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ABSTRACT 24 

Previous studies have suggested that antibiotic vectorization by siderophores (iron 25 

chelators produced by bacteria) considerably increases the efficacy of such drugs. The 26 

siderophore serves as a vector: when the pathogen tries to take up iron via the siderophore, it 27 

also takes up the antibiotic. Catecholates are among the most common iron-chelating 28 

compounds used in synthetic siderophore-antibiotic conjugates. Using RT-qPCR and 29 

proteomic approaches, we showed that the presence of catecholate compounds in the medium 30 

of Pseudomonas aeruginosa led to strong activation of the transcription and expression of the 31 

outer membrane transporter PfeA, the ferri-enterobactin importer. 
55

Fe uptake assays on 32 

bacteria with and without PfeA expression confirmed that catechol compounds imported iron 33 

into P. aeruginosa cells via PfeA. Uptake rates were between 0.3 x 10
3 

and
 
2 x 10

3
 Fe 34 

atoms/bacterium/min according to the used catechol siderophore in iron-restricted medium, 35 

and remained as high as 0.8 x 10
3 

Fe atoms/bacterium/min for enterobactin, even in iron-rich 36 

medium. RT-qPCR and proteomic approaches showed that in parallel to this switching on of 37 

PfeA expression, a repression of the expression of pyochelin (PCH) pathway genes (PCH 38 

being one of the two siderophores produced by P. aeruginosa for iron acquisition) was 39 

observed.  40 

41 
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INTRODUCTION 42 

The emergence of resistant and, in some cases pan-resistant (resistant to all the 43 

antibiotics currently available) bacteria has led to an urgent need to discover new bactericidal 44 

molecules with different targets and innovative strategies for preserving or increasing the 45 

efficacy of known antibiotics. In recent years, a number of reviews have highlighted the 46 

possible use of bacterial iron uptake pathways as a Trojan horse strategy for promoting the 47 

transport of drugs into bacteria, thereby increasing their efficacy (Ji et al., 2012b; Rebuffat, 48 

2012; Page, 2013; Mislin and Schalk, 2014). Iron is a cofactor in many important biological 49 

processes, and it is therefore an essential nutrient for bacterial growth and infectious processes 50 

(Ratledge and Dover, 2000). One of the most common strategies for obtaining iron used by 51 

bacteria involves siderophores, small organic iron chelators (MW between 200 and 2000 Da; 52 

(Hider and Kong, 2011)). These molecules are synthesized by bacteria and have a high 53 

affinity for iron. They are released into the environment, where they scavenge iron highly 54 

efficiently before being taken up again by the bacteria, resulting in the transport of the iron 55 

they carry to the bacterial cytoplasm (Schalk et al., 2012; Schalk and Guillon, 2013). 56 

Antibiotics can be attached to siderophores in a Trojan horse strategy resulting in the delivery 57 

of the conjugates to the bacterial cytoplasm via siderophore-mediated iron uptake pathways. 58 

In Gram-negative bacteria, the ferri-siderophore complexes formed in the environment 59 

surrounding the bacterium are transported back across the bacterial outer membrane by 60 

specific TonB-dependent transporters (TBDTs), the uptake activity of which is regulated by 61 

the inner membrane protein TonB (Schalk et al., 2012). They are further transported across 62 

the inner membrane by specific ABC transporters or protonmotive force-dependent permeases 63 

(Schalk and Guillon, 2013). The iron is generally then released from the siderophores in the 64 

bacterial cytoplasm, through a process involving both iron reduction and an enzymatic 65 

degradation or modification of the siderophores (for a review see (Schalk and Guillon, 2013)). 66 A
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In some siderophore pathways, a different sequence of events occurs: for example, during 67 

iron uptake via pyoverdine (PVD) or citrate in P. aeruginosa, the iron is released from the 68 

siderophore in the periplasm, and only the iron is transported further into the cytoplasm, by an 69 

ABC transporter (Greenwald et al., 2007; Marshall et al., 2009; Brillet et al., 2012; Schalk 70 

and Guillon, 2013).  71 

Most bacteria acquire iron by producing their own siderophores, but they can also use 72 

siderophores from other microorganisms (siderophore piracy). P. aeruginosa, an opportunist 73 

pathogen, used as a model organism in this study, produces two major siderophores, 74 

pyoverdine (PVD) and pyochelin (PCH). However, it can also use many xenosiderophore (not 75 

produced by the bacterium itself) like pyoverdines from other pseudomonads, enterobactin 76 

(Poole et al., 1990), cepabactin (Mislin et al., 2006), mycobactin and carboxymycobactin 77 

(Llamas et al., 2008), desferrichrysin, desferricrocin, coprogen (Meyer, 1992)), vibriobactin, 78 

aerobactin, fungal siderophores (ferrichrome (Llamas et al., 2006), deferrioxamines (Vasil 79 

and Ochsner, 1999; Llamas et al., 2006), and natural chelators, such as citrate (Cox, 1980; 80 

Harding and Royt, 1990), (for reviews see (Poole and McKay, 2003; Cornelis and Dingemans, 81 

2013)).  82 

Many studies have shown that siderophore iron uptake pathways can be used to 83 

transport antibiotics into bacteria (Mollmann et al., 2009; Ji et al., 2012b; Page, 2013; Mislin 84 

and Schalk, 2014). Microorganisms have themselves developed siderophore-antibiotic 85 

conjugates known as sideromycins (Braun and Braun, 2002; Braun et al., 2009; Mislin and 86 

Schalk, 2014), in which the antibiotic moiety is connected to the siderophore via a spacer arm. 87 

The archetypal conjugates of this type are albomycins (Benz et al., 1982; Braun and Braun, 88 

2002; Mislin and Schalk, 2014), ferrimycins (Bickel et al., 1965), danomycins (Tsukiura et 89 

al., 1964), salmycins (Tsukiura et al., 1964) and certain microcins (de Lorenzo, 1984; de 90 

Lorenzo et al., 1984; Thomas et al., 2004; Destoumieux-Garzon et al., 2006; Nolan and 91 A
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Walsh, 2008). These natural siderophore-antibiotic conjugates can chelate iron(III) and are 92 

then transported into the target bacterium via the siderophore-dependent iron uptake 93 

pathways. This energy-coupled transport across the bacterial membranes greatly increases the 94 

antibiotic efficacy of sideromycins: their minimal inhibitory concentration is often at least 95 

two orders of magnitude lower than that of the antibiotic without the siderophore, which 96 

enters the cell by diffusion (Braun et al., 2009).
 
