT18C (-T18) by Sanger 

sequencing with Genewiz. 

 

pUT18C (-T18)::calP-flag 

The plasmid pUT18C was digested with BamHI (NEB/R3136S) and HindIII (NEB/ 

R3104S) to excise the T18 fragment. The sequence of calP-flag was PCR amplified 

using as a template pXYFPC-2::calP-flag with the oligos P122.calP-FT.pUT18CF 

and P123.calP-FT.pUT18CR. Both oligos had 25 bp homology with the vector 

pUT18C (-T18) for Gibson assembly cloning. The rest of the steps were performed 

as described above for the construct of pXYFPC-2-calP, except that plates were 

supplemented with carbenicillin instead of kanamycin. The reverse oligo 1411 was 

used to verify the insertion of calP-flag in pUT18C (-T18) by Sanger sequencing 

with Genewiz. 

 

pKNT25::calP  

calP was PCR amplified using a template genomic DNA of C. crescentus with the 

oligos P9-pKNT25/pUT18-CCNA3982F and P10-pKNT25-CCNA3982R (Sigma-

Aldrich). Both oligos had 25 bp homology with the vector pKNT25 for Gibson 

assembly cloning. The plasmid pKNT25 was digested with BamHI (NEB/R3136S) 

and HindIII (NEB/ R3104S). The rest of the steps were performed as described 

above for the construct of pXYFPC-2-calP. The reverse oligo 1490 was used to 
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verify the insertion of calP derivatives in pKNT25 by Sanger sequencing with 

Eurofins Genomics. 

 

pKNT25::calP (L9A/L12A/A16P/A17P/A18P/F22A)-flag 

calP derivatives were PCR amplified using as a template synthesised fragments of 

DNA (Invitrogen) (Table 7) with the oligos P9-pKNT25/pUT18-CCNA3982F and 

P10-pKNT25-CCNA3982R (Sigma-Aldrich). Both oligos had 25 bp homology 

with the vector pKNT25 for Gibson assembly cloning. The plasmid pKNT25 was 

digested with BamHI (NEB/R3136S) and HindIII (NEB/ R3104S). The rest of the 

steps were performed as described above for the construct of pXYFPC-2-calP. The 

reverse oligo 1490 was used to verify the insertion of calP derivatives in pKNT25 

by Sanger sequencing with Genewiz. 

 

pKT25::calP 

calP was PCR amplified using as a template genomic DNA of C. crescentus with 

the oligos P16-pKT25_calPF1 and P17-pKT25_calPR2 (Sigma-Aldrich). Both 

oligos had 25 bp homology with the vector pKT25 for Gibson assembly cloning. 

The plasmid pKT25 was digested with BamHI (NEB/R3136S) and HindIII (NEB/ 

R3104S). The rest of the steps were performed as described above for the construct 

of pXYFPC-2-calP. The reverse oligo 1413 was used to verify the insertion of calP 

derivatives in pKT25 by Sanger sequencing with Eurofins Genomics. 

 

pUT18::calP 

calP was PCR amplified using as a template genomic DNA of C. crescentus with 

the oligos P9-pKNT25/pUT18-CCNA3982F and P11-pUT18-CCNA3982R 

(Sigma-Aldrich). Both oligos had 25 bp homology with the vector pUT18 for 

Gibson assembly cloning. The plasmid pUT18 was digested with BamHI 

(NEB/R3136S) and HindIII (NEB/ R3104S). The rest of the steps were performed 

as described above for the construct of pXYFPC-2-calP, except that plates were 

supplemented with carbenicillin instead of kanamycin. The reverse oligo 3058 was 

used to verify the insertion of calP in pUT18 by Sanger sequencing with Eurofins 

Genomics. 
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pUT18::calP (L9A/L12A/A16P/A17P/A18P/F22A)-flag 

calP derivatives were PCR amplified using as a template the synthesised fragments 

of DNA (Invitrogen) (Table 7) with the oligos P9-pKNT25/pUT18-CCNA3982F 

and P11-pUT18-CCNA3982R (Sigma-Aldrich). Both oligos had 25 bp homology 

with the vector pUT18 for Gibson assembly cloning. The plasmid pUT18 was 

digested with BamHI (NEB/R3136S) and HindIII (NEB/ R3104S). The rest of the 

steps were performed as described above for the construct of pXYFPC-2-calP, 

except that plates were supplemented with carbenicillin instead of kanamycin. The 

reverse oligo 3058 was used to verify the insertion of calP derivatives in pUT18 by 

Sanger sequencing with Genewiz. 

 

pUT18C::calP 

calP was PCR amplified using as a template genomic DNA of C. crescentus with 

the oligos P18-pUTC18-calPF1 and P19-pUTC18-calPR2 (Sigma-Aldrich). Both 

oligos had 25 bp homology with the vector pUT18C for Gibson assembly cloning. 

The plasmid pUT18C was digested with BamHI (NEB/R3136S) and EcoRI 

(NEB/R3101S). The rest of the steps were performed as described above for the 

construct of pXYFPC-2-calP, except that plates were supplemented with 

carbenicillin instead of kanamycin. The reverse oligo 1411 was used to verify the 

insertion of calP in pUT18C by Sanger sequencing with Eurofins Genomics. 

 

pUT18C::CCNA_02837 

CCNA_02837 was PCR amplified using a template genomic DNA of C. crescentus 

with the oligos P20-pUT18C-CCNA_02837F1 and P21-pUT18C-CCNA_02837R2 

(Sigma-Aldrich). Both oligos had 25 bp homology with the vector pUT18C for 

Gibson assembly cloning. The plasmid pUT18C was digested with BamHI 

(NEB/R3136S) and EcoRI (NEB/R3101S). The rest of the steps were performed as 

described above for the construct of pXYFPC-2-calP, except that plates were 

supplemented with carbenicillin instead of kanamycin. The reverse oligo 1411 was 

used to verify the insertion of CCNA_02837 in pUT18C by Sanger sequencing with 

Eurofins Genomics. 
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pKT25::CCNA_02837 

CCNA_02837 was PCR amplified using a template genomic DNA of C. crescentus 

with the oligos P60.pKT25.CCNA2837F and P61.pKT25.CCNA2837R (Sigma-

Aldrich). Both oligos had 25 bp homology with the vector pKT25 for Gibson 

assembly cloning. The plasmid pKT25 was digested with BamHI (NEB/R3136S) 

and EcoRI (NEB/R3101S). The rest of the steps were performed as described above 

for the construct of pXYFPC-2-calP. The reverse oligo 1413 was used to verify the 

insertion of CCNA_02837 in pKT25 by Sanger sequencing with Eurofins 

Genomics. 

 

pUT18C::CCNA_02836 

CCNA_02836 was PCR amplified using a template genomic DNA of C. crescentus 

with the oligos P22-pUT18C-CCNA_02836F1 and P23-pUT18C-CCNA_02836R2 

(Sigma-Aldrich). Both oligos had 25 bp homology with the vector pUT18C for 

Gibson assembly cloning. The plasmid pUT18C was digested with BamHI 

(NEB/R3136S) and EcoRI (NEB/R3101S). The rest of the steps were performed as 

described above for the construct of pXYFPC-2-calP, except that plates were 

supplemented with carbenicillin instead of kanamycin. The reverse oligo 1411 was 

used to verify the insertion of CCNA_02837 in pUT18C by Sanger sequencing with 

Eurofins Genomics. 

 

 

pKT25::CCNA_02836 

CCNA_02836 was PCR amplified using as a template genomic DNA of C. 

crescentus with the oligos P62.pKT25.CCNA2836F and P63.pKT25.CCNA2836R 

(Sigma-Aldrich). Both oligos had 25 bp homology with the vector pKT25 for 

Gibson assembly cloning. The plasmid pKT25 was digested with BamHI 

(NEB/R3136S) and EcoRI (NEB/R3101S). The rest of the steps were performed as 

described above for the construct of pXYFPC-2-calP. The reverse oligo 1413 was 

used to verify the insertion of CCNA_02836 in pKT25 by Sanger sequencing with 

Eurofins Genomics 
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pUT18C::CCNA_02837-CCNA_02836 

CCNA_028367 and CCNA_02836 were PCR amplified using as a template genomic 

DNA of C. crescentus with the oligos P20-pUT18C-CCNA_02837F1 and P23-

pUT18C-CCNA_02836R2 (Sigma-Aldrich). Both oligos had 25 bp homology with 

the vector PUT18C for Gibson assembly cloning. The plasmid pUT18C was 

digested with BamHI (NEB/R3136S) and EcoRI (NEB/R3101S). The rest of the 

steps were performed as described above for the construct of pXYFPC-2-calP, 

except that plates were supplemented with carbenicillin instead of kanamycin. The 

reverse oligo 1411 was used to verify the insertion of CCNA_02836 in pUT18C by 

Sanger sequencing with Eurofins Genomics. 

 

pKT25::CCNA_02837-CCNA2836 

CCNA_028367 and CCNA_02836 were PCR amplified using as a template genomic 

DNA of C. crescentus with the oligos P60.pKT25.CCNA2837F and 

P63.pKT25.CCNA2836R (Sigma-Aldrich). Both oligos had 25 bp homology with 

the vector pKT25 for Gibson assembly cloning. The plasmid pKT25 was digested 

with BamHI (NEB/R3136S) and EcoRI (NEB/R3101S). The rest of the steps were 

performed as described above for the construct of pXYFPC-2-calP. The reverse 

oligo 1413 was used to verify the insertion of CCNA_02836-CCNA_02836 in 

pKT25 by Sanger sequencing with Eurofins Genomics. 

 

pUT18C::CCNA_02366 

CCNA_02366 was PCR amplified using as a template genomic DNA of C. 

crescentus with the oligos P29.pUT18C.CCNA2366F and 

P30.pUT18C.CCNA2366R (Sigma-Aldrich). Both oligos had 25 bp homology with 

the vector PUT18C for Gibson assembly cloning. The plasmid pUT18C was 

digested with BamHI (NEB/R3136S) and EcoRI (NEB/R3101S). The rest of the 

steps were performed as described above for the construct of pXYFPC-2-calP, 

except that plates were supplemented with carbenicillin instead of kanamycin. The 

reverse oligo 1411 was used to verify the insertion of CCNA_02366 in pUT18C by 

Sanger sequencing with Eurofins Genomics. 
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pKT25::CCNA_02366 

CCNA_02366 was PCR amplified using as a template genomic DNA of C. 

crescentus with the oligos P31.pKT25.CCNA2366F and P32.pKT25.CCNA2366R 

(Sigma-Aldrich). Both oligos had 25 bp homology with the vector pKT25 for 

Gibson assembly cloning. The plasmid pKT25 was digested with BamHI 

(NEB/R3136S) and EcoRI (NEB/R3101S). The rest of the steps were performed as 

described above for the construct of pXYFPC-2-calP. The reverse oligo 1413 was 

used to verify the insertion of CCNA_02366 in pKT25 by Sanger sequencing with 

Eurofins Genomics. 

 

pUT18C::CCNA_02089 

CCNA_02089 was PCR amplified using as a template genomic DNA of C. 

crescentus with the oligos P33.pUT18C.CCNA2089F and 

P34.pUT18C.CCNA2089R (Sigma-Aldrich). Both oligos had 25 bp homology with 

the vector PUT18C for Gibson assembly cloning. The plasmid pUT18C was 

digested with BamHI (NEB/R3136S) and EcoRI (NEB/R3101S). The rest of the 

steps were performed as described above for the construct of pXYFPC-2-calP, 

except that plates were supplemented with carbenicillin instead of kanamycin. The 

reverse oligo 1411 was used to verify the insertion of CCNA_02089 in pUT18C by 

Sanger sequencing with Eurofins Genomics. 

 

pKT25::CCNA_02089 

CCNA_02089 was PCR amplified using as a template genomic DNA of C. 

crescentus with the oligos P35.pKT25.CCNA2089F and P36.pKT25.CCNA2089R 

(Sigma-Aldrich). Both oligos had 25 bp homology with the vector pKT25 for 

Gibson assembly cloning. The plasmid pKT25 was digested with BamHI 

(NEB/R3136S) and EcoRI (NEB/R3101S). The rest of the steps were performed as 

described above for the construct of pXYFPC-2-calP. The reverse oligo 1413 was 

used to verify the insertion of CCNA_02089 in pKT25 by Sanger sequencing with 

Eurofins Genomics. 
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pUT18C::CCNA_00182 

CCNA_00182 was PCR amplified using as a template genomic DNA of C. 

crescentus with the oligos P37.pUT18C.CCNA0182F and 

P38.pUT18C.CCNA0182R (Sigma-Aldrich). Both oligos had 25 bp homology with 

the vector PUT18C for Gibson assembly cloning. The plasmid pUT18C was 

digested with BamHI (NEB/R3136S) and EcoRI (NEB/R3101S). The rest of the 

steps were performed as described above for the construct of pXYFPC-2-calP, 

except that plates were supplemented with carbenicillin instead of kanamycin. The 

reverse oligo 1411 was used to verify the insertion of CCNA_00182 in pUT18C by 

Sanger sequencing with Eurofins Genomics. 

 

 

pKT25::CCNA_00182 

CCNA_00182 was PCR amplified using as a template genomic DNA of C. 

crescentus with the oligos P39.pKT25.CCNA0182F and P40.pKT25.CCNA0182R 

(Sigma-Aldrich). Both oligos had 25 bp homology with the vector pKT25 for 

Gibson assembly cloning. The plasmid pKT25 was digested with BamHI 

(NEB/R3136S) and EcoRI (NEB/R3101S). The rest of the steps were performed as 

described above for the construct of pXYFPC-2-calP. The reverse oligo 1413 was 

used to verify the insertion of CCNA_00182 in pKT25 by Sanger sequencing with 

Eurofins Genomics. 

 

pUT18C::CCNA_01007 

CCNA_01007 was PCR amplified using as a template genomic DNA of C. 

crescentus with the oligos P41.pUT18C.CCNA1007 and P42.pUT18C.CCNA1007 

(Sigma-Aldrich). Both oligos had 25 bp homology with the vector PUT18C for 

Gibson assembly cloning. The plasmid pUT18C was digested with BamHI 

(NEB/R3136S) and EcoRI (NEB/R3101S). The rest of the steps were performed as 

described above for the construct of pXYFPC-2-calP, except that plates were 

supplemented with carbenicillin instead of kanamycin. The reverse oligo 1411 was 
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used to verify the insertion of CCNA_01007 in pUT18C by Sanger sequencing with 

Eurofins Genomics. 

 

 

pKT25::CCNA_01007 

CCNA_01007 was PCR amplified using as a template genomic DNA of C. 

crescentus with the oligos P43.pKT25.CCNA1007F and P44.pKT25.CCNA1007R 

(Sigma-Aldrich). Both oligos had 25 bp homology with the vector pKT25 for 

Gibson assembly cloning. The plasmid pKT25 was digested with BamHI 

(NEB/R3136S) and EcoRI (NEB/R3101S). The rest of the steps were performed as 

described above for the construct of pXYFPC-2-calP. The reverse oligo 1413 was 

used to verify the insertion of CCNA_01007 in pKT25 by Sanger sequencing with 

Eurofins Genomics. 

