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1 ABSTRACT

2 Iron is a key nutrient for almost all living organisms. Paradoxically, it is poorly soluble and 

3 consequently poorly bioavailable. Bacteria have thus developed multiple strategies to access 

4 this metal. One of the most common consists of the use of siderophores, small compounds that 

5 chelate ferric iron with very high affinity. Many bacteria are able to produce their own 

6 siderophores or use those produced by other microorganisms (exosiderophores) in a piracy 

7 strategy. Pseudomonas aeruginosa produces two siderophores, pyoverdine and pyochelin, and 

8 is also able to use a large panel of exosiderophores. We investigated the ability of P. aeruginosa 

9 to use nocardamine (NOCA) and ferrioxamine B (DFOB) as exosiderophores under iron-

10 limited planktonic growth conditions. Proteomic and RT-qPCR approaches showed induction 

11 of the transcription and expression of the outer membrane transporter FoxA in the presence of 

12 NOCA or DFO in the bacterial environment. Expression of the proteins of the heme- or 

13 pyoverdine- and pyochelin-dependent iron uptake pathways was not affected by the presence 

14 of these two tris-hydroxamate siderophores. 55Fe uptake assays using foxA mutants showed 

15 ferri-NOCA to be exclusively transported by FoxA, whereas ferri-DFOB was transported by 

16 FoxA and at least one other unidentified transporter. The crystal structure of FoxA complexed 

17 with NOCA-Fe revealed very similar siderophore binding sites between NOCA-Fe and DFOB-

18 Fe. We discuss iron uptake by hydroxamate exosiderophores in P. aeruginosa cells in the light 

19 of these results. 

20
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1 INTRODUCTION

2 Iron is an essential nutrient for most bacteria. It is used as an enzymatic cofactor and is required 

3 for many essential processes; such as deoxynucleotide biosynthesis, DNA replication, and 

4 respiration.1 Iron can exist in two different oxidation states in biological systems, the ferric 

5 (Fe3+) or ferrous (Fe2+) forms, both playing an essential role in biological oxidation-reduction 

6 processes. Under aerobic conditions, iron is mostly found in its ferric form, which is poorly 

7 soluble and consequently insufficiently bioavailable for microorganisms. Under conditions of 

8 infection, this metal is sequestered by host proteins, such as transferrin or lactoferrin, due to the 

9 insolubility of ferric iron and toxicity of ferrous iron (Fenton reaction). Thus, bacteria mostly 

10 grow under iron-restricted conditions, regardless of their biological environment. To overcome 

11 the paucity of available iron and improve its bioavailability, bacteria produce molecules called 

12 siderophores,2 characterized by a very high affinity for Fe3+ (1042 M-1 and 1032 M-1 for 

13 enterobactin and pyoverdine, respectively3,4). Four main types of siderophores are produced by 

14 microorganisms, depending on the chemical groups involved in Fe3+ hexa-coordination: (i) 

15 catecholate (only catecholate groups are involved in iron chelation), (ii) hydroxamates, (iii) 

16 carboxylates, and (iv) mixed siderophores, with various chemical groups involved in iron 

17 chelation.2 Siderophores are synthesized by bacteria and released into their environment to 

18 scavenge Fe3+. Because of their very high affinity for iron, siderophores are able to remove iron 

19 from minerals in the rhizosphere or from host proteins, such as lactoferrin or transferrin, during 

20 infections. 

21 In Gram-negative bacteria, upon the capture of iron from the bacterial environment by 

22 siderophores, the ferri-siderophore complexes are recognized and transported back into the 

23 bacteria by specific outer membrane transporters.5 These transporters interact with an inner 

24 membrane protein complex of three proteins, TonB, ExbB, and ExbD, providing the energy for 

25 ferri-siderophore uptake across the outer membrane.6,7 These outer membrane transporters are 
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1 thus called TonB-dependent transporters (TBDTs). TBDTs generally contain highly specific 

2 siderophore binding sites and thus a given TBDT is able to transport only one siderophore or 

3 structurally-related siderophores.5 Most bacteria can also use exosiderophores (siderophores 

4 produced by other microorganisms) to access iron in a siderophore piracy strategy.8,9 A 

5 prerequisite of such a strategy is that the genome of the pirate bacteria contains genes encoding 

6 TBDTs that are able to recognize and transport the exosiderophores produced by the hacked 

7 bacteria. In addition, it is necessary for the pirate bacteria to phenotypically adapt their 

8 expression of the corresponding TBDTs and other accessory proteins to gain access to iron 

9 from the exosiderophores produced by the hacked microorganism.9

10 The opportunistic human pathogen Pseudomonas aeruginosa produces two siderophores: 

11 pyoverdine (PVD), considered as a major siderophore, and pyochelin (PCH), considered as a 