Trojan horse strategies based on the use of 97 

bacterial iron uptake pathways are, therefore, currently considered to be a promising approach 98 

for the treatment of infection. Several research teams have developed different synthetic 99 

siderophore-antibiotic conjugates (Rivault et al., 2007; Page et al., 2010; Noel et al., 2011; Ji 100 

et al., 2012b; Ji et al., 2012a; Milner et al., 2013; Page, 2013; Wencewicz et al., 2013; 101 

Wencewicz and Miller, 2013; Fardeau et al., 2014; Zheng and Nolan, 2014; Ji and Miller, 102 

2015), some of which have potentially useful antibiotic activities. 103 

However, for such Trojan horse strategies to be effective, the target bacteria must 104 

prefer to use xenosiderophores present in their environment rather than producing their own 105 

siderophores to obtain iron. In this context, it is vital to have a precise understanding of the 106 

ability of bacteria to sense the presence of xenosiderophores (or sideromycins in a Trojan 107 

horse strategy) in their environment and to switch from one siderophore pathway to another 108 

for iron acquisition. Catecholate siderophores are the iron-chelating compounds most 109 

frequently tethered to various antibiotics (Ji et al., 2012a; Wencewicz and Miller, 2013; 110 

Fardeau et al., 2014; Zheng and Nolan, 2014; Chairatana et al., 2015). In this study, we 111 

therefore evaluated the capacity of P. aeruginosa to use several catechol xenosiderophores in 112 

conditions of iron limitation: enterobactin (a well known siderophore produced by 113 

Escherichia coli, used here as a reference), protochelin and azotochelin (siderophores 114 

produced by Azotobacter vinelandii (Knosp et al., 1984; Cornish and Page, 2000)) and two 115 

synthetic chelators (the tris-catechol vector, TCV and the bis-catechol vector, BCV (Baco et 116 A
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al., 2014)), which could potentially be used for the vectorization of antibiotics for transport 117 

into P. aeruginosa cells (Figure 1). We show here that when P. aeruginosa cells are grown in 118 

the presence of catechol compounds, the expression of the TBDT PfeA (the enterobactin outer 119 

membrane transporter) is highly activated and the expression of the genes encoding for 120 

proteins involved in the endogenous PCH iron uptake pathway is repressed. Using 
55

Fe 121 

uptake assays, we show that iron is transported by these catechol compounds via PfeA, into P. 122 

aeruginosa cells. 123 

124 
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RESULTS  125 
Enterobactin, azotochelin, protochelin, BCV and TCV induce the expression of the outer 126 

membrane transporter PfeA. P. aeruginosa is known to be able to sense xenosiderophores in 127 

its extracellular environment, and the detection of these molecules leads to an upregulation of 128 

the genes encoding the corresponding ferrisiderophore uptake proteins (Dean and Poole, 129 

1993; Llamas et al., 2008; Llamas et al., 2014). We used RT-qPCR and proteomic approaches 130 

to investigate whether the presence of catecholate chelators in the growth medium activated 131 

the transcription of one or more siderophore TBDTs in P. aeruginosa. For both approaches, 132 

experiments were carried out with PAO1 ATCC15692 and the corresponding PVD- and 133 

PCH-deficient ∆pvdF∆pchA strain (Table S1 in the Supporting Information) grown in LB or 134 

iron-deficient CAA medium, with or without supplementation with 10 µM of enterobactin 135 

(the reference compound), azotochelin, protochelin, BCV or TCV.  136 

We studied 10 genes in RT-qPCR experiments: 7 genes corresponding to TBDTs 137 

(piuA, pirA, pfeA, cirA, fvbA, pfuA and PA0434) potentially involved in iron acquisition via 138 

catechol chelators according to the annotation of the P. aeruginosa PAO1 genome (Winsor et 139 

al., 2011), the fpvA and fptA genes to assess changes in the transcription of the genes encoding 140 

the PVD and PCH TBDTs, and the housekeeping gene uvrD, which was used for 141 

normalization. RT-qPCR demonstrated a large increase in transcript levels for pfeA (Figure 2) 142 

but not for any of the other TBDT genes tested (fold-changes of less than 7 for these other 143 

genes; Figure S1 in the Supporting Information) in the presence of enterobactin and the other 144 

four catecholate chelators tested. In the iron-deficient CAA medium, all five molecules tested 145 

strongly activated the transcription of pfeA, even in the wild-type strain PAO1, which 146 

produced and secreted large amounts of the endogenous siderophores, PVD and PCH 147 

(Cunrath et al., 2015a). TCV and protochelin were the most effective activators of pfeA 148 

transcription (3,000- and 4,500-fold changes in PAO1 and ∆pvdF∆pchA, respectively), 149 

followed by protochelin, enterobactin (1,400-fold change), and azotochelin, with BCV the 150 A
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least effective molecule (520- and 810-fold changes in PAO1 and ∆pvdF∆pchA, respectively). 151 

In LB medium (containing about 4 µM iron (Cunrath et al., 2015a)), TCV, protochelin and 152 

enterobactin were able to promote pfeA transcription in both strains tested, with fold-changes 153 

of between 100 and 700 for TCV (Figure 2F). In LB medium, TCV was again the most 154 

effective compound for the activation of pfeA transcription. This activation of pfeA 155 

transcription in LB medium strongly suggested that P. aeruginosa made use of the 156 

enterobactin pathway to acquire iron even in iron-rich media, such as LB, if tris-catechol 157 

siderophores were present. The proteomic investigation was carried out on the wild-type 158 

PAO1 strain grown in CAA medium in the presence of enterobactin, BVC or TCV (Figure 3). 159 

It clearly demonstrated an activation of expression for the PfeA gene but for no other TBDT 160 

gene (Figure 3A).  161 

In conclusion, RT-qPCR and proteomic investigations showed strong induction of the 162 

transcription and expression of pfeA in the presence of catechol chelators in iron-deficient and 163 

iron-rich media. 164 

 165 

Enterobactin, azotochelin, protochelin, BCV and TCV can transport iron into P. 166 

aeruginosa cells via the TBDT PfeA. The activation of pfeA transcription and expression in 167 

the presence of the various catechol siderophores strongly suggests that these chelators 168 

transport iron into P. aeruginosa cells via this TBDT. We therefore assessed the ability of a 169 

mutant with a pfeA deletion to transport and accumulate 
55

Fe in the presence of the various 170 

catechol siderophores.  171 

In the first experiment (Figure 4A-4E), we prevented iron uptake by the endogenous 172 

siderophores by using the PCH- and PVD-negative P. aeruginosa mutant ∆pvdF∆pchA and 173 

its pfeA deletion mutant derivative ∆pvdF∆pchA∆pfeA, grown in the presence of 10 µM 174 

enterobactin to induce PfeA expression. We also repeated all the 
55

Fe uptake experiments 175 A
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with cells subjected to pretreatment with the protonophore CCCP (Figure 4A-4E), which 176 

inhibits the protonmotive force of the bacteria, thereby preventing any TonB-dependent 177 

uptake (Clément et al., 2004). 
55

Fe uptake was observed in ∆pvdF∆pchA cells (shown in black 178 

in Figure 4A-4E) in the presence of the five molecules tested, but not in cells that had been 179 

treated with CCCP (shown in green in Figure 4A-4E). Thus, none of the five catechol-
55