 

pUT18C::CCNA_03673 

CCNA_03673 was PCR amplified using as a template genomic DNA of C. 

crescentus with the oligos P46.pUT18C.CCNA3673F and 

P47.pUT18C.CCNA3673R (Sigma-Aldrich). Both oligos had 25 bp homology with 

the vector PUT18C for Gibson assembly cloning. The plasmid pUT18C was 

digested with BamHI (NEB/R3136S) and EcoRI (NEB/R3101S). The rest of the 

steps were performed as described above for the construct of pXYFPC-2-calP, 

except that plates were supplemented with carbenicillin instead of kanamycin. The 

reverse oligo 1411 was used to verify the insertion of CCNA_03673 in pUT18C by 

Sanger sequencing with Eurofins Genomics. 

 

pKT25::CCNA_03673 

CCNA_03673 was PCR amplified using as a template genomic DNA of C. 

crescentus with the oligos P48.pKT25.CCNA3673F and P49.pKT25.CCNA3673R 

(Sigma-Aldrich). Both oligos had 25 bp homology with the vector pKT25 for 

Gibson assembly cloning. The plasmid pKT25 was digested with BamHI 

(NEB/R3136S) and EcoRI (NEB/R3101S). The rest of the steps were performed as 

described above for the construct of pXYFPC-2-calP. The reverse oligo 1413 was 
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used to verify the insertion of CCNA_03673 in pKT25 by Sanger sequencing with 

Eurofins Genomics. 

 

pNTPS138::(FS1-FS2) calP-flag  

500 bp upstream of calP plus calP were PCR amplified using as a template genomic 

DNA of C. crescentus with the oligos P12-CCNA3982-FS1-F and P26-FLAGTAG-

FS2 (calP)-F. The oligo P12 had 25 bp homology with the plasmid pNTPS138, and 

the oligo P26 had 25 bp homology with a flag tag. The sequence 500 bp downstream 

of calP was PCR amplified using as a template genomic DNA of C. crescentus with 

the oligos P25-calP-(FS1)-FLAGTAG-R and P15-CCNA3982-FS2-R (Sigma-

Aldrich). The oligo P25 had 25 bp homology with flag tag, and the oligo P26 had 

25 bp homology with the plasmid pNTPS138. The plasmid pNTPS138 was digested 

with EcoRI (NEB/R3101S) and HindIII (NEB/ R3104S). The rest of the steps were 

performed as described above for the construct of pXYFPC-2-calP. The oligos 1372 

and 1708 were used to verify the insertion of (FS1-FS2) calP-flag in pNTPS138 by 

Sanger sequencing with Eurofins Genomics.  

 

pNTPS138::scrambled calP-flag  

500 bp upstream of calP was PCR amplified using as a template genomic DNA of 

C. crescentus with the oligos P12-CCNA3982-FS1-F and P112.FS1.scr calPR. The 

oligo P12 had 25 bp homology with the plasmid pNTPS138, and the oligo P112 had 

25 bp homology with the scrambled calP sequence. The sequence scrambled calP 

was PCR amplified using as a template the plasmid pXYFPC-2::scrambled calP 

with the oligos P113.scr calP.FS1F and P114.scr calP.FLAGTR. The oligo P113 had 

25 bp homology with the flanking sequence upstream calP, and the oligo P114 had 

25 bp homology with the flag tag sequence. The sequence 500 bp downstream of 

calP was PCR amplified using as a template genomic DNA of C. crescentus with 

the oligos P25-calP-(FS1)-FLAGTAG-R and P15-CCNA3982-FS2-R (Sigma-

Aldrich). The oligo P25 had 25 bp homology with the flag tag sequence, and the 

oligo P15 had 25 bp homology with the plasmid pNTPS138. The plasmid 

pNTPS138 was digested with EcoRI (NEB/R3101S) and HindIII (NEB/ R3104S). 

The rest of the steps were performed as described above for the construct of 
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pXYFPC-2-calP. The oligos 1372 and 1708 were used to verify the insertion of 

scrambled calP-flag in pNTPS138 by Sanger sequencing with Eurofins Genomics. 

 

pNTPS138::calP-yfp 

500 bp upstream of calP plus calP were PCR amplified using as a template genomic 

DNA of C. crescentus with the oligos P12-CCNA3982-FS1-F and 

P56.calPFS1(pNTPS.YFP)R. The oligo P12 had 25 bp homology with the plasmid 

pNTPS138, and the oligo P56 had 25 bp homology with yfp. The sequence of yfp 

was PCR amplified using as a template the plasmid pXYFPC-2 with the oligos 

P57.YFP(calPFS1/2)F and P58.YFP(calPFS1/2)R. The oligo P57 had 25 bp 

homology with calP, and the oligo P54 had 25 bp homology with the flanking 

sequence downstream calP. The sequence 500 bp downstream of calP was PCR 

amplified using as a template genomic DNA of C. crescentus with the oligos 

P59.calPFS2(YFP.pNTPS)F and P15-CCNA3982-FS2-R (Sigma-Aldrich). The 

oligo P55 had 25 bp homology with yfp, and the oligo P15 had 25 bp homology 

with the plasmid pNTPS138. The plasmid pNTPS138 was digested with EcoRI 

(NEB/R3101S) and HindIII (NEB/ R3104S). The rest of the steps were performed 

as described above for the construct of pXYFPC-2-calP. The oligos 1372 and 1708 

were used to verify the insertion of calP-yfp in pNTPS138 by Sanger sequencing 

with Eurofins Genomics. 

 

pNTPS138::(FS1-FS2) CCNA_02836 

500 bp upstream of CCNA_02836 was PCR amplified using as a template genomic 

DNA of C. crescentus with the oligos P70.p138.FS1.CCNA2836.F and 

P71.FS1.FS2CCNA2836.R. The oligo P70 had 25 bp homology with the plasmid 

pNTPS138, and the oligo P71 had 25 bp homology with CCNA_02836. The 

sequence 500 bp downstream of CCNA_02836 was PCR amplified using as a 

template genomic DNA of C. crescentus with the oligos P72.FS1.FS2CCNA2836.F 

and P73.FS2.CCNA2836.p138.R (Sigma-Aldrich). The oligo P72 had 25 bp 

homology with the CCNA_02836, and the oligo P73 had 25 bp homology with 

plasmid pNTPS138. The plasmid pNTPS138 was digested with EcoRI 

(NEB/R3101S) and HindIII (NEB/ R3104S). The rest of the steps were performed 
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as described above for the construct of pXYFPC-2-calP. The oligos 

P70.p138.FS1.CCNA2836.F and P73.FS2.CCNA2836.p138.R were used to verify 

the insertion of CCNA_02836 in pNTPS138 by Sanger sequencing with Eurofins 

Genomics. 

 

 

pNTPS138::(FS1-FS2) CCNA_03673 

500 bp upstream of CCNA_03673 was PCR amplified using as a template genomic 

DNA of C. crescentus with the oligos P74.p138.FS1.CCNA3673.F and 

P75.FS1.FS2CCNA3673. The oligo P74 had 25 bp homology with the plasmid 

pNTPS138, and the oligo P75 had 25 bp homology with CCNA_03673. The 

sequence 500 bp downstream of CCNA_03673 was PCR amplified using the oligos 

P76.FS1.FS2CCNA3673.F and P77.FS2.CCNA3673.p138.R (Sigma-Aldrich). 

The oligo P76 had 25 bp homology with the CCNA_03673, and the oligo P77 had 

25 bp homology with plasmid pNTPS138. The plasmid pNTPS138 was digested 

with EcoRI (NEB/R3101S) and HindIII (NEB/ R3104S). The rest of the steps were 

performed as described above for the construct of pXYFPC-2-calP. The oligos 

P74.p138.FS1.CCNA3673.F and P77.FS2.CCNA3673.p138.R were used to verify 

the insertion of CCNA_03673 in pNTPS138 by Sanger sequencing with Eurofins 

Genomics. 

 

pNTPS138::(FS1-FS2) CCNA_02366 

500 bp upstream of CCNA_02366 was PCR amplified using as a template genomic 

DNA of C. crescentus with the oligos P78.p138.FS1.CCNA2366.F and 

P79.FS1.FS2CCNA2366.F. The oligo P78 had 25 bp homology with the plasmid 

pNTPS138, and the oligo P79 had 25 bp homology with CCNA_02366. The 

sequence 500 bp downstream of CCNA_02366 was PCR amplified using the oligos 

P80.FS1.FS2CCNA2366.F and P81.FS2.CCNA2366.p138.R (Sigma-Aldrich). 

The oligo P80 had 25 bp homology with the CCNA_02366, and the oligo P81 had 

25 bp homology with plasmid pNTPS138. The plasmid pNTPS138 was digested 

with EcoRI (NEB/R3101S) and HindIII (NEB/ R3104S). The rest of the steps were 

performed as described above for the construct of pXYFPC-2-calP. The oligos 
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P78.p138.FS1.CCNA2366.F and P81.FS2.CCNA2366.p138.R were used to verify 

the insertion of CCNA_02366 in pNTPS138 by Sanger sequencing with Eurofins 

Genomics. 

 

pNTPS138::(FS1-FS2) CCNA_02837 

500 bp upstream of CCNA_02837 was PCR amplified using as a template genomic 

DNA of C. crescentus with the oligos P82.p138.FS1.CCNA2837.F and 

P83.FS1.FS2CCNA2837.F. The oligo P82 had 25 bp homology with the plasmid 

pNTPS138, and the oligo P83 had 25 bp homology with CCNA_028367. The 

sequence 500 bp downstream of CCNA_02837 was PCR amplified using the oligos 

P84.FS1.FS2CCNA2837.F and P85.FS2.CCNA2837.p138.R (Sigma-Aldrich). 

The oligo P84 had 25 bp homology with the CCNA_02837, and the oligo P85 had 

25 bp homology with plasmid pNTPS138. The plasmid pNTPS138 was digested 

with EcoRI (NEB/R3101S) and HindIII (NEB/ R3104S). The rest of the steps were 

performed as described above for the construct of pXYFPC-2-calP. The oligos 

P82.p138.FS1.CCNA2837.F and P85.FS2.CCNA2837.p138.R were used to verify 

the insertion of CCNA_02837 in pNTPS138 by Sanger sequencing with Eurofins 

Genomics. 

 

pNTPS138::(FS1-FS2) CCNA_02089 

500 bp upstream of CCNA_02089 was PCR amplified using as a template genomic 

DNA of C. crescentus with the oligos P86.p138.FS1.CCNA2089.F and 

P87.FS1.FS2CCNA2089.F. The oligo P86 had 25 bp homology with the plasmid 

pNTPS138, and the oligo P87 had 25 bp homology with CCNA_02089. The 

sequence 500 bp downstream of CCNA_02089 was PCR amplified using the oligos 

P88.FS1.FS2CCNA2089.F and P89.FS2.CCNA2089.p138.R (Sigma-Aldrich). 

The oligo P88 had 25 bp homology with the CCNA_02089, and the oligo P89 had 

25 bp homology with plasmid pNTPS138. The plasmid pNTPS138 was digested 

with EcoRI (NEB/R3101S) and HindIII (NEB/ R3104S). The rest of the steps were 

performed as described above for the construct of pXYFPC-2-calP. The oligos 

P86.p138.FS1.CCNA2089.F and P89.FS2.CCNA2089.p138.R were used to verify 
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the insertion of CCNA_02089 in pNTPS138 by Sanger sequencing with Eurofins 

Genomics. 

 

pNTPS138::(FS1-FS2) CCNA_00182 

500 bp upstream of CCNA_00182 was PCR amplified using as a template genomic 

DNA of C. crescentus with the oligos P90.p138.FS1.CCNA0182.F and 

P91.FS1.FS2CCNA0182.F. The oligo P90 had 25 bp homology with the plasmid 

pNTPS138, and the oligo P91 had 25 bp homology with CCNA_00182. The 

sequence 500 bp downstream of CCNA_00182 was PCR amplified using the oligos 

P92.FS1.FS2CCNA0182.F and P93.FS2.CCNA0182.p138.R (Sigma-Aldrich). 

The oligo P92 had 25 bp homology with the CCNA_0018,2, and the oligo P93 had 

25 bp homology with plasmid pNTPS138. The plasmid pNTPS138 was digested 

with EcoRI (NEB/R3101S) and HindIII (NEB/ R3104S). The rest of the steps were 

performed as described above for the construct of pXYFPC-2-calP. The oligos 

P90.p138.FS1.CCNA0182.F and P93.FS2.CCNA0182.p138.R were used to verify 

the insertion of CCNA_00182 in pNTPS138 by Sanger sequencing with Eurofins 

Genomics. 

 

pNTPS138::(FS1-FS2) CCNA_01007 

500 bp upstream of CCNA_01007 was PCR amplified using as a template genomic 

DNA of C. crescentus with the oligos P94.p138.FS1.CCNA1007.F and 

P95.FS1.FS2CCNA1007.F. The oligo P94 had 25 bp homology with the plasmid 

pNTPS138, and the oligo P95 had 25 bp homology with CCNA_1007. The sequence 

500 bp downstream of CCNA_01007 was PCR amplified using the oligos 

P96.FS1.FS2CCNA1007.F and P97.FS2.CCNA1007.p138.R (Sigma-Aldrich). 

The oligo P96 had 25 bp homology with the CCNA_1007, and the oligo P97 had 25 

bp homology with plasmid pNTPS138. The plasmid pNTPS138 was digested with 

EcoRI (NEB/R3101S) and HindIII (NEB/ R3104S). The rest of the steps were 

performed as described above for the construct of pXYFPC-2-calP. The oligos 

P94.p138.FS1.CCNA1007.F and P97.FS2.CCNA1007.p138.R were used to verify 

the insertion of CCNA_01007 in pNTPS138 by Sanger sequencing with Eurofins 

Genomics. 
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pNTPS138::(FS1-FS2) CCNA_03981 

500 bp upstream of CCNA_03981 was PCR amplified using as a template genomic 

DNA of C. crescentus with the oligos P128.CCNA3981FS1.p138F and 

P129.CCNA3981FS1.FS2R. The sequence 500 bp downstream of CCNA_03981 

was PCR amplified using the oligos P130CCNA3981FS2.FS1R and 

P131.CCNA3981FS2.p138R (Sigma-Aldrich). The oligos 

P128.CCNA3981FS1.p138F and P131.CCNA3981FS2.p138R had 25 bp 

homology with the plasmid pNTPS138 and the oligo P129.CCNA3981FS1.FS2R 

and P128.CCNA3981FS1.p138F had 25 bp homology with CCNA_03981. The 

plasmid pNTPS138 was digested with EcoRI (NEB/R3101S) and HindIII (NEB/ 

R3104S). The rest of the steps were performed as described above for the construct 

of pXYFPC-2-calP. The oligos 1372 and 1708 were used to verify the insertion of 

(FS1-FS2) CCNA_03981 in pNTPS138 by Sanger sequencing with Eurofins 

Genomics. 