12 secondary siderophore.10 The production of these siderophores occurs in parallel with the 

13 expression of the specific TBDTs FpvA and FpvB for PVD11,12 and FptA for PCH.13 The 

14 genome of P. aeruginosa also contains three genes encoding TBDTs involved in heme uptake 

15 pathways  (hasR, phuR and hur -previously called hxuA-)14–16 and various genes encoding 

16 TBDTs involved in ferric-iron acquisition by exosiderophores. P. aeruginosa can acquire iron 

17 from the catechol exosiderophore enterobactin via the TBDTs PfeA and PirA ,17–20 and 

18 vibriobactin via FvbA.21 It can also use the exosiderophores mycobactin and 

19 carboximycobactin via the TBDT FemA,22 aerobactin, rhizobactin, and schizokinen by ChtA,23 

20 and citrate by FecA.24 Hydroxamate siderophores are also used by P. aeruginosa, along with 

21 ferrioxamine B (DFOB), transported by FoxA,25,26 and ferrichrome (FRC), transported by 

22 FiuA.25 DFOB (Figure 1B) is produced by the soil bacterium Streptomyces pilosus27 and FRC 

23 (Figure 1C) by various fungi, such as Ustilago, Aspergillus, and Penicillium.28

24 Bacteria are able to sense the presence of such exosiderophores by either sigma or anti-sigma 

25 factors, two-component systems, or transcriptional regulators of the AraC family.22,29–31 Having 
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1 detected the presence of ferri-exosiderophores, these transcriptional regulators activate the 

2 transcription of the corresponding TBDT for iron acquisition.9,22,29–32

3 Here, we investigated the ability of P. aeruginosa to use nocardamine (NOCA, Figure 1A) as 

4 an exosiderophore. NOCA, also called desferrioxamine E, is a cyclic tris-hydroxamate 

5 siderophore related to DFOB, with a higher affinity for iron: 1032 M-1 for NOCA and 1030 M-1 

6 for DFOB33 (Figure 1). NOCA is synthesized by various actinomycetes, such as Streptomyces, 

7 Nocardia, and Micromonospora,34 and bacteria, such as Streptomyces griseus,35 Pseudomonas 

8 stutzeri,36 and Enterobacter agglomerans.37 We show that the presence of NOCA in the P. 

9 aeruginosa environment strongly induces the transcription and expression of foxA with the 

10 same efficiency as DFOB. We demonstrate, using 55Fe, that NOCA-55Fe is exclusively 

11 transported by the TBDT FoxA, whereas DFOB uses, in addition to FoxA, at least one other 

12 transporter. We also determined the crystal structure of FoxA complexed with ferri-NOCA, 

13 revealing a siderophore-binding site very similar to that of DFOB.

14
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1 RESULTS AND DISCUSSION

2 The presence of NOCA induces the transcription and expression of the TBDT foxA in P. 

3 aeruginosa cells. P. aeruginosa can sense the presence of iron-loaded exosiderophores in its 

4 environment via AraC regulators, sigma factors, or two-component systems, resulting in the 

5 induction of the transcription and expression of the corresponding TBDTs.9,22,29–32 We grew P. 

6 aeruginosa PAO1 in iron-restricted medium (CAA medium), with or  without 10 μM NOCA, 

7 and analyzed the bacteria by proteomics to identify the TBDTs and any other proteins involved 

8 in iron acquisition by NOCA (Figure 2).

9 In the presence of NOCA, only the expression of the TBDT FoxA was strongly induced, 

10 showing a log2 6.37-fold increase (Figure 2A). This result was confirmed by RT-qPCR, which 

11 showed a log2 4.46-fold induction of transcription of foxA gene in the presence of NOCA 

12 (Figure 3). We repeated the same proteomic and qRT-PCR experiments with DFOB, and 

13 observed similar induction of foxA transcription and expression (Figures 2 and 3), as previously 

14 shown.22 The induction of transcription and expression of foxA was of the same intensity for 

15 both exosiderophores. 

16 In conclusion, foxA transcription and expression is induced by both NOCA and DFOB, showing 

17 that these two siderophores use this TBDT to transport iron from the environment into the P. 

18 aeruginosa periplasm. Previous studies, using exactly the same experimental approach and 

19 conditions, showed that the presence of the tris-hydroxamate exosiderophore FRC in the P. 

20 aeruginosa environment induces the expression of the TBDT FiuA.9 These sensing 

21 mechanisms involve cell surface signaling that involves the TBDT itself and coupled sigma and 

22 anti-sigma factors FoxR/FoxI and FiuR/FiuI.22,25 The various changes in protein conformation 

23 and the protein interactions involved in these signaling cascades have been described in more 

24 detail for the PVD pathway, with the FpvR/PvdS or FpvR/FpvI sigma/anti sigma factors. 