Fe 180 

complexes tested were able to diffuse across the outer membrane: the iron uptake observed 181 

was mediated exclusively by TBDTs. A complete inhibition of iron uptake was also observed 182 

for the pfeA mutant in the presence of enterobactin-
55

Fe, protochelin-
55

Fe and TCV-
55

Fe 183 

(shown in red in Figure 4A, 4C and 4E), as shown by comparison with the ∆pvdF∆pchA 184 

strain expressing PfeA, indicating that these three compounds transport iron into P. 185 

aeruginosa cells via PfeA only, with no other TBDT able to perform this function. In the 186 

presence of BCV and, to a lesser extent, azotochelin (Figure 4D and 4B), the inhibition of 187 

55
Fe uptake in ∆pvdF∆pchA∆pfeA cells was incomplete, suggesting the involvement of 188 

another TBDT, in addition to PfeA, in iron acquisition by these two bis-catechol compounds. 189 

Iron uptake was restored by the complementation of ∆pvdF∆pchA∆pfeA with pMMB190pfeA, 190 

a pMMB derivative carrying the pfeA gene for all five catecholate compounds tested (shown 191 

in blue in Figure 4A-4E).  192 

As all the 
55

Fe uptake assays with the different catechol siderophores were carried out 193 

with enterobactin as the inducer of pfeA expression, the expression levels of this protein are 194 

equivalent in all the uptake assays using PAO1 in Figures 4A-4E. Therefore, the 
55

Fe 195 

transport efficiency of the different catecholate compounds can be compared: uptake rates of 196 

2 x 10
3
 Fe atoms/bacterium/min were recorded in the presence of enterobactin as siderophore, 197 

1.3 x 10
3
 Fe atoms/bacterium/min in the presence of azotochelin, 0.6 x 10

3
 in the presence of 198 

protochelin or BCV and 0.3 10
3
 Fe atoms/bacterium/min for TCV. In these experimental 199 A
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conditions, TCV appears about 7 times less efficient than enterobactin for 
55

Fe uptake in P. 200 

aeruginosa. 201 

We then compared these uptake rates obtained with PVD- and PCH-deficient 202 

∆pvdF∆pchA cells grown in conditions of iron limitation with those obtained when 203 

siderophore-producing PAO1 cells were grown in iron-rich media (Figure 5 and Table 1). The 204 

idea here was to compare 
55

Fe uptake by catecholate compounds in more favorable (iron-205 

restricted growth conditions with a strain unable to produce any endogenous siderophore) and 206 

less favorable conditions (iron-rich growth conditions with a strain able to produce two 207 

endogenous siderophores). In addition, we also investigated the effect of (i) a lack of 208 

induction of PfeA expression (black bares in Figure 5), (ii) induction with the siderophore 209 

enterobactin (gray bares in Figure 5) and (iii) induction with the catechol chelator used in the 210 

55
Fe uptake assays (white bares in Figure 5), which lead to the induction of the transporter 211 

with different efficiencies according to Figure 2.  212 

A significant 
55

Fe uptake via PfeA was observed only when the bacteria were grown 213 

in the presence of a catechol chelator inducing PfeA expression (Figure 5), confirming again 214 

that this TBDT must be expressed to observe any 
55

Fe uptake in the presence of such 215 

compounds. However, this rule was not respected in the case PAO1 cells grown in LB with 216 

protochelin and TCV used as siderophores. The second interesting point is an efficient iron 217 

transport via enterobactin, azotochelin and BCV even in PVD- and PCH-producing P. 218 

aeruginosa cells grown in iron-rich medium. At last, iron uptake rates did not differ 219 

significantly between cells in which PfeA expression was induced with enterobactin and cells 220 

in which PfeA expression was induced with the siderophores used for 
55

Fe uptake assays, 221 

despite the high capacity of compounds such as TCV to induce PfeA expression (Figure 2F). 222 

This apparent absence of connection between the level of PfeA expression and iron uptake 223 A
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rates may be due to differences in siderophores recognition efficiencies with the different 224 

proteins of the enterobactin iron uptake pathway in P. aeruginosa.  225 

Thus, all the five catechol compounds transported iron into P. aeruginosa cells via 226 

PfeA, with enterobactin being the more efficient. The uptake rates could reach with 227 

enterobactin 1306 ± 220 Fe atoms/bacterium/min in P. aeruginosa cells unable to produce 228 

siderophores grown in iron-deficient medium, and it remained as high as 827 ± 64 Fe 229 

atoms/bacterium/min, even in a PVD- and PCH-producing strain grown in iron-rich medium 230 

(Figure 5 and Table 1). 231 

 232 

Enterobactin, azotochelin, protochelin, BCV and TCV repress the expression of the PCH 233 

pathway, but not that of the PVD pathway. In parallel with the induction of PfeA expression, 234 

proteomic analyses on P. aeruginosa cells grown in iron-deficient medium in the presence of 235 

10 µM enterobactin, BCV or TCV showed a repression of the expression of the genes 236 

involved in PCH biosynthesis (pchA, pchB, pchC, pchD, pchE, pchF and pchG), the genes 237 

encoding the outer and inner membrane importers of PCH-Fe (fptA and fptX, respectively) 238 

and the pchH and pchI genes of the PCH locus, the functions of which are unknown (Figure 239 

3B). No effect on the expression of the genes of the PVD locus was observed. Since P. 240 

aeruginosa cells produce no PVD and PCH in LB (an iron-rich medium; (Cunrath et al., 241 

2015a)), the repression of PCH pathway genes in the presence of catecholate compounds was 242 

observed only in conditions of iron limitation (CAA medium). RT-qPCR experiments 243 

confirmed that, in conditions of iron limitation, the presence of catechol compounds in the 244 

growth medium of P. aeruginosa clearly repressed the transcription of pchE (a non-ribosomal 245 

peptide synthetase involved in PCH biosynthesis), fptA and fptX (Figure 6A), with an 80 % 246 

decrease in the fold–changes recorded. Again, no repression of transcription was observed for 247 

the genes of the PVD pathway (fpvA, encoding the TBDT; fpvF, encoding a periplasmic 248 A
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binding protein involved in ferri-PVD import and pvdJ, encoding an enzyme involved in PVD 249 

biosynthesis; Figure 6B).  250 

We investigated the timing of this repression using P. aeruginosa cells expressing 251 

mCherry-tagged PchE or FptX (pchEmcherry and fptXmcherry, Table S1 in Supplemental 252 