 

pNTPS138::∆recA-tetR::∆calP::PcalP-calP-flag 

500 bp upstream of recA was PCR amplified using as a template the C. crescentus 

strain ΔcalP::PcalP-calP-flag with the oligos 4029 and 4080. The sequence 500 bp 

downstream of CCNA_03981 was PCR amplified using the oligos 4081 and 4032 

(Sigma-Aldrich). The tetR cassette was PCR amplified from the plasmid 

pNPTS138::ΔrogA::tetR using the oligos 2303 and 2304. The oligos 4029 and 4032 

had 25 bp homology with the plasmid pNTPS138, and the oligos 4080 and 4081 

had 25 bp homology with the tetR cassette. The plasmid pNTPS138 was digested 

with BamHI (NEB/R3136S) and HindIII (NEB/R3104S) and gel purified to remove 

the cleaved fragments. The upstream flanking sequence, downstream flanking 

sequence, tetR cassette, and the backbone of pNTPS138 were ligated by homology 

(Gibson cloning). The rest of the steps were performed as described above for the 

construct of pXYFPC-2-calP. The oligos 1372 and 1708 were used to verify the 

insertion of ∆recA-tetR::∆calP::PcalP-calP-flag in pNTPS138 by Sanger 

sequencing with Eurofins Genomics. 
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pKTOP::calP 

The sequence of calP was PCR amplified using oligos P3-pKTop-CCNA_03982F 

and P4-pKTop-CCNA_03982R (Sigma-Aldrich). The resulting DNA fragments 

were digested with HindIII (NEB/R3104S) and SacI (NEB/R3156S). The rest of 

the steps were performed as described above for the construct of pXYFPC-2-calP. 

The oligo P3-pKTop-CCNA_03982F was used to verify the insertion of 

CCNA_03982 in pKTOP by Sanger sequencing with Eurofins Genomics. 

 

5.2.4.2 Preparation of competent cells 

 

5.2.4.2.1 Preparation of chemically competent E. coli 

E. coli DH5⍺ cells (see information about the strains in Table 5) were made 

competent via the calcium chloride method. A single colony was inoculated in LB 

(media service of the JIC) and incubated at 37ºC ON. 1 mL of culture was sub-

inoculated in 100 mL of fresh LB and incubated at 37ºC for 3 hrs or until reaching 

an. OD600»0.4. Cells were transferred to a pair of 50 mL tubes that were put on ice 

for 10 min. Tubes were centrifuged at 5000 RCF at 4ºC for 3 min. Supernatants 

were discarded, and pellets were gently resuspended in 10 mL of cold 0.1 M CaCl2 

(Sigma-Aldrich/cat. no. 21108) and put on ice for 20 min. Cells were centrifuged at 

5000 RCF for 3 min and the supernatant was discarded. Cell pellets were gently 

resuspended in 5 mL of cold 0.1 M CaCl2/15% glycerol and aliquoted in 50 µL per 

microfuge tube. Tubes were frozen at -80ºC. 

 
5.2.4.2.2 Preparation of electrocompetent cells 

 
1.4.1.1.1.3 Preparation of electrocompetent E. coli 

The E. coli strain BT101 (see information about the strains in Table 5) was 

inoculated in LB with the corresponding antibiotic and incubated ON at 37 °C. 

Cultures were sub-inoculated to OD=0.1 in LB and were grown till the OD600=0.4 

was reached. The culture was transferred to two precooled 50 mL tubes and 

centrifuged at 3500 RCF for 10 min at 4°C. Cultures were kept always on ice to 

enhance the electrocompetent efficiency of cells. The supernatant was discarded, 

and the tubes were put upside down to let the remaining liquid drain out. Pellets 
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were resuspended in 1mL of ice-cold 10% glycerol and the tubes were filled up to 

50 mL with ice-cold 10% glycerol (Sigma-Aldrich/cat. no. G5516). The washing 

step was repeated twice and the pellet was resuspended in 400 µL of ice-cold 10% 

glycerol. The electrocompetent cells were aliquoted in 50 µL microfuge tubes and 

used directly for electroporation or frozen in liquid nitrogen and stored at -80°C. 

 
1.4.1.1.1.4 Preparation of electrocompetent C. crescentus 

C. crescentus WT and ∆calP (see information about the strains in Table 6) were grown 

ON in PYE at 30ºC. Cultures were sub-inoculated in PYE to an OD600=0.1 and 

incubated at 30ºC until each culture reached the OD600=0.1. Cells were centrifuged 

at 6500 RCF for 10 min at 4ºC. Pellets were resuspended in 50 ml of ice-cold 10% 

glycerol. Cells were centrifuged at 8000 RCF for 10 min at 4ºC and the washing 

step was repeated twice. Pellets were resuspended in 5 ml of ice-cold 10% glycerol 

and centrifuged at 12000 RCF for 10 min at 4ºC. 50 µL of electrocompetent cells 

were aliquoted in 600 μl tubes that were pre-chilled on ice. Electrocompetent cells 

were electroporated directly or frozen in liquid nitrogen and stored at -80ºC.   

 

5.2.4.3 Transformation  

 

5.2.4.3.1 Transformation of E. coli by heat shock 

A tube of competent E. coli cells (see preparation of chemically competent E. coli 

in section 5.2.4.2.1) was thawed on ice. 1 µL of circular plasmid (see information 

about the plasmids in Table 6) or 5 µL of Gibson assembly reaction was pipetted 

into the tube and mixed well with the cell. The cells were incubated for 30 min on 

ice. The tube was transferred to a water bath at 42 ºC for 45 s and put back on ice 

subsequently for 2 min. 1 mL of LB was added to the tube, mixed well, and 

incubated for 1 min at RT. The cells were incubated at 37ºC for 1 hr in a rotatory 

shaker. 100 µL of cells were pipetted onto an LB plate with the corresponding 

antibiotic (see the antibiotic concentration in section 5.2.2.1.2) and spread over the 

agar surface. The plate was incubated at 37ºC ON. 
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5.2.4.3.2 Electroporation of E. coli BTH101 for BACTH library screen 

For the bacterial two-hybrid library screen, BTH101 was co-transformed with the 

pKNT25-calP and pUT18C-Caulobacter library by electroporation. The 

electroporator used was the Eppendorf Eporator set to 400 Ω and 1.5 kV. For an 

estimation of the total number of transformants 1 µL was mixed with 999 µL of 

SOC medium (see in the media section 5.2.2.1.1.2.2) and plated on LB medium 

with kanamycin and carbenicillin. The rest of the transformation was washed twice 

in the M63 medium (see buffers in section 5.2.2.1.3) and resuspended in 1 mL of 

the M63 medium. The whole volume of resuspended cells was plated on M63 

minimal-medium plates (see M63 medium composition in section 5.2.2.1.1.2). 

Plates were incubated at 30 °C for 4 days.  

 

5.2.4.3.3 Transformation of C. crescentus by electroporation 

3 µL of the corresponding plasmid (see information about the plasmids in Table 6) 

were pipetted into each tube of 50 µL of electrocompetent C. crescentus WT or 

∆calP. The mixture of cells and plasmid was transferred to electroporation cuvettes, 

ensuring that cells settled at the bottom with no bubbles. Cells were electroporated 

in the electroporator Eppendorf Eporator set to 400 Ω and 1.5 kV. 500 µL of PYE 

were immediately added to the cells in the cuvette after the electric pulse. The 

diluted cells were transferred to a fresh 50 mL tube and incubated at 30ºC for 2 hrs 

with rotatory shaking. Cells were plated on a PYE agar plate with 25 µg/mL 

kanamycin. The same spreader used to disseminate cells on the plate was used to 

spread the leftover cells on a new fresh plate. This second plate with a lower colony 

density allowed us to pick isolated colonies if the first plate had a very high density, 

which prevented a proper selection of the colonies. Plates were incubated for 48 hrs 

at 30ºC with 25 µg/mL kanamycin.  

 

5.2.4.4 Double crossover in C. crescentus 

The integrative plasmid pNTPS138 harbours sacB (see information about the 

plasmids in Table 6), a gene that produces the toxic compound levansucrase, which 

uses sucrose as a substrate. This is a counter-negative selection system used to 

choose cells that performed the double crossover, excising pNTPS138 and keeping 
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the inserted gene in the C. crescentus genome [735-737]. To do so, colonies grown 

from electroporated C. crescentus were selected and plated on PYE 3% (w/v) 

sucrose plates. Only double recombinants were able to grow in the presence of 

sucrose and some colonies were picked and transferred to a PYE 25 µg/mL 

kanamycin agarose plate. The genotype of these transformants was verified with a 

colony PCR (see section 5.2.6.1.3). 

 

5.2.5 In vivo assays 

 
5.2.5.1 Sub-inhibitory concentration determinations of toxic compounds 

The sub-inhibitory concentration (SIC) of antibiotics (see information about the 

antibiotics in section 5.2.2.1.2) or other compounds was defined as the lowest 

concentration of a toxic compound at which some growth was observed for a given 

species or strain. The SIC of each toxic compound was determined experimentally. 

Cultures of C. crescentus were supplemented with increasing concentrations of 

each compound in a PYE liquid or a PYE solid agar media (Table 4). E. coli cells 

were only tested with increasing concentrations of MMC (Table 4.1). For the 

assessment of liquid medium cultures, the OD600 was measured every hour for 48 

hrs. The value of absorbance at each time point was used to draw a line plot to 

observe the rise or drop of the cell population. The values of absorbance with no 

toxic compound and between different concentrations were compared. Plates were 

evaluated every day for 3 days after inoculation, comparing the number of colonies 

with no toxic compound added and with different concentrations of toxic 

compound. Concentrations that did not allow cell growth were rejected. Conversely, 

those concentrations that lightly affected cell growth, resembling the 

unsupplemented medium, were also ignored. 

 

5.2.5.2 Sensitivity assays 

 

5.2.5.2.1 Sensitivity assay in a liquid medium 

Cells were grown to mid-exponential phase and cultures were diluted to an 

OD600=3.3·10-4 before the appropriate DDA was added. 10 µL of culture were 

mixed with 140 µL PYE and supplemented with the SIC of each DDA (see the SIC 



 326 

determination in section 5.2.5.1). Each liquid sensitivity assay was performed on a 

separated 96-well plate, and the outermost wells were filled with distilled water 

(dH2O) to avoid aberrant measurements caused by evaporation. To further reduce 

evaporation, plates were also sealed with parafilm. Plates were incubated for 48 hrs 

at 30°C with rotatory shaking, and the OD600 was measured every hour. The plate 

reader used was manufactured by Biotech Instruments Ltd., and the data 

visualisation software used was Gen5 (versions/1.9/2.0.). The output was further 

analysed with the statistics and imaging software GraphPad Prism (versions 

9.4.1/9.5.0). 

 

5.2.5.2.2 Sensitivity assay on a solid medium 

A single colony of each strain was picked from a PYE agar plate and supplemented 

with the corresponding SIC of each antibiotic (see information about antibiotics in 

section 5.2.2.1.2) or cytotoxic compound (Table 4) when necessary and streaked on 

a fresh PYE agar plate. Plates were supplemented or unsupplemented with the 

corresponding toxic compound and incubated for 48 hrs at 30°C.  

 

5.2.5.2.3 Spotting assay 

PYE agar plates were supplemented or unsupplemented with 6 µg/mL norfloxacin, 

2 µg/mL ciprofloxacin, 0.25 µg/mL MMC, 1 µg/mL MMS, and 1.5 and 2 µL/mL 

CCCP (see information about the toxic compounds in Table 4). C. crescentus WT, 

ΔrecA, and ΔcalP (Table 5) were the strains tested in this assay. Cells were grown 

in a liquid PYE at 30°C ON and cultures were diluted to an OD600=0.1. Diluted 

cultures were grown to mid-exponential phase at 30ºC, and 10-fold serially diluted. 

Drops of 5 µL of each diluted culture were spotted on the agar from the most 

concentrated on the right side to the most diluted on the left side (X-axis). Each new 

strain was pipetted below the previous one (Y-axis). Plates were incubated for 48 

hrs at 30°C before the image was taken. 

 

5.2.5.3 Bacterial two-hybrid assay 

One-to-one BACTH assays were performed as described previously for the 

sensitivity assays on a solid medium (see sensitivity assay details in section 
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5.2.5.2.2) [12]. E. coli BTH101 (see strains in Table 5) was co-transformed (see the 

transformation process in section 5.2.4.3.1) with the plasmids pKNT25 and pUT18, 

or the plasmids pKT25 and pUT18C (see strains and plasmids in Tables 5, 6, 

respectively). These vectors were previously cloned with their corresponding 

fragments or were left empty (controls) (see strains in Table 6). The different 

combinations of plasmids that were co-transformed into BTH101 are summarised 

in Table 6. The transformants were streaked on a MacConkey agar medium and 

incubated at 30°C for 48 hrs. The red colonies were selected and inoculated in 10 

mL LB and supplemented with carbenicillin (for pUT18/pUT18C plasmids) or 

kanamycin (for pKNT25/pKT25 plasmids) at 30°C ON (see information about the 

antibiotics in section 5.2.2.1.2).  

 

5.2.5.4 Bacterial two-hybrid screen 

BTH101 was co-transformed with the constructs pKNT25-calP and pUT18C-C 

crescentus library (see electroporation details in section 5.2.4.3.2). Blue colonies 

that grew in the M63 plates were streaked out onto MacConkey agar plates (see the 

media recipe in section 5.2.2.1.1.2). The red colonies were selected and inoculated 

in 10 mL LB and supplemented with carbenicillin at 30°C ON (see information 

about the antibiotics in section 5.2.2.1.2). To reveal the sequence of the insert, 

plasmids were isolated (see plasmid isolation in section 5.2.6.1.1.2) and the plasmid 

pUT18C-C crescentus library was sequenced using the oligos 1411 and 1412. 

Sequencing results were analysed with the DNA sequence annotator, visualiser, and 

analyser software Artemis (version 17.0.1) and Geneious Prime to reveal which 

constructs of the C. crescentus library interacted with CalP. 

 

5.2.5.5 PhoA-LacZα assay 

The PhoA-LacZα assay was performed as described previously for sensitivity 

assays on a solid medium [25]. The strains of E. coli used in this experiment were: 

DH5α+pKTOP::ø, DH5α+pKTOP::calP, and DH5α+pKTOP::rsbN (Table 5). The 

strains were streaked onto plates with LB dual-indicator agar medium and incubated 

at 30°C for 24 hrs. 
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5.2.5.6 Microscopy 

 

5.2.5.6.1 Agarose pad preparation for time-lapse microscopy 

UltraPure Agarose (Invitrogen/cat. no. 16500-100) was used to prepare 1% square 

agarose pads attached to a microscope slide. 0.18 g of agarose was dissolved in 5 

mL of PYE medium and incubated in a water bath until it was completely melted. 