25 Binding of iron-loaded PVD to the TBDT FpvA induces movement of the periplasmic N-
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7

1 terminal domain of FpvA interacting with the periplasmic part of the anti-sigma factor FpvR. 

2 This interaction results in FpvR proteolysis by two enzymes and release of the two sigma factors 

3 PvdS and FpvI, which are normally sequestered by FpvR, into the cytoplasm.  PvdS and FpvI 

4 then initiate transcription of the fpvA gene and all genes encoding proteins involved in iron 

5 acquisition by PVD.12,31,41–47 Certainly, a very similar mechanism is involved in the regulation 

6 of the transcription of fiuA by ferri-FRC and foxA by NOCA and DFOB. 

7

8 Tris-hydroxamate siderophores do not strongly repress the expression or transcription of 

9 proteins involved in the PVD and PCH pathways. Previous studies have shown that the 

10 presence of catechol siderophores, such as enterobactin and vibriobactin, significantly represses 

11 the expression of the proteins of the PCH pathway and, to a lower extent, those of the PVD 

12 pathway.9 The expression of the proteins of the PCH and PVD pathways was not significantly 

13 repressed by the presence of NOCA or DFOB (Figures 2D and 2E). This result was confirmed 

14 by RT-qPCR by following the transcription of the mRNAs encoding fptA and fpvA (the TBDTs 

15 of PCH and PVD, respectively) in the presence of NOCA (Figure 3A) or DFOB (Figure 3B). 

16 There was also no effect on the expression of the mRNA or proteins of heme-uptake pathways 

17 (hasR and phuR TBDTs, proteomic data and Figure 3). A very similar phenotypic adaptation 

18 was previously described for P. aeruginosa cells grown in the presence of FRC,9 leading to the 

19 conclusion that hydroxamate siderophores, such as NOCA, DFOB, and FRC do not repress the 

20 expression of the proteins of the PCH- and PVD-dependent iron uptake pathways. Non-

21 repression of the expression of the PVD and PCH pathways has also been observed in the 

22 presence of yersiniabactin (a mixed siderophore produced by Yersinia pestis).9 These results 

23 were previously explained by the different affinities of the siderophores for ferric iron and 

24 consequently their ability to scavenge iron from the environment. The catechol siderophores, 

25 like enterobactin, show the highest affinity for ferric iron among siderophores,3 with a Ka of 
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1 1042 M-1 for enterobactin, much higher than the affinities of PVD and PCH, the siderophores 

2 produced by P. aeruginosa (1018 M-2 for PCH 48 and 1032 M-1 for PVD 49). Consequently, more 

3 ferric iron-loaded catechol siderophores are formed in the bacterial environment than ferri-PCH 

4 and ferri-PVD. This results in lower expression of the PVD and PCH uptake pathways because 

5 of lower activation of the transcriptional regulators AraC for the PCH pathway and the anti-

6 sigma/sigma system for PVD.30,31 Tris-hydroxamate siderophores compete less for iron 

7 chelation than catecholate siderophores or PVD, which explains the absence of repression in 

8 the expression of proteins of the PVD pathway and even the PCH pathway when bacteria are 

9 grown in the presence of such exosiderophores. 

10

11 Ferri-NOCA is transported only by the TBDT FoxA in P. aeruginosa. foxA was the only 

12 TBDT for which the transcription and expression was induced by the presence of NOCA. We 

13 thus next investigated the effect of foxA deletion on 55Fe acquisition in P. aeruginosa cells in 

14 the presence of NOCA. We used a strain of P. aeruginosa unable to produce the siderophores 

15 PVD and PCH (ΔpvdFΔpchA in Supplementary Table 1) to avoid any 55Fe uptake by these two 

16 siderophores. The bacteria were grown in CAA medium and then incubated in the presence of 

17 NOCA-55Fe. Aliquots were removed at various timepoints, the bacteria pelleted, and the 

18 radioactivity in the bacteria counted. The ΔpvdFΔpchA strain was able to acquire 55Fe via 

19 NOCA, with an uptake rate of 335.96 ± 59.12 pmol/ml/OD600 nm (Figure 4A). The deletion of 

20 foxA (ΔpvdFΔpchAΔfoxA mutant) completely abolished the ability of the bacteria to assimilate 

21 55Fe in the presence of NOCA, similarly to carbonyl cyanide-m-chlorophenylhydrazone 

22 (CCCP) treatment of the bacteria. CCCP is an inhibitor of the inner membrane proton motive 

23 force. It is well known that the incubation of bacteria with CCCP abolishes all TonB-dependent 

24 transport.50 Overall, these results demonstrate that 55Fe is transported in P. aeruginosa cells in 
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9

1 the presence of NOCA and that such transport is exclusively dependent on FoxA for iron uptake 

2 across the outer membrane. 