Information). The constructions of these strains have been described previously (Cunrath et 253 

al., 2015b; Gasser et al., 2015). Chromosomal insertion of mcherry was chosen to obtain 254 

physiological protein expression levels. The insertion of mcherry, by allelic exchange, into 255 

wild-type PAO1 produced strains expressing mCherry fused to the C-terminus of either FptX 256 

(fptXmcherry strain) or PchE (pchEmcherry strain). We monitored the growth of these two 257 

strains in iron-depleted CAA medium after addition of 200 µM enterobactin, BCV or TCV, 258 

by measuring optical density at 600 nm upon time (Figure 7). These two strains carrying the 259 

fusion proteins grew as well as the parental strains PAO1 and the addition of the catechol 260 

compounds stimulated bacterial growth, a feature commonly observed with siderophores 261 

(Youard et al., 2007). After 8 h culture, PchE-mCherry and FptX-mCherry were already 262 

expressed in P. aeruginosa cells, and a clear repression of PchE-mCherry and FptX-mCherry 263 

expression was observed, beginning about one hour after the addition of catechol chelators to 264 

the growth medium. This repression was most effective with TCV and least effective with 265 

BCV, and persisted over about 20 h of culture. 266 

This switching off of the PCH pathway was confirmed by carrying out PCH-
55

Fe 267 

uptake assays (Figure 4F) on P. aeruginosa cells grown in the presence or absence of BCV or 268 

TCV. 
55

Fe uptake via PCH was observed for bacteria grown in the presence of BCV or TCV, 269 

indicating that the repression of the PCH pathway documented by proteomic and RT-qPCR 270 

studies was not total, with the bacteria still able to acquire iron via PCH. However, 
55

Fe 271 

uptake was clearly slower in cells grown in the presence of BCV or TCV (no plateau reached 272 A
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after more than 15 min, Figure 4F curve in blue and red) than in cells grown in the absence of 273 

these compounds (plateau reached in about 3 min, Figure 4F curve in black).  274 

These data show that the presence of catechol chelators in the growth medium of P. 275 

aeruginosa cells strongly represses the proteins of the PCH pathway. This repression occurred 276 

after about one hour of growth in planktonic conditions in CAA medium and was maintained 277 

throughout the rest of the culture period (20 h). This repression was not total, with the 278 

bacterium still able to acquire iron via the PCH siderophore. 279 

280 
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DISCUSSION 281 

 In addition to its own siderophores, PVD and PCH, P. aeruginosa can use many 282 

siderophores produced by other microorganisms (Poole and McKay, 2003; Cornelis 283 

and Dingemans, 2013), consistent with the presence in the genome of this pathogen of 284 

more than 30 genes encoding TBDTs (Cornelis and Bodilis, 2009), which act as gates 285 

allowing the various ferrisiderophore complexes to enter bacteria. All these 286 

siderophore-dependent iron uptake pathways, indicating a high potential of this 287 

bacterium to adapt to different conditions of iron limitation, may be also considered as 288 

possible gates for the entry of siderophore-antibiotic conjugates in Trojan horse 289 

strategies. 290 

We show here that the presence in the growth medium of catechol 291 

xenosiderophores (azotochelin and protochelin) or two synthetic chelators (BCV and 292 

TCV) that can be linked to antibiotics by click chemistry induced the expression of 293 

PfeA in P. aeruginosa, as previously reported for enterobactin (Dean and Poole, 1993). 294 

By contrast, no other TBDT was induced (Figure 2 and 3A). The efficiency of PfeA 295 

induction was highest for TCV, followed by protochelin, enterobactin, azotochelin and, 296 

finally BCV. Dean and Poole have shown that two genes, pfeS and pfeR (located 297 

immediately upstream from pfeA), encode the sensor kinase and response regulator, 298 

respectively, of a two-component system involved in regulating pfeA expression in 299 

response to enterobactin (Dean and Poole, 1993; Rodrigue et al., 2000). It is tempting 300 

to hypothesize that this two-component system is also involved in the regulation of 301 

pfeA expression in response to other catechol compounds. The sequence of PfeS 302 

suggests that it is an inner membrane protein (Dean and Poole, 1993), and further 303 

studies are required to gain insight into the mechanism of stimulus perception by this 304 A
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protein: do the catechol compounds interact with this protein only after their transport 305 

into the bacterial periplasm or is another mechanism involved?  306 

  Despite the current lack of information concerning the molecular mechanisms 307 

underlying this stimulation of PfeA expression, the findings presented here already 308 

have interesting implications for the development of siderophore conjugates for Trojan 309 

horse strategies. First, the induction of PfeA expression (or switching on of the 310 

enterobactin pathway) was even significant in a wild-type PAO1 strain, indicating that, 311 

in the presence of catechol compounds, P. aeruginosa makes use of these molecules to 312 

obtain iron, despite its ability to produce the highly efficient siderophores PVD and 313 

PCH. In addition, the enterobactin pathway was switched on even in iron-rich medium 314 

(LB), leading to efficient iron uptake via this siderophore: 827 ± 64 Fe 315 

atoms/bacterium/min (Figure 5 and Table 1). The total iron content of bacteria in this 316 

medium is in the range of 810,000 Fe atoms/bacterium (Cunrath et al., 2015a). 317 

This switching on of the enterobactin pathway was accompanied by a clear 318 

repression of the expression of the PCH pathway. However, the PCH pathway was not 319 

totally switched off (Figure 3F), the bacteria were still able to gain access to iron via 320 

PCH at any moment. This repression occurred as long as the bacteria were in contact 321 

with catechol chelators (Figure 7). No repression of the PVD pathway was observed. 322 

Interestingly, this hierarchy of iron uptake pathway expression reflects the affinity of 323 

the siderophores for ferric iron (10
52

 M
-1

, 10
30.8 

M
-1

 and 10
28.8

 M
-2

 for enterobactin, 324 

PVD and PCH, respectively (Carrano and Raymond, 1979; Albrecht-Gary et al., 1994; 325 

Brandel et al., 2012)). Moreover iron chelation needs only one molecule of 326 

enterobactin or PVD per iron ion, but two molecules of PCH (2:1 -PCH:Fe- 327 

stoichiometry) to get an octahedral coordination. This suggests that, when several 328 

siderophores are present in the bacterial environment, the siderophore most successful 329 A
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at chelating the available iron will scavenge it and deliver it to the microorganism. 330 