In the meantime, the microscopy slides were cleaned with EtOH and a square gene 

frame (Thermo-Fisher Scientific/cat. no. AB0577) was attached to the centre of 

each microscopy slide. A gene frame has an empty squared outline in the centre 

aimed at retaining the liquid agarose until it solidifies to form the pad. The 

microscopy slides with each gene frame and 666 µL PYE medium were heated at 

70ºC in a heating block. 333 µL of melted agarose were pipetted and mixed with 

666 µL from the pre-warmed PYE medium. 500 µL PYE agarose was separated 

and supplemented with 0.12 µg/mL MMC. 120 µL of each agarose-PYE mixture 

were quickly pipetted into a gene frame and covered with a cover slip while the 

microscopy slide was still in the heat block. The cover slip was moved around the 

liquid agarose pad to remove bubbles and make it flat. The pad was let dry for at 

least 20 min and the cover slip was subsequently withdrawn. The agarose pad was 

trimmed with a razor blade to a 3-5 mm wide agarose stripe.  

 

5.2.5.6.2 Culture loading on pads and microscopy visualisation  

For phase contrast microscopy, mid-exponential phase cultures of WT and 

ΔcalP::PcalP-calP-yfp (Table 5) were treated with 0.12 µg/mL MMC or left 

untreated and incubated for two hrs at 30°C. 2 µL of each strain were pipetted at 

the end of the stripe of a gene frame with PYE with or without 0.12 µg/mL MMC, 

which were tilted to let the culture move across the stripe. The culture was let dry 

for 2 min and covered with a standard large/medium cover slip. The cover slip was 

pressed along the outline of the gene frames to seal it properly. Images were 

acquired on a Zeiss Axio Observer Z1 inverted light microscope with a 100x 

objective (immersion oil added). The channels used were bright field and phase 

contrast with the 100X objective. The filter combination for fluorescence to 

visualise CalP-YFP was: 489-512 nm excitation range and 520-550 nm emission 
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range. The exposure was 150 ms, and the light intensity was 8 volts. The image 

editing software Fiji (Image J) was employed to process images. 

 

5.2.5.7 Membrane accumulation assay 

Four biological replicates from ON cultures of C. crescentus WT and ΔcalP (see 

strains in Table 5) were reinoculated to an OD600=0.1 and incubated at 30ºC until 

reaching the OD=0.4. The OD600 of each culture was normalised according to the 

optical density of the culture with the lowest OD600. 1 mL of each culture was 

pipetted into 1.5 mL microfuge tubes in duplicates. 1 µg (2 µL) of 0.5 mg/mL 

MMC-TRC (see details for the conjugation of MMC-TRC in section 5.2.6.3.2) was 

added to one duplicate, while the second duplicate remained unsupplemented. 

MMC-treated and untreated cultures were incubated for two hrs at 30°C with 

rotatory shaking. After 1 hr, the tubes were washed twice with phosphate-buffered 

saline (PBS) (see buffer section 5.2.2.1.3) at 12000 RCF for 1 min and resuspended 

in 350 mL PBS. The OD600 of cultures was measured in triplicate and the means 

were used to normalise cultures based on the lowest OD600 value. A calculated 

volume of PBS was added to compensate for the excess of cells in comparison to 

the sample with the lowest optical density. 150 µL of each culture and 150 µL of 

plain PBS to make the blank (in triplicates) were added into each black flat bottom 

96-well plate (Corning/cat. no. 4580). The excitation of MMC-TRC is 586 nm and 

the emission is 605 nm. The plate reader used to measure the fluorescence was the 

fluorometer FLUOstar Omega (BMG Labtech). The settings of excitation and 

emission of the fluorometer monochromators were 470-20 and 630-40 nm, 

respectively, selected from the Texas-Red endpoint program. The statistics and 

imaging software GraphPad Prism 10 was used to analyse the data results, draw 

line plots, and elaborate the statistical T-test. To assess the statistical significance of 

the mean between the fluorometric measurements, an unpaired t-test with Welch´s 

correction was conducted using the statistical and graphical software GraphPad 

Prism (see details of the t-test in Table A2, Fig. A19).  

 

5.2.6 In vitro assays 
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5.2.6.1 Nucleic acid manipulation 

 

5.2.6.1.1 Nucleic acid isolation 

 

1.4.1.1.1.5 Genomic DNA isolation 

C. crescentus WT (see strains in Table 5) cells were incubated ON at 30ºC in a PYE 

medium. 1 mL of the ON culture was centrifuged in a microfuge tube at 12000 RCF 

for 2 min. This process can be repeated with as many samples as desired to increase 

the yield. The cell pellet was resuspended in 600 µL of cell lysis solution 

(Qiagen/cat. no. 158113) and incubated at 50ºC for 5 min to lyse cells. 4 µL of 

RNase (10 mg/mL) was added to the solution, which was incubated at 37ºC for 30 

min. The mixture was cooled to RT and 200 µL of protein precipitation solution 

(Qiagen/cat. no. 158123) was added. The solution was vortexed for 30 s and chilled 

on ice for 10 min. The mixture was centrifuged at 12000 RCF for 5 min. The 

supernatant was transferred to a clean microfuge tube and mixed with 600 µL of 

isopropanol (Thermo-Fisher Scientific) by inverting the tube 50 times. The solution 

was centrifuged at 12000 RFC for 1 min and a small white pellet was formed at the 

bottom of the tube. The supernatant was discarded, and the leftover liquid was 

removed with paper, preventing the pellet from coming out of the tube. The pellet 

was washed with 600 µL of 70% EtOH (VWR chemicals/cat. no. 20821.330) by 

inverting the tube 3 times. The solution was centrifuged at 12000 RCF and the 

supernatant was carefully discarded, preventing the pellet from being drained out.  

Centrifuge again with the same speed to remove the leftover supernatant and 

carefully pipette it out of the tube. The pellet was resuspended in dH2O and left at 

RT ON for the genomic DNA to untangle and resuspend. The yield should be ∼200 

ng/µL. 

 

1.4.1.1.1.6 Plasmid isolation 

E. coli DH5⍺ strains (see strains in Table 5) harbouring the plasmid of interest (see 

plasmids in Table 6) cultured in an LB medium were incubated ON at 37ºC with 

the corresponding antibiotic (see the antibiotic concentration in Table 4). ON 

cultures were transferred to 2 mL microfuge tubes and centrifuged at 12000 RCF to 
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pellet cells. The supernatant was discarded, and more culture was added to the 

microfuge tube. This step was repeated twice to accumulate more cells and enhance 

the plasmid yield. Following this step, a commercial Miniprep Kit for plasmid DNA 

purification was used (Qiagen/cat. no. 27104). The elution of the plasmids was done 

with dH2O in 30 µL to increase the plasmid concentration. 

 

1.4.1.1.1.7 Total RNA isolation 

ON cultures of C. crescentus WT and ΔcalP (see strains in Table 5) were diluted in 

a liquid PYE to an OD600=0.01 and treated with 3 µg/mL MMC or left untreated for 

approximately 1 hr or until they reached the OD600=0.15. 6 mL of culture was 

centrifuged and washed with 1 mL PBS (see buffer section 5.2.2.1.3) and pellets 

were frozen with liquid nitrogen and stored at -80ºC. For the extraction of the total 

RNA, an RNA isolation kit was used (Zymo Research/ cat. no. R2050). To break 

cells, pellets were mixed with 400 µL of hot Trizol (Zymo Research/ cat. no. R2050) 

at 65ºC. Pellets were vortexed and the tubes were placed in the thermomixer at 65ºC 

for 10 min at 270 RCF. Tubes were placed at -80ºC again to freeze the cells and 

Trizol for at least 10 min. Pellets were left at RT to thaw, and tubes were centrifuged 

at 11300 RCF for 30 s. The flow-through was discarded and the PreWash step was 

repeated. 700 µL of RNA Wash Buffer (Zymo Research/ cat. no. R2050) was added 

to the column and tubes were centrifuged for 30 s. Tubes were centrifuged for 

another 2 min to remove the residual buffer. Columns were transferred to fresh 1.5 

µL microfuge tubes and 30-50 µL of nuclease-free dH2O was added to the column 

(depending on how concentrated the sample is desired). Columns were incubated 

at RT for at least 2 min and centrifuged for 1 min at 6700 g. The elution was 

transferred again to the column and the elution process was repeated to capture the 

highest amount of total RNA as possible. 

 

5.2.6.1.2 DNA and RNA measurement by NanoDrop 

To prevent sample contamination, the spectrophotometer (Thermo-Fisher 

Scientific/NanoDrop 2000) sample base must be cleaned with bi-distilled water and 

a thin microfiber paper tissue before measuring nucleic acids. Before performing 

the measurements, it was required to calibrate the machine with the same buffer 
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that the sample was dissolved in. In this project, all nucleic acids were dissolved in 

Mili-Q water, so 1.5 µL of Mili-Q water was pipetted on the NanoDrop sample base 

to calibrate the machine. Following calibration, the NanoDrop sample base was 

cleaned and another 1.5 µL of Mili-Q water was added to the base to measure the 

blank or zero sample. The base was cleaned again and 1.5 µL of DNA or RNA 

isolation was pipetted onto the NanoDrop sample base, and the nucleic acid 

concentration was measured at 260 nm. To ensure the quality of the DNA or RNA 

was good, the ratio 260/280 must be between 1.8-2 and the ratio 260/230 between 

2-2.2 (the lower, the worse for both ratios). For each mL of the culture of C. 

crescentus at OD600=0.15, at least 10 µg of total RNA should be isolated.  

 

5.2.6.1.3 Polymerase chain reaction (PCR)  

PCR was performed with Phusion HF DNA polymerase (Thermo-Fisher 

Scientific/F630L). Each reaction contained the following components: 

 

10 µl buffer (from a 10X stock) 

1 µl (10 mM) dNTPs, 1 µl DMSO 

0.25 µL (100 µM) forward oligo (Table 8) 

0.25 µL (100 µM) reverse oligo (Table 8) 

50 ng DNA template 

0.5 µl DNA polymerase 

Nuclease-free dH2O (up to 50 µl) 

 

Two-step cycling was performed as follows:  

 

Initial denaturation: 98°C for 30 s 

Denaturation: 98ºC for 10s 

Annealing: 72ºC for 30s 

Extension: 72º for 10s 

Repeat the previous steps 29X 

Final extension 72 for 5 min 
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For a standard PCR, isolated genomic DNA (see genomic DNA isolation in section 

5.2.6.1.1.1), plasmid DNA (see genomic DNA isolation in section 5.2.6.1.1.2), or 

other PCR fragments were used. For a colony PCR, a colony was picked from a 

plate with a small pipette tip and dissolved in the master mix after all other reagents 

were added. The initial denaturation of the thermocycling steps was slightly 

modified. The temperature changed from 10 sec to 3 min to give enough time for 

membranes to denature and release the genomic DNA of cells. 

 

PCR products were run in an agarose gel (see section 5.2.6.1.4.1 for DNA migration 

in an agarose gel electrophoresis) and gel-purified (see section 5.2.6.1.4.1.1 for 

isolation of DNA from an agarose gel) to be used in subsequent cloning rounds if 

necessary. 

 

5.2.6.1.4 Agarose gel electrophoresis 

 

1.4.1.1.1.8 Agarose gel electrophoresis of DNA 

1% w/v of agarose powder (Melford laboratories/cat. no. A20080) was added to the 

TAE buffer (Formedium/cat. no. TAE5000). The blend was heated until it was 

completely homogeneous. It was left to cool down and 0.5% µg/mL of ethidium 

bromide was added and swirled to dissolve the dye. The mixture was poured into a 

gel tray and a comb was shrunk into one of the poles of the tray to form the lanes. 

The agarose blend was left to solidify at RT. The comb was withdrawn after the gel 

was solidified and the DNA ladder was loaded into a lane. The gel tray was put into 

the electrophoresis tank and 1x TAE (Formedium/ cat. no. TAE5000) was poured 

on it until the liquid covered the top of the agarose gel. DNA samples were mixed 

with DNA loading dye (NEB/cat. no. B7024S) in a 6:1 (v/v) ratio to make the bands 

denser and visible. Each sample was loaded into a lane of the agarose gel. The 

volume loaded depends on the size of the lane. The cap of the tank was set, and the 

gel was electrophoresed at 120 V for approximately 40 min. The gel was taken out 

of the tank and the bands were visualised by UV transillumination. 

 

1.4.1.1.1.9 Isolation of DNA from agarose gel 
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The extraction of the electrophoresed DNA from the agarose gel (see the agarose 

electrophoresis of DNA in section 5.2.6.1.4.1) started by cutting the agarose gel 

with a razor blade to create a square around the desired DNA band. The selected 

pieces of agarose gel were excised and introduced in a pre-weighted microfuge 

tube. The tube with the agarose fragment was weighed again and the value was 

subtracted from the weight of the tube without the fragment to know the weight of 

each DNA-containing agarose fragment. The weight of the agarose piece was used 

to calculate the corresponding volume of the agarose melting buffer. The next steps 

were performed following the manufacturer´s protocol (Qiagen/cat. no. 28706). 

 

1.4.1.1.1.10 Sodium hypochlorite agarose gel electrophoresis for total RNA 

integrity verification  

The preparation of the agarose gel for RNA mainly proceeded as described for 

agarose gel electrophoresis of DNA (see the information about the agarose 

electroporation of DNA in section 5.2.6.1.4.2), with some exceptions. The 

electrophoresis tank, gel tray, and comb(s) had to be pre-cleaned with RNase 

(Thermo-Fisher Scientific/cat. no. AM9780) to prevent RNA degradation during 

the electrophoresis. 1% v/v of hydrogen peroxide was added to the agarose and TAE 

blend after heating to dissolve the agar. The presence of hydrogen peroxide in the 

solution deactivates the RNases, preventing the degradation of the total RNA [738]. 

1 µL of each sample of RNA was mixed with RNA loading dye (New England 

Biolabs/cat. no. B0363S) in a 1:1 (v/v) ratio and heated at 70ºC for 10 min. The 

RNA samples with loading dye were loaded into the gel at 100 V for 15 min. The 

bands for 23S and 16S rRNA should appear clearly when the integrity of the RNA 

is good. The band of 23S rRNA should be brighter than the band of 16S rRNA. 

 

5.2.6.1.5 Gibson cloning 

The PCR was run with oligonucleotides carrying complementary sequences to 

fragments that were intended to ligate in a subsequent Gibson assembly reaction 

[739]. 4 µL of PCR-amplified DNA product (one or more fragments) was mixed 

with 1 µL of plasmid (diluted in dH20) and 5 µL of Gibson assembly master mix 

(NEB/cat. no. E25611S). The mixture was incubated at 50ºC for 1 h. 
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5.2.6.1.6 Degradation of the DNA from the total RNA samples with DNase I 

DNA traces were accumulated during total RNA isolation (see the total RNA 

isolation procedure in section 5.2.6.1.1.3), so it was necessary to eliminate all DNA 

in the samples to prevent amplifying the wrong DNA during the qPCR process. To 

eliminate DNA from the solution of the total RNA, 10 µg of total RNA from each 

sample was treated with DNAse I (1U/µL) (Thermo-Fisher Scientific/cat. no. 

18068015) to degrade DNA. Before the addition of 5 µL of Turbo DNAse I, 10 µL 

of Turbo DNAse I buffer (Thermo-Fisher Scientific/cat. no. 18068015) was added 

to the solution and was topped up to 100 µL. The mixture was incubated at 37ºC 

for 30 min. To ensure the complete removal of DNA, the process was repeated by 

adding 5 µL of DNAse I followed by another incubation at 37ºC for 30 min.  

 

1.4.1.1.1.11 Total RNA cleaning 

To remove DNAse I and impurities from the total RNA samples (see degradation 

of DNA with DNase I from the total RNA in section 5.2.6.1.6), a commercial Clean 

Up and Concentrator kit from Zymo Research/cat no. R1013) was used. The process 

was performed following the manufacturer´s instructions and the total RNA was 

eluted in 30 µL of nuclease-free dH2O. 

 

5.2.6.1.7 cDNA conversion 

The total RNA to cDNA conversion (see the total RNA isolation procedure in 

section 5.2.6.1.1.3) was done with the SuperScript III reverse transcriptase 

(Invitrogen/cat. no. 11752-050) according to the manufacturer's instructions. Before 

the conversion, the RNA had to be quantified to calculate the amount to add to the 

reaction. A total of 1 µg of total RNA from each sample was added to the reaction 

to be converted into cDNA. The volume to add to the reaction needs to be calculated 

according to the concentration of each sample. The sample having the lowest 

concentration was not diluted with nuclease-free dH2O. The rest of the samples 

were normalised according to the lowest-concentrated sample by adding an 

equivalent volume of nuclease-free dH2O. Once the reaction was set, it was placed 
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in a PCR thermocycler with the following setup, which was a modification of the 

manufacturer´s protocol (Invitrogen/cat. no. 11752-050): 

 

25ºC for 10 min 

42ºC for 120 min 

50ºC for 30 min 

55ºC for 30 min 

85ºC for 5 min 

 

Following the thermocycler incubation, 1 µL of E. coli RNase H (Invitrogen/cat. 

no. 11752-050) was added to each sample to stop the reaction. E. coli RNase H 

acted by separating the RNA template from the cDNA. Each reaction was incubated 

at 37ºC for 20 min. The samples were chilled and stored at 4ºC or used for the RT-

qPCR analysis. 

 

5.2.6.1.8 Reverse transcription-quantitative polymerase chain reaction (RT-

qPCR) analysis 

21 µL of cDNA was diluted in nuclease-free dH2O (Thermo-Fisher Scientific/cat. 

no. 11752-050) in a 2:1 ratio. The SYBR Green JumpStart Taq ReadyMix (Sigma-

Aldrich/cat. no. S4438) was used to amplify the cDNA (see the protocol for cDNA 

conversion in section 5.2.6.1.7). To know the volume needed to prepare the master 

mix for all reactions, the next formula was applied: N·3.5+3.5=X (N=number of 

samples, X=factor to multiply each reaction to make the master mix). N is 

determined by the number of samples, which are given by the number of conditions 

(C), and the number of biological or technical replicates (R): N=C·R. The 

components of the RT-qPCR reaction were: 

 

10 µL SYBR green Taq polymerase 

0.2 µL primer 1 

0.2 µL primer 2 

7.6 µL nuclease-free dH2O 
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Each component of the RT-qPCR reaction was multiplied by the X factor to know 

the volume to add to the master mix. Two different master mixes with an equal 

number of samples and volumes were prepared per pair of primers following the 

previous formula and indications. The first master mix contained the primers 

q141.calPF1 and q142.calPR1 (Table 8) to quantify calP transcription. The second 

pair of primers, 2740F and 2741R (Table 8), were used as a control for the 

quantification of the transcription of the housekeeping gene RpoD. Finally, 18 µL 

of each master mix was mixed with 2 µL of the diluted cDNA in triplicates (3 

replicates with the same cDNA with each master mix of pair of primers). Each 20 

µL final reaction was pipetted in an RT-qPCR 96-well plate (with a V bottom) and 

covered with parafilm to prevent evaporation. The 96-plate was centrifuged to settle 

samples on the bottom of the well at 2900 RCF for 10 sec. The 96-plate was placed 

in the RT-qPCR thermocycler to start the analysis. 

 

The RT-qPCR cycling was performed as described in the technical bulletin of the 

SYBR Green JumpStart Taq ReadyMix (Sigma-Aldrich/cat. no. S4438). The 

thermocycler used for the RT-qPCR was Bio-Rad/model no. CFX96 C1000 Touch. 

Relative expression values were calculated by using the comparative Ct method 

(∆∆Ct) and were the average of two biological replicates. Error bars represent the 

relative expression values calculated from plus or minus 1 standard deviation from 

the mean ∆∆Ct values.  

 

5.2.6.2 Protein manipulation 

 

5.2.6.2.1 Cell sonication 

750 µL of buffered-resuspended cells (cell fractionation resuspension buffer 

(CFRB) or protein lysis buffer; see buffer composition in section 5.2.2.1.3) were 

sonicated in a 1.5 µL microfuge tube. The sonication finger (Sanyo/model no. 

Soniprep 150) was introduced into the tube and subjected to ultrasound at 10 

microns for 15 sec. This process was repeated 5 cycles with 15-sec gaps between 

cycles. During the process, the tube was kept on ice and the sonication finger was 



 338 

cleaned with 70% ethanol (EtOH) (VWR chemicals/cat. no. 20821.330) and paper 

between different samples. 

 

5.2.6.2.2 Cell fractionation 

Cell fractionation was performed following a modified version of the indications 

from the Model et al. (2014) cell fractionation protocol. The cell pellets of C. 

crescentus or E. coli) were resuspended in 750 µL of CFRB. Cells were broken by 

sonication (see the protocol for sonication in section 5.2.6.2.1) and the cell lysate 

was centrifuged at 7000 RCF in the centrifuge (Heraeus/model No.  Primo Fresco) 

at 4ºC for 15 min. 70 mL of supernatant (input) were set apart to be used as a whole 

cell extract control. The protein content was measured in the whole-cell fraction 

with the Bradford method (see protein quantification by Bradford method in section 

5.2.6.2.4.2) and normalised within samples [740]. The remaining supernatant was 

transferred to the ultracentrifugation tubes (Beckman Coulter/cat. no. 349622) and 

ultracentrifuged at 194000 RCF (Beckman Coulter/model No. Optima MAX-

E/TLA-100.3 rotor) for 1 hr at 4 ºC. 500 µL of the top layer of the soluble fraction 

was transferred to a clean tube and the remaining 250 µL were discarded from the 

bottom layer. 750 µL of CFRB were discarded into the conical centrifugation tube 

to wash the membranes, preventing them from detaching from the tube. The 

washing step to remove traces of the soluble fraction was repeated, and the 

membrane fraction was resuspended in 750 µL of CFRB. The volume of sample 

calculated in the normalisation to add in each well compares the different protein 

concentrations within samples (although within fractions (soluble, membrane, and 

whole cell), the volume to take was the same for the three samples). 2.5 µL of 

protein loading dye (New England Biolabs/cat. no. B7703S) were added to 12.5 µL 

of every sample. Samples were run in a 4-20% Tris-Glycine SDS-PAGE and 

incubated with an anti-FLAG antibody to highlight CalP-FLAG (see indications for 

SDS-PAGE in section 5.2.6.2.4). 

 

5.2.6.2.3 Protein isolation  

Purified proteins were used for western blot, MS/MS, and MP analysis. Two 

biological replicates of the C. crescentus ΔcalP::PcalP-calP-flag strain were purified 
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and two biological replicates of the untagged C. crescentus WT were purified as an 

untagged control. Cultures of C. crescentus WT and ΔcalP::PcalP-calP-flag were 

grown in a PYE liquid medium and treated with 0.125 µg/mL MMC or left 

untreated. Mid-exponential phase cultures were washed twice at 9000 RCF with 40 

mL of ice-cold PBS. Cells were transferred to 2 mL microfuge tubes and washed 

once more at 12000 RCF with 2 mL of ice-cold PBS. Pellets were frozen with liquid 

nitrogen and stored at -80ºC to continue the next day. Pellets were resuspended in 

0.75 mL of protein lysis buffer and cells were broken by sonication (see the 

sonication section 5.2.6.2.1). The cell lysates were centrifuged at 12000 RCF and 

the supernatants were transferred to clean 1.5 microfuge tubes. The tubes were 

centrifuged again, and the supernatants were pipetted into new 1.5 mL tubes. 50 µL 

of each sample was pipetted into tubes and these samples were put aside as a pre-

isolation sample. 50 µL of anti-FLAG antibody conjugated with magnetic beads 

(Miltenyi Biotec/cat. no. 130-101-591) was added to each tube (except for the pre-

isolation samples). Tubes were incubated with a rotatory shake at 4 °C for 1 hr. To 

purify CalP, the µMACS DYKDDDDK isolation kit (Miltenyi Biotec/cat. no. 130-

101-591) was used. This kit enabled the purification of FLAG-tagged proteins that 

were attached to an anti-FLAG monoclonal antibody, which was fused to magnetic 

beads inserted into the purification column. Purification columns of the isolation 

kit were activated by pipetting 200 µL of the lysis buffer. The cell lysate was applied 

to the columns and allowed to run through. Columns were rinsed with 200 µL of 

Wash Buffer 1 (Miltenyi Biotec/cat. no. 130-101-591) four times and once with 100 

µL of Wash Buffer 2 (Miltenyi Biotec/cat. no. 130-101-591). 20 µL of 0.1 M 

triethylamine (TEA) (Sigma-Aldrich/471283-100ML) was applied to each column, 

which was incubated for 5 min at RT. 50 µL of 0.1 M TEA was applied to the 

column to elute CalP-FLAG. Each eluate was collected in a tube containing 3 µL 

of 1 M MES (pH 3) for neutralisation. A second elution by applying another 50 µL 

of 0.1 M TEA to the column was performed and was collected in a tube with 3 µL 

MES (pH 3). The second eluate was mixed with the first eluate if the yield was low. 

One of the biological replicates was eluted in a 0.1 M TEA buffer with 0.1 M Triton-

X (Merck/cat. no. 1086031000) (for MS/MS) and another one in a TEA buffer 
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without Triton-X (to be used in the MP assay; see the indications for the MP analysis 

in section 5.2.6.3.3).  

 

5.2.6.2.4 Protein quantification 

 
1.4.1.1.1.12 Lowry method 

The Lowry method colours proteins and allows for the determination of the protein 

content of WT and CalP-FLAG. To do so, the samples were mixed with the DC 

protein assay (Bio-Rad/cat. no. 5000111) and the OD600 was measured. The DC 

protein assay is comprised of three different reagents: reagent A, reagent B, and 

reagent S. The reagent A’ was prepared by adding 20 µl of reagent S to each ml of 

reagent A needed for the run. 20 µl of the sample was pipetted (concentration should 

be from 0.2 mg/ml to about 1.5 mg/ml) to 100 µl of reagent A’. 800 µl of reagent B 

was added to the mixture of sample and reagent A’ and mixed. The mix was 

incubated at RT for at least 15 min and the absorbance was measured at OD750. 

Parallel to the spectrophotometric measurement of samples, increasing volumes of 

bovine serum albumin (BSA) were also measured. 1, 5, 8, 10, 15, and 20 µL of 2 

µg/µL BSA were added to the DC protein assay kit to be measured at OD750. A 

calibration curve was done with the absorbance values of the BSA. The absorbance 

values of WT or CalP-FLAG were used to substitute the “x” value from the 

calibration curve equation to infer the concentration of proteins in the sample. 

 
1.4.1.1.1.13 Bradford method 

The Bradford method [740] was used for determining the relative protein content 

in each sample compared to other samples. To do so, 1 µL of the centrifuged cell 

lysate supernatant was mixed with 999 mL 1X Bradford dye (Bio-Rad/cat. no. 

5000006) to colour the proteins. The OD600 of Bradford dye with no protein was 

measured to set the blank. The OD600 of each sample mixed with Bradford dye was 

measured and the absorbance was annotated. The absorbance value is used to 

compare the relative protein content in each sample. The sample with the minimum 

absorbance value is divided by the absorbance value of the rest of the samples to 

obtain a dilution factor. The volume of cell lysate supernatant to add to normalise 

the samples is obtained by multiplying each cell lysate´s dilution factor by the 
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maximum volume of sample required for a subsequent SDS-PAGE. The result of 

the multiplication of each sample is subtracted from the maximum volume of 

sample required and the result is the volume of dH2O to add, to top up the required 

volume. After sample normalisation, all samples must have a similar protein 

content. 

 

5.2.6.2.5 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE) 

ON cultures of C. crescentus or E. coli cells were diluted to the OD600=0.1 and 

treated with either 0.12 µg/mL MMC, with increasing MMC concentrations or other 

DDA. Cells were grown to mid-exponential phase at 30°C for 2 hrs. Cultures were 

centrifuged and resuspended in protein lysis buffer (see buffer section 5.2.2.1.3). 

Cells were sonicated (see the sonication details in section 5.2.6.2.1) and centrifuged 

at 12000 RCF for 20 min. 200 µL of supernatant was collected and the total protein 

content was quantified by applying the Bradford method (see Bradford method for 

protein determination in section 5.2.6.2.4.2). Proteins in the sample were denatured 

by mixing them with protein loading dye (New England Biolabs/cat. no. B7703S) 

and incubating them at RT for 30 min. Samples were centrifuged and loaded on a 

precast Novex WedgeWell 4-20% Tris-Glycine gel (Invitrogen-Thermo-Fisher 

Scientific/cat. no. XP04202BOX). The gel was run in an Invitrogen® Mini Gel Tank 

(Invitrogen/cat. no. A25977) at 150 V for 45 min to separate the proteins. The same 

procedure of loading and running in the SDS PAGE was followed for 

immunoprecipitated isolated CalP and CalP derivative mutants (see protein 

isolation protocol in section 5.2.6.2.3).  

 

1.4.1.1.1.14 Coomassie-stained polyacrylamide gel 

The polyacrylamide gel was stained with 100 mL Coomassie brilliant blue 

(Abcam/cat. no. ab119211) and incubated at RT for 1 hr with rotatory shaking. Only 

the immunoprecipitated CalP or CalP derivative mutants were visualised in a 

Coomassie-stained polyacrylamide gel (see protein isolation protocol in section 

5.2.6.2.3) The gel was discoloured with dH2O for 15 min three times with rotatory 
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shaking (only the protein bands remained coloured). Protein-stained bands were 

visualised on the polyacrylamide gels in a transilluminator. 