Consequently, the bacterium will specifically up regulate the expression of all the 331 

proteins required to obtain iron via this specific siderophore. In the presence of 332 

tricatechol chelators, PCH, which has a lower affinity for iron and chelates this metal 333 

with a 2:1 (PCH:Fe) stoichiometry, is probably not competitive for the chelation of this 334 

metal. Consequently, fewer PCH-Fe complexes are formed and transported into P. 335 

aeruginosa cells for activation of the PCH pathway via the cytoplasmic regulator 336 

PchR. By contrast, the presence of catechol-Fe complexes in the bacterial environment 337 

leads to the enterobactin pathway being switched on. Accordingly, in the development 338 

of siderophore-antibiotic conjugates, it may be important to design a siderophore 339 

moiety with a high enough affinity for iron to compete with the natural siderophores 340 

produced by the pathogen. Consequently, it is not surprising that compounds like 341 

siderophore conjugate monocarbams are poorly efficient in a Trojan horse strategy in 342 

P. aeruginosa infections (Tomaras et al., 2013; Kim et al., 2015). Such compounds 343 

have certainly affinities for iron lower than that of PCH and will not be competitive 344 

with the endogenous siderophores to provide iron to P. aeruginosa cells. Moreover, the 345 

iron chelation stoichiometry of such compounds is not 1:1 (siderophore:Fe) as for 346 

many natural siderophores; therefore iron loaded monocarbam conjugates may have 347 

complex tridimensional structures, which may be poorly recognized by TBDT for 348 

uptake.  349 

  55
Fe uptake assays demonstrated that P. aeruginosa cells used the TBDT PfeA 350 

to assimilate iron complexed with catechol compounds (Figure 4). Deletion of the PfeA 351 

gene abolished completely iron uptake by these compounds, with the exception of 352 

BCV, for which another, as yet unidentified TBDT must be involved in BCV-Fe 353 

assimilation. Previous studies have suggested that TBDTs are highly specific for iron 354 A
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transport via one specific siderophore or structurally related siderophores, but never 355 

siderophores with very different chemical structures (for a review see (Schalk et al., 356 

2012)). In P. aeruginosa, PfeA recognizes the ferric forms of the tris-catechol 357 

compounds enterobactin, azotochelin and TCV, but also the bis-catechol compounds 358 

protochelin and BCV at the bacterial cell surface and transports them across the outer 359 

membrane. Consequently, PfeA should be able to take up BCV-antibiotic and TCV-360 

antibiotic conjugates. 361 

  In all conditions tested, enterobactin was the most efficient siderophore for iron 362 

uptake into P. aeruginosa, whereas protochelin with TCV were the least efficient 363 

(figures 4 and 5 and Table S4): 1306 ± 220 Fe atoms/bacterium/min for enterobactin 364 

and 273 ± 62 Fe atoms/bacterium/min for protochelin, for cells grown in iron-deficient 365 

conditions. Surprisingly, the uptake rates of the different catechol chelators did not 366 

reflect the ability of these compounds to induce PfeA expression. This apparent 367 

absence of connection between the level of PfeA expression and the rates of iron 368 

uptake mediated by catechol siderophores may be due to differences in the recognition 369 

and interaction efficiencies between these catecholate compounds and the different 370 

protein partners involved in iron acquisition via enterobactin in P. aeruginosa.  371 

  The iron uptake rates of enterobactin (1306 ± 220 Fe atoms/bacterium/min in 372 

iron-deficient medium and 827 ± 64 Fe atoms/bacterium/min in LB –Figure 5 and 373 

Table 1-) indicate that this siderophore should be able to transport large amounts of 374 

antibiotics in a Trojan horse strategy. The lower uptake rate of protochelin and TCV 375 

probably reflects difficulties interacting with one of the proteins involved in 376 

enterobactin uptake pathway: PfeA or another, unidentified partner. Iron uptake via 377 

enterobactin has been studied in detail in E. coli and involves transport across the outer 378 

membrane by the TBDT FepA, across the inner membrane by the ABC transporter 379 A
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FepBCD and the release of the metal from the siderophore in the cytoplasm, via a 380 

mechanism involving iron reduction and siderophore hydrolysis (Raymond et al., 381 

2003; Schalk and Guillon, 2013). This scenario does not seem to apply to P. 382 

aeruginosa, particularly as the operon containing pfeA in this bacterium contains only 383 

the PA2689 gene (downstream from pfeA) encoding a putative esterase (Winsor et al., 384 

2011) with a typical signaling sequence suggesting a periplasmic distribution. No gene 385 

coding for an inner membrane transporter is present on the genome in the vicinity of 386 

pfeA, strongly suggesting that, as for iron acquisition via PVD, iron may be released 387 

from enterobactin and other catechol chelators in the periplasm of P. aeruginosa, 388 

rather than in the cytoplasm as in E. coli. However, further studies are required to 389 

obtain insight into the enterobactin pathway in P. aeruginosa, to identify the various 390 

protein partners and molecular mechanisms involved and to improve our understanding 391 

to facilitate the design of optimal catechol-antibiotic conjugates transported into P. 392 

aeruginosa cells with the same efficiency as for the natural siderophore enterobactin. 393 

  In conclusion, the development of Trojan horse strategies involves considering 394 

different parameters to ensure the design of siderophore-antibiotic compounds with a 395 

high probability of ensuring effective drug delivery. It involves the synthesis of 396 

siderophore-antibiotic conjugates having a very high affinity for iron, able to compete 397 

for this nutrient with the endogenous siderophores produced by the target bacterium. 398 

Moreover, it is crucial that the siderophore-antibiotic conjugates once loaded with iron 399 

can still be recognized by TBDTs with good affinities. Consequently, vectors having 400 

structural homologies with natural siderophores will be vectors with the highest 401 

probability to transport efficiently antibiotics into bacteria. At last, the development of 402 

such Trojan horse strategies also requires an excellent knowledge of the molecular 403 

mechanisms involved in ferrisiderophore uptake.  404 A
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  The data presented here indicate that enterobactin-antibiotic conjugates should 405 

have a high potential for activating PfeA transcription, facilitating the transport of 406 

large amounts of antibiotic into the bacteria (the transport of 800 to 2000 molecules of 407 

antibiotic might be predicted). The high potential of TCV to activate the transcription 408 

of PfeA is also of potential interest in such a study, to ensure that the catechol-409 

antibiotic conjugates remain close to the bacterial cell surface, ready to be transported. 410 

An ideal catechol vector for the transport of antibiotics into bacteria would be a 411 

compound able to activate the transcription of PfeA, like TCV, but able to ensure 412 

transport with the uptake rate of enterobactin. 413 

414 
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MATERIALS AND METHODS 415 