 

1.4.1.1.1.15 Immunoblot analysis 

As an alternative to Coomassie dye staining, CalP and CalP derivative mutants were 

immunoblotted with antibodies. Following the protein migration in an SDS-PAGE 

(see the protocol information in section 5.2.6.2.4), the polyacrylamide gel was 

transferred to a tray with 10 mL of transfer buffer (Thermo-Fisher Scientific/cat. 

no. LC3675) with MeOH (Thermo-Fisher Scientific/cat. no. 325740025) (1:3 ratio; 

v/v) and was incubated at RT for 10 min with rotatory shaking. The resolved 

proteins were transferred to a polyvinylidene fluoride membrane (Trans-Blot Turbo 

Mini 0.2 µm PDFV Transfer Packs) (Bio-Rad/cat. no. 1704156). The Trans-Blot 

Turbo Transfer System (Bio-Rad/cat. no. 1704150) with the Turbo and MiniGel 

program set was used to force the transference from the polyacrylamide gel to the 

membrane for 5 min. The membrane with the proteins was incubated for 1 hr in a 

small tray filled with 10 mL TBS-Tween (TBST) (see the composition of the buffer 

in section 5.2.2.1.3). The TBST was removed, and the membrane was shrunk in 10 

mL of fresh TBST that was mixed with an antibody in the following proportions: 

1:10000 dilution of α-FLAG HRP-conjugated antibody (Sigma-Aldrich/cat. no. 

A8592), 1:1000 dilution of α-T18 HRP-conjugated antibody (Abcam/cat. no. 

ab277790), or 1:10000 dilution of α-GFP antibody (Abcam/cat. no. 5450). The 

membranes were incubated with TBST with a conjugated antibody for 1 hr and with 

non-conjugated antibodies for 2 hrs (1 hr for the primary antibody and 1 hr for the 

secondary antibody). The membrane was washed three times for 5 min with TBS. 

150 µL of chemiluminescence substrate (Thermo-Fisher Scientific/cat. no. 37070) 

was added to the membrane to detect the luminescence signal of immunoblotted 

proteins. Blots were imaged using the chemiluminescence measurer instrument 

Amersham Imager 600 (GE Healthcare). 

 

1.4.1.1.1.16 Automated immunoblot analysis  
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The automated western blot was performed in the WES instrument (ProteinSimple) 

to visualize CalP. This assay is a hybrid system that combines protein migration like 

an SDS-PAGE and an immunoblot assay to highlight proteins with an antibody. 

Cells expressing CalP-FLAG and a WT control were grown to mid-exponential 

phase ON at 30ºC. Cell pellets were re-inoculated at OD600=0.1 and cells were 

treated with 0.12 µg/mL MMC or left untreated. Cell pellets were resuspended in 

TE buffer with Triton-X (to enhance the resuspension of CalP). Resuspended cells 

were sonicated (see sonication procedure in section 5.2.6.2.1). One replicate of the 

cell lysate was heated at 100 °C for 5 minutes, and the other replicate remained at 

RT. The total protein content was estimated with the Lowry method (see protein 

quantification in section 5.2.6.2.4.1). 0.25, 0.5, and 1 µg/mL of CalP-FLAG were 

loaded into the WES plate. Two concentrations of anti-FLAG antibody were loaded 

in the plate: 1/50 and 1/100 to highlight CalP-FLAG with two different intensities. 

The samples loading into the WES plate and the running indications were done 

according to the manufacturer´s indications.  

 

5.2.6.3 Biophysical and biochemical analysis 

 

5.2.6.3.1 Mass spectrometry  

 

1.4.1.1.1.17 Preparation of a handcasting SDS-PAGE gel 

The separation of protein bands following CalP purification before MS/MS analysis 

requires a resolving gel without a stacking gel. To prepare a handcasting 

polyacrylamide gel without the stacking gel, it was required to set two rectangular 

glass plates in front of each other, leaving a gap to introduce the gel. The bottom 

must be pressed against the base to prevent leaking. To prepare 10 mL of a 10% 

polyacrylamide gel, the next reagents must be mixed and poured in between the two 

glass plates: 

 

30% acrylamide bis (Severn Biotech/Cat. No. 20-9001-10)  5 mL 

1.5 M Tris-HCl, pH 8.8 (Merck/cat. no. 648317)   3,75 mL 

10% SDS (Severn Biotech/cat. no. 20-4000-10)   150 µL 



 344 

dH2O         6.03 mL 

TEMED (Merck/cat. no. 110732)     7.5 µL 

10% APS (Merck/cat. no. A3678)     75 µL   

 

Following the pouring of the liquid gel, the comb was added, trying to remove all 

bubbles from the gel. The gel must dry for at least 2 hrs to be completely solidified 

before loading the protein samples. After 2 hrs, the comb was removed and the 

solidified handcasting SDS-PAGE gel was disassembled from the holder. The gel 

was transferred to a running tank and the cuvette was filled with 500 mL of Novex 

Tris-Glycine buffer (Thermo-Fisher Scientific/cat. no. LC26754). To make the 

sample visible and denser in the cell of the gel, 2.5 µL of protein loading dye 

(NEB/cat. no. B7703S) was mixed with 10 µL of each protein sample and 12.5 µL 

of each sample was loaded on each well. The voltage applied by the power supplier 

(Bio-Rad/cat. no. 1645050) was 150V for no more than 10 min or until the blue 

bands entered the gel.  

 

1.4.1.1.1.18 Preparation of trypsin digestion 

The blue bands of each cell of the handcasting SDS-PAGE (see the procedure for 

preparing and running a stacking gel-free polyacrylamide gel in section 5.2.6.3.1.1) 

were cut and transferred to a microfuge tube. Gel slices containing CalP were 

prepared according to standard procedures adapted from Shevchenko et al. (2007) 

[741]. 1.5 µL of 30% EtOH (VWR chemicals/cat. no. 20821.330) was pipetted into 

each tube and incubated at 65ºC for 30 min to discolour the protein loading dye 

(NEB/cat. no. B7703S). The EtOH was removed and 1.5 µL of 10 mM dithiothreitol 

(DTT) (Sigma-Aldrich/cat. no. D0632) dissolved in 50 mM triethylammonium 

bicarbonate buffer (TEAB) (Sigma-Aldrich/cat. no. 140023) was added to the 

solution. The solution was incubated for 30 min at 55ºC and DTT was removed 

from the tube. 1.5 µL of 30 mM iodoacetamide (IAA) (Sigma-Aldrich/cat. no. 

I6125) dissolved in 50 mM TEAB buffer was added to the tube and incubated at RT 

for 30 min in a dark tube to prevent dark damaging the reagent. The tube was 

vortexed every 5 min to homogenise the mixture and the IAA was removed. 1.5 µL 

of 50 mM TEAB buffer mixed with 50% acetonitrile (Thermo-Fisher Scientific/ 
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cat. no. 268260025) (in 50% dH2O) (TEAB/50%/ACN) was added to the tube and 

vortexed to wash the piece of the gel. TEAB/50%/ACN was removed from the tube, 

and 1.5 µL of 50 mM TEAB was added and vortexed. TEAB was removed and the 

slice of gel was cut into pieces of 1x1 mm on a Petri dish with a scalpel. A drop of 

TEAB was used to make the cutting process easier. Every fragment of the gel was 

transferred to a low-binding tube (Eppendorf) and the name of the sample and size 

of the fragment were written on the side of the tube, but not on the lid. 1.5 µL of 

TEAB/50%/ACN was added to the fragments and vortexed for 20 min to wash 

them. 1.5 µL of TEAB/50%/ACN was removed and substituted by 100% 

acetonitrile (Thermo-Fisher Scientific/268260025), making the gel hard and white. 

The acetonitrile was substituted by another 1.5 µL of fresh 100% acetonitrile to re-

wash the samples and finally removed completely to start the freeze-drying step. 

The lid of the tube was closed, and one small hole was made in the lid of each tube 

with a needle. The tubes were placed in the speed vacuum (GeneVac EZ-2 Plus 

SpeedVac Concentrator) for 30 min with the OH- program selected to dehydrate the 

gel fragments. Eventually, fragments were sent for MS/MS analysis (see tandem 

MS/MS analysis details in section 5.2.6.3.1.3).  

 

1.4.1.1.1.19 Tandem mass spectrometry analysis 

The purified proteins of WT and ΔcalP::PcalP-calP-flag strains required a 

preparatory process before being apt for MS/MS analysis. Once the gel fragments 

were washed and dehydrated with acetonitrile (Thermo-Fisher Scientific/cat. no. 

268260025) to finish the preparatory process (see the preparation of gel fragments 

for trypsin digestion in section 5.2.6.3.1.3), fragments were sent for MS/MS 

analysis. The screening for interacting partners of CalP in WT and ΔcalP::PcalP-

calP-flag with and without MMC was done by Dr Carlo Martins and Dr Gerhard 

Saalbach from the Proteomics Facility of the JIC. 

 

Before the MS/MS analysis, the gels were soaked with 50 mM TEAB containing 

10 ng/µl of Sequencing Grade Trypsin (Promega/cat. no. V5111) and incubated at 

40 °C for 8 h. The extracted peptide solution was dried down, and the peptides were 

dissolved in 3% acetonitrile (Thermo-Fisher Scientific/cat. no. 268260025) and 
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0.1% trifluoroacetic acid (TFA) (Thermo-Fisher Scientific/cat. no. 10723857). 

Aliquots were analysed by nanoLC-MS/MS on an Orbitrap Eclipse™ Tribrid™ 

mass spectrometer coupled to an UltiMate® 3000 RSLCnano LC system (Thermo-

Fisher Scientific, Hemel Hempstead, UK). The samples were loaded and trapped 

using a pre-column with 0.1% TFA at 15 µl min-1 for 4 min. The trap column was 

then switched in line with the analytical column (nanoEase M/Z column, HSS C18 

T3, 100 Å, 1.8 µm; Waters, Wilmslow, UK) for separation using the following 

gradient of solvents A (water, 0.1% formic acid (Sigma-Aldrich/cat. no. 85178)) 

and B (80% acetonitrile, 0.1% formic acid) at a flow rate of 0.2 µl min-1:0-3 min 

3% B (parallel to trapping); 4-10 min linear increase B to 9%; 10-70 min increase 

B to 40%; 70-90 min increase B to 60%; followed by a ramp to 99% B and re-

equilibration to 3% B (1,2). Data were acquired with the following mass spectrometer 

settings in positive ion mode: MS1/Orbitrap (OT): resolution 120K, profile mode, 

mass range m/z 300-1800, normalised. Automated Gain Control (AGC) target 

100%, maximum fill time 50 ms; MS2/Ion Trap (IT): data-dependent analysis was 

performed using Higher-energy C-trap Dissociation (HCD) fragmentation with the 

following parameters: top 20 in IT turbo mode, centroid mode, isolation window 

1.0 Da, charge states 2-5, threshold 1.0e4, CE=33, AGC target 1e4, max. inject time 

35 ms, dynamic exclusion 1 count, 15 s exclusion, exclusion mass window ±10 ppm 
(3). 

 

Peak lists were generated from the MS raw files with MSConvert v2.0, from 

Proteowizard [742]. The final search was performed using in-house Mascot Server 

2.7.0.1 (Matrixscience, London, UK) on the Caulobacter vibrioides protein 

sequence (Uniprot, 17/09/2020, 3859 entries) and the MaxQuant contaminants 

database (250 entries) (4). For this search, a precursor tolerance of 6 ppm and a 

fragment tolerance of 0.6 Da were used. The enzyme was set to trypsin with a 

maximum of 2 allowed missed cleavages. Oxidation (M), deamidation (N/Q) and 

acetylation (protein N-terminus) were set as variable modifications and 

carbamidomethylation (CAM) of cysteine as fixed modification. The Mascot search 

results were imported into Scaffold 4.11.0 for visualization. 
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Annotations 

1) For the MS/MS experiment, the gradient was as follows: 

0-4 min 3% B (parallel to trapping); 4-10 min linear increase B to 8%; 10-60 min 

increase B to 25%; 60-80 min increase B to 38%; 80-90 min increase B to 60% 

followed by a ramp to 99% B and re-equilibration to 3% B, for a total of 118 min. 

 

2) For the MS/MS experiment, the gradient was: 

0-4 min 3% B (parallel to trapping); 4-10 min linear increase B to 7%; 10-70 min 

increase B to 37%; 70-90 min increase B to 55%; followed by a ramp to 99% B and 

re-equilibration to 3% B, for a total of 122 min. 

 

3) For the MS/MS experiment, the mass spectrometry conditions were: 

MS1/Orbitrap (OT): resolution 120K, profile mode, mass range m/z 300-1800, 

normalised. Automated Gain Control (AGC) target 50%, maximum fill time 50 ms; 

MS2/Orbitrap (OT): 15 K resolution, data-dependent analysis was performed using 

Higher-energy C-trap Dissociation (HCD) fragmentation with the following 

parameters: Top 20 in OT mode, centroid mode, isolation window 2.0 Da, charge 

states 2-5, threshold 1.0e4, CE=30, AGC target 1e4, max. inject time 22 ms, dynamic 

exclusion 1 count, 15 s exclusion, exclusion mass window ±5 ppm. 

 

4) For the MS/MS experiment the specific sequences were added to the search. 

 

5.2.6.3.2 High-performance liquid chromatography (HPLC) and MS/MS for 

the MMC-TR conjugation 

The conjugation of compounds to generate MMC-TRC started with two precursors: 

MMA (Toronto Research Chemicals/cat. no. M371890) and TRC (AAT/cat. no. 

482). The reagents needed for the conjugation were: 

 

MMA (MW: 349.13; 2.5 mg, 7.2 µmol, 1 equimolar) 

TRC 5.0 mg, 7.24 µmol, 1.01 equimolar) 

TEA (1.03 mg, 10.7 µmol, 1.49 equimolar) 

MeOH (0.5 ml) 
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The reaction was performed in an amber HPLC vial (2 ml). TRC was dissolved in 

250 µL MeOH (Thermo-Fisher Scientific/cat. no. 325740025) and TEA (?) was 

added in 3 portions: 3 x 1.43 µl. 10 µl of TRC was put aside to be used as a standard. 

2.5 mg MMA was dissolved in 250 µl MeOH. 10 µl of MMA was put aside to be 

used as a standard). The solutions were combined and stirred at ambient 

temperature. The reaction progress was monitored by TLC (SiO2, 20% EtOH in 

CH2Cl2). When MMA was consumed after 24 h, the mixture was purified by C18-

RP HPLC using a gradient of acetonitrile (Thermo-Fisher Scientific/cat. no. 

268260025) against the water with UV detection at 500 nm. 

 

HPLC Instrument: Dionex Ultimate 3000, Rheodyne injection valve, loop 500 μl. 

Column: Phenomenex, Gemini NX-C18 110 A, axial compression, particle size 5 

μm, dimension 150 x 21.2 mm (CV=53 ml, VV=40 ml). Part Number: 00F-4454-

P0-AX. 

 

Solvent A: water 

Solvent B: acetonitrile 

 

HPLC Method: at a flow rate of 20 ml/min, 5% B for 2 min. The gradient was 

increased to 100% B over 20 min and held for 2 min. The gradient was reduced 

again to 5% B over 1 min and equilibrated for 4 min with UV detection at 500 nm. 

Five fractions were collected (MRC63-1 to MRC63-5). The solvent was evaporated 

by the freeze-drying method (Genevac) and the residue was stored in the dark at -

20oC. HR-MS (Synapt G2 Si) indicated the presence of the target analyte in the 

sample MRC63-4 (blue solid). Martin Rejzek did the HPLC analysis of MMC-TRC 

from the JIC Biochemistry Facility. 

 
5.2.6.3.3 Mass photometry analysis  

CalP was isolated by immunoprecipitation as described in the protein isolation 

section 5.2.6.2.3. The use of the Triton-X (Merck/cat. no. 1086031000) detergent 

may distort the analysis of the protein mass. Because of this, the cell breakage and 

the elution from the precipitation columns were done by omitting the addition of 



 349 

Triton-X to the lysis and elution buffer (Miltenyi Biotec/cat. no. 130-101-591). 100 

nM of CalP in a TAE buffer (without Triton-X) was sent for analysis. All mass 

photometric measurements were recorded at 25°C using the Refeyn OneMP mass 

photometer (Refeyn). The instrument was calibrated with a native marker unstained 

protein standard mixture (Thermo-Fisher Scientific/cat. no. LC0725), containing 

proteins from 20 to 1200 KDa. The following masses were used to generate a 

standard calibration curve: 146, 480, and 1,048 KDa. PEP was purified in TEA 

buffer (Formedium/cat. no. TAE5000) as described above and concentrated to 130 

nM. 2 µL of PEP was applied to 8 µL buffer on a coverslip, resulting in a final 

concentration of ~25 nM. Movies were recorded using AcquireMP software 

(version R1) for 60 sec with a frame rate of 60 per sec and using a large field of 

view. The data were processed using DiscoverMP software (version R1.2). The 

mass of the PEP complex was estimated by fitting a Gaussian distribution into mass 

histograms and taking the value at the mode of the distribution. Dr Abbas Maqbool 

and Julia Mundy from the Biophysical Analysis Facility of the JIC did the MP 

analysis of WT and ΔcalP::PcalP-calP-flag strains. 
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Appendix 
 
 

 
Fig. A1. ΔcalP was successfully complemented in a solid medium upon treatment 

with MMC. The plates shown in the figure assess the complementation of the WT 

phenotype after the insertion of calP back into the ∆calP background when the 

medium was supplemented with MMC or unsupplemented. Cells were grown to 

mid-exponential phase and cultures were diluted to an OD600=3.3·10-4. Cells were 

streaked onto PYE agar plates supplemented with (A) 0.3% xylose, (B) 0.3% xylose 

and 6 μg/mL norfloxacin, and (C) 0.3% xylose and 0.25 μg/mL MMC. Plates were 

incubated for 48 hrs at 30°C. The strains WT, ΔrecA, and ∆calP were included as 

controls. Plates were divided into four sectors and each strain was streaked out as 

follows: ΔcalP::Pxyl-calP (top left), WT (top right), ΔrecA (bottom right), and ΔcalP 

(bottom left). 
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Fig. A2. An ectopic expression of calP restored the tolerance of the ΔcalP strain to 

norfloxacin. Growth curves testing the complementation of ΔcalP::Pxyl-calP in the 

presence and absence of 6 μg/mL norfloxacin in a liquid medium. The WT, ΔrecA, 

ΔcalP, and ΔcalP::Pxyl-ø strains were used as controls. To induce calP expression, 

(under a xylose-inducible promoter) in strains carrying the pXYFPC- 2 vector, the 

medium was supplemented with 0.1% xylose when necessary. Cells were grown to 

mid-exponential phase in a PYE medium to an OD600=0.5 and cultures were diluted 

to an OD600=3.3·10-4. Cells were mixed with 6 µg/mL norfloxacin when needed and 

incubated for 48 hrs at 30°C before the OD600 was measured hourly in an automated 

plate reader. Three technical replicates were used to calculate the OD600 mean. Plot 

lines correspond to a medium with (A) no additives, (B) supplemented with 0.1% 

xylose, (C) supplemented with 6 μg/mL norfloxacin, or (D) supplemented with 

0.1% xylose and 6 μg/mL norfloxacin. 

D 
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Fig. A3. calP shows a different polymerisation pattern when expressed under 

different promoters. Intensity measurement of CalP-FLAG bands in an immunoblot 

assay when C. crescentus was challenged or not with MMC. The graphs show the 

peak areas representing different protein band intensities of the immunoblots shown 

in Fig. 15 (Fig. 15A corresponds to Fig. A3A and Fig. 15C corresponds to Fig. 

A3B). The percentage exhibited in each peak area is represented in a bar chart in 

Fig. 15 (Fig. 15B correspond to Fig. A3A and Fig. 15D corresponds to Fig. A3B). 

The numbers represent the relative percentage of band intensity compared to other 

bands in the sample. A higher peak indicates a higher intensity of the CalP band. 

(A) The four peaks on the left side of the graph represent ΔcalP::Pxyl-calP-flag 

bands and the four peaks on the right correspond to ΔcalP::Pxyl-scrambled calP-flag 

B 

A 
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bands. The protein bands of both strains which are represented with each peak area 

were isolated from cells grown in a medium with (from left to right) no additives, 

supplemented with 0.1% xylose, supplemented with 0.12 µg/mL MMC, or 

supplemented with 0.1% xylose and 0.12 µg/mL MMC. (B) The two peaks on the 

left of the graph belong to ΔcalP::PcalP-calP-flag bands and the two peaks on the 

right belong to ΔcalP::PcalP-scrambled calP-flag bands. Each strain was (from left 

to right) unsupplemented or supplemented with 0.12 µg/mL MMC. 
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Fig. A4. C. crescentus increases CalP production when exposed to DDA. Intensity 

measurement of CalP-FLAG bands in an immunoblot assay when C. crescentus 

ΔcalP::PcalP-calP-flag was challenged or not with DDA. The graph shows the peak 

areas of different protein bands in a western blot shown in Fig. 16A. The numbers 

represent the relative percentage of band intensities compared to other bands in the 

sample. The percentage exhibited in each peak area is represented in a bar chart in 

Fig. 16. Each band corresponded to the band intensity of CalP-FLAG when cells 

were treated with a distinct DDA. A higher peak indicates a higher intensity of the 

CalP band. (A) 8 KDa monomeric CalP bands. Each peak area corresponds to a 

protein band isolated from cells grown in (from left to right) an unsupplemented 

medium or a medium supplemented with 0.12 μg/mL MMC, 1.5 mM MMS, 4 

μg/mL norfloxacin, 15 mM HU, or 0.5 μg/mL novobiocin. The percentage value of 

E 

D 
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this figure is represented in the bar chart in Fig. 16B. (B) 60 KDa multimeric CalP 

bands. The order of the peak areas as in A. The percentage value of this figure is 

represented in the bar chart in Fig. 16C. (C) 75 KDa multimeric CalP bands. The 

order of the peak areas as in B. The percentage value of this figure is represented in 

the bar chart in Fig. 16D. (D) Untreated CalP-FLAG bands. The peak areas (from 

left to right) correspond to 8 KDa, 60 KDa, and 75 KDa. The percentage value of 

this figure is represented in the bar chart in Fig. 16E. (E) MMC-treated CalP-FLAG 

bands. The order of the peak areas as in D. The percentage value of this figure is 

represented in the bar chart in Fig. 16F. 
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Fig. A5. CalP production in C. crescentus increases proportionally to the MMC 

concentration. Intensity measurement of CalP-FLAG bands in an immunoblot assay 

when C. crescentus ΔcalP::PcalP-calP-flag was challenged by increasing 

concentrations of MMC. The graph shows the peak areas of different protein bands 

in a western blot shown in Fig. 17A. The numbers into the peak area represent the 

relative percentage of band intensity compared to other bands in the sample. The 

percentage exhibited in each peak area is represented in a bar chart in Fig. 17B. 

Each peak corresponds to a CalP-FLAG band isolated from cells treated with 0, 

0.05, 0.1, 0.25, or 0.5 μg/mL MMC from left to right. A higher peak indicates a 

higher intensity of the CalP band. The percentage value of this figure is represented 

in the bar chart in Fig. 17B. 
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Fig. A6. ΔcalP complementation with calP derivative mutants restored the WT 

phenotype of every C. crescentus strain except the 2nd, and 3rd amino acid derivative 

mutants when challenged with MMC to tolerate MMC. Plot showing the ΔcalP 

complementation test with calP derivative mutants when exposed to MMC. Each 

calP derivative was ectopically expressed from the xylose-inducible promoter (Pxyl) 

harboured in the integrative plasmid pXYFPC-2 in a C. crescentus ΔcalP 

background. Mutant strains were grown in a PYE liquid medium to mid-

exponential phase at 30ºC and diluted to 3.3x10-4. Cultures contained (A) no 

additives, (B) 0.1% xylose, (C) 0.12 μg/mL MMC, (D) or 0.1% xylose and 0.12 

μg/mL MMC. Strains of each growth curve are ΔcalP::Pxyl-ø (magenta line), 

ΔcalP::Pxyl-calP-flag (orange line), ΔcalP::Pxyl-calP (D2A)-flag (light-blue line), 

and ΔcalP::Pxyl-calP (P3A)-flag (green line). 96-well plates were incubated at 30 

°C for 48 hrs in an automated plate reader. The OD600 was measured hourly and the 

average of three cultures was taken to generate the plot. 
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Fig. A7. ΔcalP complementation with calP derivative mutants restored the WT 

phenotype of every C. crescentus strain except the 4th, 5th, and 45th amino acid 

mutants when challenged with MMC. Plot showing the ΔcalP complementation test 

with truncated calP derivatives when challenged with MMC. calP mutant 

derivatives were ectopically expressed from the xylose-inducible promoter (Pxyl) 

harboured in the integrative plasmid pXYFPC-2 in the ΔcalP background of C. 

crescentus. Complemented C. crescentus ΔcalP cells were grown in a liquid PYE 

medium to mid-exponential phase at 30ºC and diluted to 3.3x10-4. Culture 

contained (A) no additives, (B) 0.1% xylose, (C) 0.12 μg/mL of MMC, (D) or 0.1% 

xylose and 0.12 μg/mL of MMC. Strains of each growth curve are ΔcalP::Pxyl-ø 

(magenta line), ΔcalP::Pxyl-calP-flag (orange line), ΔcalP::Pxyl-calP (V4A)-flag 

(light-blue line), and ΔcalP::Pxyl-calP (I5A)-flag (green line), ΔcalP::Pxyl-calP 

(K45A)-flag (purple line). 96-well plates were incubated at 30 °C for 48 hrs with 

orbital shaking. The OD600 was measured at the indicated times, and the average of 

three cultures was taken. 
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Fig. A8. ΔcalP complementation with calP derivative mutants restored the WT 

phenotype of every C. crescentus strain except the 6th, 35th, and 37th amino acid 

mutants when challenged with MMC. Plot showing the ΔcalP complementation test 

with truncated calP derivatives when exposed to MMC. calP mutant derivatives 

were ectopically expressed from the xylose-inducible promoter (Pxyl) harboured in 

the integrative plasmid pXYFPC-2 in the ΔcalP background of C. crescentus. 

Complemented ΔcalP C. crescentus cells were grown in a liquid PYE medium to 

mid-exponential phase at 30ºC and diluted to 3.3x10-4. Cultures contained (A) no 

additives, (B) 0.1% xylose, (C) 0.12 μg/mL of MMC, (D) or 0.1% xylose and 0.12 

μg/mL of MMC. Strains of each growth curve are ΔcalP::Pxyl-ø (magenta line), 

ΔcalP::Pxyl-calP-flag (orange line), ΔcalP::Pxyl-calP (Q6A)-flag (light-blue line), 

and ΔcalP::Pxyl-calP (P35A)-flag (green line), ΔcalP::Pxyl-calP (R37A)-flag (purple 

line). 96-well plates were incubated at 30 °C for 48 hrs with orbital shaking. The 

OD600 was measured at the indicated times, and the average of three cultures was 

taken. 
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Fig. A9. ΔcalP complementation with calP derivative mutants restored the WT 

phenotype of every C. crescentus strain except the 11th, 12th, and 21st amino acid 

mutants when challenged with MMC. Plot showing the ΔcalP complementation test 

with truncated calP derivatives when exposed to MMC. calP mutant derivatives 

were ectopically expressed from the xylose-inducible promoter (Pxyl) harboured in 

the integrative plasmid pXYFPC-2 in C. crescentus ΔcalP background. 

Complemented ΔcalP C. crescentus cells were grown in a liquid PYE medium to 

mid-exponential phase at 30ºC and diluted to 3.3x10-4. Cultures contained (A) no 

additives, (B) 0.1% xylose, (C) 0.12 μg/mL of MMC, (D) or 0.1% xylose and 0.12 

μg/mL of MMC. Strains of each growth curve are ΔcalP::Pxyl-ø (magenta line), 

ΔcalP::Pxyl-calP-flag (orange line), ΔcalP::Pxyl-calP (G11A)-flag (light-blue line), 

and ΔcalP::Pxyl-calP (L12A)-flag (green line), ΔcalP::Pxyl-calP (V21A)-flag (purple 

line). 96-well plates were incubated at 30 °C for 48 hrs with orbital shaking. The 

OD600 was measured at the indicated times, and the average of three cultures was 

taken. 
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Fig. A10. ΔcalP complementation with calP derivative mutants restored the WT 

phenotype of every C. crescentus strain except the 13th, 14th, and 25th amino acid 

mutants when challenged with MMC. Plot showing the ΔcalP complementation test 

with truncated calP derivatives when exposed to MMC. calP mutant derivatives 

were ectopically expressed from the xylose-inducible promoter (Pxyl) harboured in 

the integrative plasmid pXYFPC-2 in the ΔcalP background of C. crescentus. 

Complemented ΔcalP C. crescentus cells were grown in a liquid PYE medium to 

mid-exponential phase at 30ºC and diluted to 3.3x10-4. Cultures contained (A) no 

additives, (B) 0.1% xylose, (C) 0.12 μg/mL of MMC, (D) or 0.1% xylose and 0.12 

μg/mL of MMC. Strains of each growth curve are ΔcalP::Pxyl-ø (magenta line), 

ΔcalP::Pxyl-calP-flag (orange line), ΔcalP::Pxyl-calP (V13A)-flag (light-blue line), 

ΔcalP::Pxyl-calP (F14A)-flag (green line), and ΔcalP::Pxyl-calP (S25A)-flag (purple 

line). 96-well plates were incubated at 30 °C for 48 hrs with orbital shaking. The 

OD600 was measured at the indicated times, and the average of three cultures was 

taken. 
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Fig. A11. ΔcalP complementation with calP derivative mutants restored the WT 

phenotype of every C. crescentus strain except the 15th, 19th, and 20th amino acid 

mutants when challenged with MMC. Plot showing the ΔcalP complementation test 

with truncated calP derivatives when exposed to MMC. calP mutant derivatives 

were ectopically expressed from the xylose-inducible promoter (Pxyl) harboured in 

the integrative plasmid pXYFPC-2 in the ΔcalP background of C. crescentus. 