Chemicals. The pyochelin (PCH) used for 
55

Fe uptake assays was synthesized and purified as 416 

previously described (Zamri and Abdallah, 2000; Youard et al., 2007). Enterobactin was 417 

purchased from Sigma-Aldrich. Azotochelin (BCS), BCV and TCV were synthesized as 418 

previously described (Baco et al., 2014). The syntheses of protochelin (TCS) is described in 419 

the Supplementary Material. 420 

Bacterial strains, plasmids and growth conditions. The P. aeruginosa and Escherichia coli 421 

strains and plasmids used in this study are listed in Table S1 in Supporting Information. E. 422 

coli strains were routinely grown in Luria-Bertani broth [(LB); Difco] at 37°C. P. aeruginosa 423 

strains were first grown overnight at 30°C in LB broth and were then washed, resuspended 424 

and cultured overnight at 30°C in iron-deficient CAA medium (casamino acid medium, 425 

composition: 5 g l
-1

 low-iron CAA (Difco), 1.46 g l
-1

 K2HPO4 3H2O, 0.25 g l
-1

 MgSO4 7H2O. 426 

Carbenicillin was added at a concentration of 150 µg ml-1 when required. 427 

Mutant construction. All enzymes for DNA manipulation were purchased from Fermentas 428 

and were used in accordance with the manufacturer’s instructions. E. coli strain TOP10 429 

(Invitrogen) was used as the host strain for all plasmids. The DNA fragments from P. 430 

aeruginosa used for cloning were amplified from the genomic DNA of the PAO1 strain with 431 

Phusion High-Fidelity DNA polymerase (ThermoFisher Scientific). The primers used are 432 

listed in Table S2 of the Supporting Information. As previously described (Guillon et al., 433 

2012), the general procedure involved the insertion of the 700 bp flanking sequences on either 434 

side of the gene to be deleted into the pME3088 suicide vector (Voisard et al., 1994). 435 

Mutations in the chromosomal genome of P. aeruginosa were generated by transferring the 436 

suicide vector from E. coli TOP10 strains into the PAO1 strain and allowing the plasmid to 437 

integrate into the chromosome, with selection for tetracycline resistance. A second crossing-438 

over event excising the vector was achieved by enrichment for tetracycline-sensitive cells, to 439 A
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generate the corresponding mutants (Ye et al., 1995). All gene-deletion mutants were verified 440 

by PCR and sequencing. 441 

For construction of the complementation plasmid encoding pfeA under the control of its own 442 

promoter, the gene was amplified from the chromosomal DNA of P. aeruginosa PAO1 by 443 

PCR with the pfeAatg-104F and pfeAstop+31R primers (Table S2 in Supporting 444 

Information). The PCR fragment was trimmed by digestion with EcoRI and HindIII and 445 

inserted between the sites for these enzymes in pMMB190 (Morales et al., 1991) and bacteria 446 

transformed with this vector. 447 

Growth and quantification of fluorescence intensity. The cells were cultured overnight in 448 

CAA medium, pelleted by centrifugation and resuspended in fresh CAA medium and the 449 

resulting suspension was diluted so as to obtain an optical density at 600 nm of 0.01 units. We 450 

dispensed 200 µl of the suspension per well into a 96-well plate (Greiner, U-bottomed 451 

microplate). The plate was incubated at 30°C, with shaking, in a Tecan microplate reader 452 

(Infinite M200, Tecan) for measurements of OD600nm and mCherry (excitation/emission 453 

wavelengths: 570 nm/610 nm) fluorescence at 30-minute intervals, for 40 h. After 8 h of 454 

culture, we added 200 µM enterobactin, BCV or TCV and continued measurements of 455 

OD600nm and mCherry fluorescence. We calculated the mean of three replicates for each 456 

measurement. 457 

Quantitative real-time PCR.  Specific gene expression was measured by reverse 458 

transcription-quantitative PCR (RT-qPCR), as previously described (Gross and Loper, 2009). 459 

Briefly, overnight cultures of strains grown in LB or CAA medium were pelleted, 460 

resuspended and diluted in fresh medium to obtain an OD600nm of 0.1 units. The cells were 461 

then incubated in the presence or absence of 10 µM enterobactin, azotochelin, protochelin, 462 

BCV and TCV, with vigorous shaking, at 30°C for 3 h (LB medium) or 8 h (CAA medium). 463 

An aliquot of 2.5 x 10
8
 cells from this culture was added to two volumes of RNAprotect 464 A
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Bacteria Reagent (Qiagen). Total RNA was extracted with an RNeasy Mini kit (Qiagen), 465 

treated with DNase (RNase-Free DNase Set, Qiagen) and purified with an RNeasy Mini Elute 466 

cleanup kit (Qiagen). We then reverse-transcribed 1 µg of total RNA with a High-Capacity 467 

RNA-to-cDNA Kit, in accordance with the manufacturer’s instructions (Applied Biosystems). 468 

The amounts of specific cDNAs were assessed in a StepOne Plus instrument (Applied 469 

Biosystems) with Power Sybr Green PCR Master Mix (Applied Biosystems) and the 470 

appropriate primers (Table S1), with the uvrD mRNA used as an internal control. The 471 

transcript levels for a given gene in a given strain were normalized with respect to those 472 

for uvrD and are expressed as a ratio (fold-change) relative to the reference conditions.  473 

Proteomics analysis. For the digestion and cleanup steps, 10
9
 P. aeroginosa cells were lysed 474 

in 50 l lysis buffer (2% sodium deoxycholate, 0.1M ammoniumbicarbonate) and disrupted 475 

by two cycles of sonication for 20 seconds (Hielscher Ultrasonicator). Protein concentration 476 

was determined by BCA assay (Thermo Fisher Scientific) using a small sample aliquot.  477 

Proteins were reduced with 5 mM TCEP (Tris (2-Carboxyethyl) phosphine Hydrochloride) 478 

for 10 min at 95°C, alkylated with 10 mM iodoacetamide for 30 min in the dark at room 479 

temperature. Sample were diluted with 0.1M ammoniumbicarbonate solution to a final 480 

concentration of 1% sodium deoxycholate before digestion with trypsin (Promega) at 37°C 481 

over night (protein to trypsin ratio: 50:1). After digestion, the samples were supplemented 482 

with TFA to a final concentration of 0.5% and HCl to a final concentration of 50 mM. 483 

Precipitated sodium deoxycholate was removed by centrifugation (15 minutes at 4°C at 484 

14,000 rpm). Then, peptides were desalted on C18 reversed phase spin columns according to 485 

the manufacturer’s instructions (Macrospin, Harvard Apparatus), dried under vacuum and 486 

stored at -80°C until further processing. 487 

For the shotgun proteomics assays, 1 ug of peptides of each sample were subjected to LC–MS 488 