Complemented ΔcalP C. crescentus cells were grown in a liquid PYE medium to 

mid-exponential phase at 30ºC and diluted to 3.3x10-4. Cultures contained (A) no 

additives, (B) 0.1% xylose, (C) 0.12 μg/mL of MMC, (D) or 0.1% xylose and 0.12 

μg/mL of MMC. Strains of each growth curve are ΔcalP::Pxyl-ø (magenta line), 

ΔcalP::Pxyl-calP-flag (orange line), ΔcalP::Pxyl-calP (V15A)-flag (light-blue line), 

ΔcalP::Pxyl-calP (Y19A)-flag (green line), and ΔcalP::Pxyl-calP (G20A)-flag (purple 

line). 96-well plates were incubated at 30 °C for 48 hrs with orbital shaking. OD600 

was measured at the indicated times, and the average of three cultures was taken. 
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Fig. A12. ΔcalP complementation with calP derivative mutants restored the WT 

phenotype of every C. crescentus strain except the 23rd, 24th, and 36th amino acid 

mutants when challenged with MMC. Growth curves showing the ΔcalP 

complementation test with truncated calP derivatives when exposed to MMC. calP 

mutant derivatives were ectopically expressed from the xylose-inducible promoter 

(Pxyl) harboured in the integrative plasmid pXYFPC-2 in the ΔcalP background of 

C. crescentus. Complemented ΔcalP C. crescentus cells were grown in a liquid PYE 

medium to mid-exponential phase at 30ºC and diluted to 3.3x10-4. Cultures 

contained (A) no additives, (B) 0.1% xylose, (C) 0.12 μg/mL of MMC, (D) or 0.1% 

xylose and 0.12 μg/mL of MMC. Strains of each growth curve are ΔcalP::Pxyl-ø 

(magenta line), ΔcalP::Pxyl-calP-flag (orange line), ΔcalP::Pxyl-calP (W23A)-flag 

(light-blue line), ΔcalP::Pxyl-calP (L24A)-flag (green line), and ΔcalP::Pxyl-calP 

(P36A)-flag (purple line). 96-well plates were incubated at 30 °C for 48 hrs with 

orbital shaking. The OD600 was measured at the indicated times, and the average of 

three cultures was taken. 
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Fig. A13. ΔcalP complementation with calP derivative mutants restored the WT 

phenotype of every C. crescentus strain except the 26th, 33rd, and 34th amino acid 

mutants when challenged with MMC. Plot showing the ΔcalP complementation test 

with truncated calP derivatives when exposed to MMC. calP mutant derivatives 

were ectopically expressed from the xylose-inducible promoter (Pxyl) harboured in 

the integrative plasmid pXYFPC-2 in the ΔcalP background of C. crescentus. 

Complemented ΔcalP C. crescentus cells were grown in a liquid PYE medium to 

mid-exponential phase at 30ºC and diluted to 3.3x10-4. Cultures contained (A) no 

additives, (B) 0.1% xylose, (C) 0.12 μg/mL of MMC, (D) or 0.1% xylose and 0.12 

μg/mL of MMC. Strains of each growth curve are ΔcalP::Pxyl-ø (magenta line), 

ΔcalP::Pxyl-calP-flag (orange line), ΔcalP::Pxyl-calP (M26A)-flag (light-blue line), 

ΔcalP::Pxyl-calP (K33A)-flag (green line), and ΔcalP::Pxyl-calP (G34A)-flag (purple 

line). 96-well plates were incubated at 30 °C for 48 hrs with orbital shaking. The 

OD600 was measured at the indicated times, and the average of three cultures was 

taken. 
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Fig. A14. ΔcalP complementation with calP derivative mutants restored the WT 

phenotype of every C. crescentus strain except the 27th, 28th, and 29th amino acid 

mutants when challenged with MMC. Plot showing the ΔcalP complementation test 

with truncated calP derivatives when exposed to MMC. calP mutant derivatives 

were ectopically expressed from the xylose-inducible promoter (Pxyl) harboured in 

the integrative plasmid pXYFPC-2 in the ΔcalP background of C. crescentus. 

Complemented ΔcalP C. crescentus cells were grown in a liquid PYE medium to 

mid-exponential phase at 30ºC and diluted to 3.3x10-4. Cultures contained (A) no 

additives, (B) 0.1% xylose, (C) 0.12 μg/mL of MMC, (D) or 0.1% xylose and 0.12 

μg/mL of MMC. Strains of each growth curve are ΔcalP::Pxyl-ø (magenta line), 

ΔcalP::Pxyl-calP-flag (orange line), ΔcalP::Pxyl-calP (R27A)-flag (light-blue line), 

ΔcalP::Pxyl-calP (E28A)-flag (green line), and ΔcalP::Pxyl-calP (K29A)-flag (purple 

line). 96-well plates were incubated at 30 °C for 48 hrs with orbital shaking. The 

OD600 was measured at the indicated times, and the average of three cultures was 

taken. 
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Fig. A15. ΔcalP complementation with calP derivative mutants restored the WT 

phenotype of every C. crescentus strain except the 30th, 31st, and 32nd amino acid 

mutants when challenged with MMC. Plot showing the ΔcalP complementation test 

with truncated calP derivatives when exposed to MMC. calP mutant derivatives 

were ectopically expressed from the xylose-inducible promoter (Pxyl) harboured in 

the integrative plasmid pXYFPC-2 in the ΔcalP background of C. crescentus. 

Complemented ΔcalP C. crescentus cells were grown in a liquid PYE medium to 

mid-exponential phase at 30ºC and diluted to 3.3x10-4. Cultures contained (A) no 

additives, (B) 0.1% xylose, (C) 0.12 μg/mL MMC (D) or 0.1% xylose and 0.12 

μg/mL MMC. Strains of each growth curve are ΔcalP::Pxyl-ø (magenta line), 

ΔcalP::Pxyl-calP-flag (orange line), ΔcalP::Pxyl-calP (P30A)-flag (light-blue line), 

ΔcalP::Pxyl-calP (H31A)-flag (green line), and ΔcalP::Pxyl-calP (Q32A)-flag (purple 

line). 96-well plates were incubated at 30 °C for 48 hrs with orbital shaking. The 

OD600 was measured at the indicated times, and the average of three cultures was 

taken. 
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Fig. A16. The complementation of ΔcalP with calP (A16P), calP (A18P), and calP 

(F22A) did not restore the WT phenotype in C. crescentus following MMC 

treatment. C. crescentus WT, ΔrecA, and ΔcalP growing on plates with a PYE agar 

medium. Cultures contained (A) no additives (dark letters), (B) 0.3% xylose 

(yellow letters), (C) 0.25 μg/mL MMC (red letters), or (D) 0.3% xylose and 0.25 

μg/mL MMC. Plates were incubated at 30°C for 48 hrs. 
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Fig. A17. The complementation of ΔcalP with calP (A16P), calP (A18P), and calP 

(F22A) could not rescue the WT phenotype in C. crescentus upon treatment with 

MMC. When challenged with MMC, a solid medium assay showed ΔcalP 

complementation with truncated calP derivatives. Truncated calP mutants were 

ectopically expressed from a Pxyl promoter in the C. crescentus ΔcalP background. 

Complemented C. crescentus ΔcalP strains were grown on a PYE agar medium 

containing (A, E) no additives (dark uppercase letters), (B, F) 0.3% xylose (yellow 

letters), (C, G) 0.25 µg/mL MMC (red letters), (D, H) or 0.3% xylose and 0.25 

µg/mL MMC. Plates were incubated at 30°C for 48 hrs. (A-D) ΔcalP::Pxyl-calP 

(Y19A)-flag, ΔcalP::Pxyl-calP (G20A)-flag, ΔcalP::Pxyl-calP (V21A)-flag, and 

ΔcalP::Pxyl-calP (F22A)-flag. (E-H) ΔcalP::Pxyl-calP (V4A)-flag, ΔcalP::Pxyl-calP 

(I5A)-flag, ΔcalP::Pxyl-calP (A16P)-flag, ΔcalP::Pxyl-calP (A17P)-flag, 

ΔcalP::Pxyl-calP (A18P)-flag, and ΔcalP::Pxyl-calP (K45A)-flag. Blue letters 

indicate alanine substitutions and green letters indicate proline substitutions. 

Mutants showing sensitivity are surrounded by a red square. 
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Fig. A18 (A-M). Alanine substitutions in CalP amino acids show different 

multimerisation patterns. Western blot assay displaying truncated versions of CalP 

when treated with MMC or left untreated. calP mutants were ectopically expressed 

from the xylose-inducible promoter (Pxyl) in a C. crescentus ΔcalP background. 

Cells were grown ON to mid-exponential phase in a PYE medium at 30ºC. Cells 

were sub-inoculated to an OD600 =0.1 and grown for 3 hrs in PYE medium. Cultures 

were incubated for 2 hrs with 0.1% xylose and 0.12 μg/mL MMC or without MMC. 

Cell lysates were mixed with anti-FLAG antibody conjugated with magnetic beads 

and passed through a purification column to retain C-terminally flag-tagged CalP. 

Eluates were run in a 4-20% Tris-glycine SDS-PAGE and blotted with 1:10000 α-

FLAG/M2 antibodies to highlight desired bands. From left to right on the SDS-

PAGE: (A) ΔcalP::Pxyl-calP-φ, ΔcalP::Pxyl-calP-flag, ΔcalP::Pxyl-calP (V4A)-flag, 

and ΔcalP::Pxyl-calP (I5A)-flag. (B) ΔcalP::Pxyl-calP-ø, ΔcalP::Pxyl-calP-flag, 

ΔcalP::Pxyl-calP (D2A)-flag, ΔcalP::Pxyl-calP (V7A)-flag and ΔcalP::Pxyl-calP 

(L9A)-flag. (C) ΔcalP::Pxyl-calP- ø, ΔcalP::Pxyl-calP-flag, ΔcalP::Pxyl-calP (P3A)-

M 
I

ø 
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flag, ΔcalP::Pxyl-calP (Q6A)-flag, and ΔcalP::Pxyl-calP (V8A)-flag. (D) ΔcalP::Pxyl-

calP-ø, ΔcalP::Pxyl-calP-flag, ΔcalP::Pxyl-calP (I10A)-flag, ΔcalP::Pxyl-calP 

(G11A)-flag, and ΔcalP::Pxyl-calP (F14A)-flag. (E) ΔcalP::Pxyl-calP- ø, ΔcalP::Pxyl-

calP-flag, and ΔcalP::Pxyl-calP (L12A)-flag. (F) ΔcalP::Pxyl-calP- ø, ΔcalP::Pxyl-

calP-flag, ΔcalP::Pxyl-calP (V15A)-flag, ΔcalP::Pxyl-calP (Y19A)-flag, and 

ΔcalP::Pxyl-calP (G20A)-flag. (G) ΔcalP::Pxyl-calP-ø, ΔcalP::Pxyl-calP-flag, 

ΔcalP::Pxyl-calP (V13A)-flag, ΔcalP::Pxyl-calP (A16P)-flag, and ΔcalP::Pxyl-calP 

(A17P)-flag. (H) ΔcalP::Pxyl-calP-ø, ΔcalP::Pxyl-calP-flag, ΔcalP::Pxyl-calP 

(A18P)-flag, ΔcalP::Pxyl-calP (F22A)-flag, and ΔcalP::Pxyl-calP (K45A)-flag. (I) 

ΔcalP::Pxyl-calP-ø, ΔcalP::Pxyl-calP-flag, ΔcalP::Pxyl-calP (V21A)-flag, ΔcalP::Pxyl-

calP (W23A)-flag, and ΔcalP::Pxyl-calP (L24A)-flag. (J) ΔcalP::Pxyl-calP-ø, 

ΔcalP::Pxyl-calP-flag, ΔcalP::Pxyl-calP (S25A)-flag, ΔcalP::Pxyl-calP (M26A)-flag, 

and ΔcalP::Pxyl-calP (R27A)-flag. (K) ΔcalP::Pxyl-calP-ø, ΔcalP::Pxyl-calP-flag, 

ΔcalP::Pxyl-calP (E28A)-flag, ΔcalP::Pxyl-calP (K29A)-flag, and ΔcalP::Pxyl-calP 

(P30A)-flag. (L) ΔcalP::Pxyl-calP-ø, ΔcalP::Pxyl-calP-flag, ΔcalP::Pxyl-calP 

(H31A)-flag, ΔcalP::Pxyl-calP (Q32A)-flag, ΔcalP::Pxyl-calP (K33A)-flag, and 

ΔcalP::Pxyl-calP (R37A)-flag (only the untreated sample). (M) ΔcalP::Pxyl-calP-ø, 

ΔcalP::Pxyl-calP-flag, ΔcalP::Pxyl-calP (G34A)-flag, ΔcalP::Pxyl-calP (P35A)-flag, 

ΔcalP::Pxyl-calP (P36A)-flag, and ΔcalP::Pxyl-calP (R37A)-flag (only the MMC-

treated sample). 
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Table A1. Table summarising proteins found in a nucleotide homology test 

(BLASTN) of calP in the NCBI platform. Genes are shown from top to bottom in 

descendent order of identity with calP (in percentage). Only proteins with an 

identity greater than 95% were selected and summarised in the table. The blue 

names indicate the initials of the species that harbour the gene (left side of the colon) 

and the gene name (right side of the colon). The annotation on top of each image 

indicates the predicted function of the protein encoded by the gene and/or the 

protein family. The length indicates the number of nucleotides in each gene. The 

identity shows the relative number of nucleotides that correspond to the subject 

gene and calP (query) and the result of this ratio (in percentage). Gaps represent the 

number of nucleotide insertions that make the sequence non-consecutive for the 

alignment (represented in a ratio of nucleotides shifted and non-shifted and the 

result of this ratio (in percentage). The alignment shows two sequences, one on top 

called the query (calP) and another at the bottom called the subject (protein 

candidate found in the homology screening).  
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Fig. A19. The mean of the fluorescence values from MMC-TRC in WT and ΔcalP 

is significantly different. Estimation plot of Welch's t-test. The estimation plot 

compares the distribution of the fluorescence values of the accumulated MMC-TRC 

in WT and ΔcalP cells.  The dots indicate the numerical value in which the 

accumulation was situated. The numbers on the left Y-axis indicate the 

fluorescence. The numbers on the right Y-axis show the difference between means. 

On the X-axis are indicated the different strains tested in the assay. 
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Unpaired t-test with Welch's correction 
 

P value 0.0017 

P value summary ** 

Significantly different (P < 0.05)? Yes 

One- or two-tailed P value? Two-tailed 

Welch-corrected t, df t=5.781, df=5.428 

How big ws the difference? 
 

Mean of column C 61077 

Mean of column D 77841 

Difference between means (D - C) ± SEM 16764 ± 2900 

95% confidence interval 9483 to 24045 

R squared (eta squared) 0.8603 

  

F test to compare variances  

F, DFn, Dfd 1.962, 3, 3 

P value 0.5939 

P value summary ns 

Significantly different (P < 0.05)? No 

  

Data analysed  

Sample size, column C 4 

Sample size, column D 4 

Table A2. The different means of the fluorescence values of WT and ΔcalP in 

MMC-TRC are statistically significant. Table summarising the T-test calculations 

for the accumulation test values of WT and ΔcalP with MMC-TRC. The t-test with 

Welch´s correction was performed using the means of WT and ΔcalP values, 

employing GraphPad Prism statistical software (version 10.1.0). 
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