(Liquid chromatography-mass spectrometry) analysis using a dual pressure LTQ-Orbitrap 489 A
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Elite mass spectrometer connected to an electrospray ion source (both Thermo Fisher 490 

Scientific) as described recently (Glatter et al., 2012) with a few modifications. In brief, 491 

peptide separation was carried out using an EASY nLC-1000 system (Thermo Fisher 492 

Scientific) equipped with a RP-HPLC column (75 μm × 45 cm) packed in-house with C18 493 

resin (ReproSil-Pur C18–AQ, 1.9 μm resin; Dr. Maisch GmbH, Ammerbuch-Entringen, 494 

Germany) using a linear gradient from 95% solvent A (0.15% formic acid, 2% acetonitrile) 495 

and 5% solvent B (98% acetonitrile, 0.15% formic acid) to 28% solvent B over 120 min at a 496 

flow rate of 0.2 μl/min. The data acquisition mode was set to obtain one high resolution MS 497 

scan in the FT part of the mass spectrometer at a resolution of 240,000 full width at half-498 

maximum (at m/z 400) followed by MS/MS scans in the linear ion trap of the 20 most intense 499 

ions using rapid scan speed. The charged state screening modus was enabled to exclude 500 

unassigned and singly charged ions and the dynamic exclusion duration was set to 30s. The 501 

ion accumulation time was set to 300 ms (MS) and 25 ms (MS/MS). 502 

For label-free quantification, the generated raw files were imported into the Progenesis LC-503 

MS software (Nonlinear Dynamics, Version 4.0) and analyzed using the default parameter 504 

settings. MS/MS-data were exported directly from Progenesis LC-MS in mgf format and 505 

searched against a decoy database the forward and reverse sequences of the predicted 506 

proteome from P. aeruginosa (SGD, download date: 04/03/2014, total of 23,971 entries) 507 

using MASCOT (version 2.4.0). The search criteria were set as follows: full tryptic specificity 508 

was required (cleavage after lysine or arginine residues); 3 missed cleavages were allowed; 509 

carbamidomethylation (C) was set as fixed modification; oxidation (M) as variable 510 

modification. The mass tolerance was set to 10 ppm for precursor ions and 0.6 Da for 511 

fragment ions. Results from the database search were imported into Progenesis and the final 512 

peptide feature list and the protein list containing the summed peak areas of all identified 513 

peptides for each protein, respectively, were exported from Progenesis LC-MS. Both lists 514 A
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were further statically analyzed using an in-house developed R script (SafeQuant) and the 515 

peptide and protein false discovery rate (FDR) was set to 1% using the number of reverse hits 516 

in the dataset (Glatter et al., 2012). 517 

Iron uptake. The protonophore CCCP (carbonyl cyanide m-chlorophenylhydrazone) was 518 

purchased from Sigma. 
55

FeCl3 was obtained from Perkin Elmer Life and Analytical Sciences 519 

(Billerica, MA, USA), in solution, at a concentration of 71.1 mM, with a specific activity of 520 

10.18 Ci/g. Siderophore-
55

Fe complexes were prepared at  
55

Fe concentrations of 20 µM, with 521 

a siderophore:iron (mol:mol) ratio of 20:1. Iron uptake assays were carried out as previously 522 

described for PVD-Fe transport (Schalk et al., 2001; Hoegy and Schalk, 2014), except that 523 

bacteria were grown in CAA medium in the presence or absence of 10 µM enterobactin or 524 

catechol chelator, to induce PfeA expression. The bacteria were then washed with 50 mM 525 

Tris-HCl pH 8.0, to eliminate the siderophores used to induce PfeA expression, and diluted to 526 

an OD600nm of 1. Bacteria were then incubated in the presence of 200 nM chelator-
55

Fe and 527 

the incorporation of radioactivity into the bacteria over time was monitored by filtration 528 

(Schalk et al., 2001; Hoegy and Schalk, 2014). The experiments were repeated with cells 529 

pretreated with 200 µM CCCP. This compound inhibits the protonmotive force across the 530 

bacterial cell membrane, thereby inhibiting TonB-dependent iron uptake (Clément et al., 531 

2004). For the data presented in Table S3, the radioactivity incorporated into the bacteria was 532 

monitored after 15 minutes of incubation with the chelator-
55

Fe complexes. 
55

Fe uptake 533 

assays in the presence of PCH-
55

Fe (200 nM) were carried out as for enterobactin except that 534 

the bacteria were harvest by centrifugation, as previously described (Hoegy et al., 2009; 535 

Hoegy and Schalk, 2014), and not by filtration to avoid an adsorption of PCH-
55

Fe on the 536 

GFB filters.  537 
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TABLE 744 
 745 

 
55

Fe atoms/bacterium/min  

 Enterobactin Azotochelin Protochelin BCV TCV 

PAO1 in LB 827 ± 64 299 ± 33 98 ± 4 661 ± 32 145 ± 14 

∆pvdF∆pchA in CAA 1306 ± 220 712 ± 126 273 ± 62 372 ± 68 363 ± 36 

 746 

Table 1: 
55

Fe assimilation in P. aeruginosa PAO1 and ∆pvdF∆pchA cells in the presence 747 

of 
55

Fe -loaded enterobactin, azotochelin, protochelin, BCV and TCV. PAO1 was grown 748 

in LB and the corresponding PVD- and PCH-deficient ∆pvdF∆pchA strain in CAA medium. 749 

Cells were grown with 10 µM of the catechol compound used for 
55

Fe uptake to induce PfeA 750 

expression. The bacteria were then washed with 50 mM Tris-HCl (pH 8.0) and transport 751 

assays were initiated by adding the various catechol compounds loaded with 
55

Fe to a 752 

concentration of 200 nM. Samples (100 µl) were taken from the suspensions at various time 753 

points and filtered; the radioactivity retained was measured. The results are expressed as 754 

atoms of 
55

Fe transported per bacterium per min (n = 3). 755 

756 
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FIGURE LEGENDS 757 

Figure 1: Structures of enterobactin (ENT), azotochelin (BCS), protochelin (TCS), bis-758 

catechol vector (BCV) and tris-catechol vector (TCV). 759 

 760 

Figure 2: Analysis of changes in the transcription of the pfeA gene. RT-qPCR was 761 

performed on RNA from P. aeruginosa PAO1 and the corresponding PVD- and PCH-762 

deficient ∆pvdF∆pchA cells grown in CAA or LB medium, with and without supplementation 763 

with 10 µM enterobactin, azotochelin, protochelin, BCV or TCV. The data are normalized 764 

relative to the reference gene uvrD and are representative of three independent experiments 765 

performed in triplicate (n=3). 766 

 767 

Figure 3: Analysis of expression changes for TBDTs (panel A) and proteins of the PVD 768 

(panel B; green, blue and red crosses) and PCH (panel B; green, blue and red triangles) 769 

pathways. Proteomic analyses were performed on P. aeruginosa PAO1 cells grown in CAA 770 

supplemented or not with 10 µM enterobactin, BCV or TCV. Median values measured in 771 

CAA in the absence of any supplementation with catechol compounds were plotted against 772 

median values measured in CAA supplemented with either enterobactin (green symbols in 773 

panel A and B), BCV (blue symbols in panel A and B) and TCV (red symbols in panel A and 774 

B). Median values represent the median of the relative intensity of each protein, normalized 775 

against all detected proteins during shotgun analyses (n=3).  776 

 777 

Figure 4: Panels A-E. Time-dependent 
55

Fe assimilation in P. aeruginosa cells in the 778 

presence of 
55

Fe-loaded enterobactin, azotochelin, protochelin, BCV and TCV. The 779 

PVD- and PCH-deficient ∆pvdF∆pchA strain, its corresponding pfeA mutant 780 

(∆pvdF∆pchA∆pfeA) and the complemented ∆pvdF∆pchA(pME3088∆pvdF) strain were 781 A
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grown in CAA medium in the presence of 10 µM enterobactin, to induce PfeA expression.  782 

The bacteria were then washed with 50 mM Tris-HCl (pH 8.0) and transport assays were 783 

initiated by adding 200 nM enterobactin-
55

Fe (panel A), azotochelin-
55

Fe  (panel B), 784 

protochelin-
55

Fe  (panel C), BCV-
55

Fe  (panel D) or TCV-
55

Fe  (panel E). Samples (100 µl) 785 

of the suspension were taken at various time points and filtered; the radioactivity retained was 786 

measured. The results are expressed as atoms of 
55

Fe transported per bacterium. For panels 787 

A-E, the black and red lines correspond to 
55

Fe uptake assays with ∆pvdF∆pchA and 788 

∆pvdF∆pchA∆pfeA cells respectively, both grown in the presence of enterobactin; in green: 789 

55
Fe uptake assay with ∆pvdF∆pchA cells grown in the presence of enterobactin and then 790 

treated with 200 M CCCP (a protonophore), preventing TBDT-dependent transport; in blue: 791 

55
Fe uptake assay with ∆pvdF∆pchA(pME3088∆pvdF) cells grown in the presence of 792 

enterobactin. Panel F. Time-dependent 
55

Fe assimilation in P. aeruginosa cells in the 793 

presence of PCH. ∆pvdF∆pchA cells were grown in CAA medium in the absence of chelator 794 

(gray) or in the presence of 10 µM BCV (dark blue) or TCV (purple), to induce PfeA 795 

expression. As above, the bacteria were then washed with 50 mM Tris-HCl (pH 8.0) and 796 

transport assays were initiated by adding 200 nM PCH-
55

Fe. The experiments were repeated 797 

with the protonophore CCCP at a concentration of 200 M (light blue and pink: ∆pvdF∆pchA 798 

cells treated with CCCP after culture in the presence of 10 µM BCV and TCV, respectively). 799 

All the experiments in panels A-F were carried out three times, with similar results obtained 800 

in each case. 801 

 802 

Figure 5: 
55

Fe assimilation in P. aeruginosa PAO1 and ∆pvdF∆pchA cells in the presence 803 

of 
55

Fe -loaded enterobactin, azotochelin, protochelin, BCV and TCV. PAO1 was grown 804 

in LB and the corresponding PVD- and PCH-deficient ∆pvdF∆pchA strain in CAA medium. 805 

Cells were grown without enterobactin supplementation to ensure an absence of PfeA 806 A
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expression (black bars) or with 10 µM enterobactin (gray bars) or 10 µM of the catechol 807 

compound used for 
55

Fe uptake (white bars) to induce PfeA expression.  The bacteria were 808 

then washed with 50 mM Tris-HCl (pH 8.0) and transport assays were initiated by adding the 809 

various catechol compounds loaded with 
55

Fe to a concentration of 200 nM. Samples (100 µl) 810 

were taken from the suspensions at various time points and filtered; the radioactivity retained 811 

was measured. The results are expressed as atoms of 
55

Fe transported per bacterium per min. 812 

Data of Figure 5 are presented as well in Table S4 in Supplemental Information. 813 

 814 

Figure 6: A. Analysis of changes in transcription for the genes of the PCH pathway. fptA 815 

and fptX encode the outer and inner membrane transporters of PCH-Fe, respectively, and 816 

pchE encodes an NRPS involved in PCH biosynthesis. RT-qPCR was performed on P. 817 

aeruginosa PAO1 grown in CAA medium with or without 10 µM enterobactin, azotochelin, 818 

protochelin, BCV or TCV (NI for not induced). B. Analysis of changes in the transcription 819 

of genes of the PVD pathway. fpvA encodes the TBDT of PVD-Fe, fpvF encodes a 820 

periplasmic binding protein involved in PVD-Fe uptake, pvdI encodes an non-ribosomal 821 

peptide synthetases involved in PVD biosynthesis. As for panel B, RT-qPCR was performed 822 

on P. aeruginosa PAO1 cells grown in CAA medium with or without 10 µM enterobactin, 823 

azotochelin, protochelin, BCV or TCV (NI for not induced). For both panels, the data were 824 

normalized relative to the reference gene uvrD and are representative of three independent 825 

experiments performed in triplicate (n=3). 826 

 827 

Figure 7: Monitoring of PchE-mCherry (panel A) and FptX-mCherry (panel B) 828 

fluorescence during bacterial growth in the presence and absence of enterobactin, BCV 829 

or TCV. Fresh CAA medium was inoculated with pchEmcherry and fptXmcherry cells grown 830 

in the same medium, and the resulting suspension was dispensed into the wells of a 96-well 831 A
cc

ep
te

d 
A

rti
cl

e



This article is protected by copyright. All rights reserved. 38 

plate. For both panels, after 8 h of growth, 200 µM enterobactin ( ) 832 

was added; the control experiment with no siderophore addition is shown in black (black line 833 

with no symbols). OD600nm measurements were used to assess growth over time. The 834 

fluorescence of mCherry was measured by excitation at 570 nm, with monitoring of the 835 

emission of fluorescence at 610 nm. These measurements were performed at 30-minute 836 

intervals, in a Tecan microplate reader incubated at 30°C, with shaking. Each curve 837 

corresponds to the mean of three replicates 838 

839 
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