3 We also demonstrated the exclusive involvement of FoxA in ferri-NOCA uptake using a growth 

4 assay. The PVD- and PCH-deficient strain (ΔpvdFΔpchA) and its corresponding foxA mutant 

5 (ΔpvdFΔpchAΔfoxA) were grown in CAA medium, which contains approximately 20 nM iron 

6 according to ICP-AES measurements.51 Growth was carried out in the presence or absence of 

7 10 µM NOCA (Figure 5A and 5B), which would chelate all the iron of the medium. 

8 ΔpvdFΔpchA cells grew in the presence of NOCA, showing that they could access iron via 

9 NOCA. On the contrary, the foxA deletion mutant ΔpvdFΔpchAΔfoxA was unable to grow in 

10 the presence of NOCA, confirming that FoxA is the only TBDT present in the P. aeruginosa 

11 genome that is able to transport ferri-NOCA complexes.

12

13 Ferri-DFOB uptake in P. aeruginosa involves FoxA and at least one other unidentified 

14 TBDT. DFOB induced foxA transcription and expression when P. aeruginosa cells were grown 

15 under iron-restricted conditions in the presence of this exosiderophore (Figures 2 and 3). We 

16 used the same 55Fe uptake assay as above to investigate iron acquisition via DFOB in P. 

17 aeruginosa ΔpvdFΔpchA cells (Figure 4B). Uptake of 220.83 ± 47.04 pmol/ml/OD600nm of 55Fe 

18 was observed in the presence of DFOB. This uptake is abolished in the presence of CCCP 

19 indicating that it is dependent on the proton motive force of the inner membrane and completely 

20 relies on TBDTs. Deletion of foxA induced a 27% decrease in 55Fe uptake by 

21 ΔpvdFΔpchAΔfoxA cells (161.56 ± 56.93 pmol/ml/OD600nm) relative that by ΔpvdFΔpchA cells. 

22 Such partial inhibition of 55Fe uptake indicates that FoxA is also involved in iron uptake by 

23 DFOB, but that it is not the only TBDT involved. Deletion of fiuA (ΔpvdFΔpchAΔfiuA strain) 

24 did not affect 55Fe transport by DFOB (213.96 ± 10.88 pmol/ml/OD600nm 55Fe transport after 

25 180 minutes), indicating that this transporter plays no role in iron acquisition by DFOB in P. 
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1 aeruginosa cells. Growth of ΔpvdFΔpchA and ΔpvdFΔpchAΔfoxA cells in CAA medium in the 

2 presence of 10 µM DFOB (Figure 5C) resulted in slightly less (9%) growth of the foxA mutant 

3 than ΔpvdFΔpchA cells, confirming that FoxA is not the only TBDT involved in iron 

4 assimilation by this exosiderophore. At least one other TBDT is involved and takes over uptake 

5 in the absence of FoxA expression. 

6 Since this TBDT may have its expression induced only when FoxA is absent and in a strain 

7 unable to produce pyoverdine and pyochelin, P. aeruginosa ∆pvdF∆pchA∆fiuA∆foxA cells 

8 were grown in iron-restricted medium (CAA medium), with or  without 10 μM DFOB, and 

9 analyzed by proteomics (Supplementary Figure 2). The data show that no other TBDT has its 

10 expression induced in a fiuA and foxA mutant, suggesting that the second TBDT involved in 

11 iron acquisition by DFOB has not its transcription and expression regulated by the presence of 

12 DFOB in the growth media. We also compared the expression of the different TBDTs in the 

13 ∆pvdF∆pchA∆fiuA∆foxA versus PAO1 in the absence of any siderophore in the growth media, 

14 and no TBDT having its expression induced was detected (Supplementary Figure 3). P. 

15 aeruginosa has in its genome 35 genes coding for TBDTs.52 Among them, 17 have their 

16 transcription negatively regulated by Fur and positively by the presence in the growth media of 

17 the siderophore transported via either sigma and anti-sigma factors, AraC regulators or two-

18 component systems.52 18 genes coding for TBDTs have their transcription only regulated by 

19 Fur with no positive auto-regulating loop and for 12 of them the siderophore or molecule 

20 transported has not been identified yet. These 12 TBDTs are all possible candidates for the 

21 import of iron loaded DFOB. 

22 Overall, these data show that iron assimilation via DFOB does not involve the TBDT FiuA, but 

23 FoxA and at least one other unidentified TBDT, of which the expression is not regulated by the 

24 presence of this exosiderophore (not detected by the proteomic approach described above).

25
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1 FoxA is not involved in 55Fe uptake via FRC in P. aeruginosa. Previous studies, carried out 

2 under the same conditions as described here, have shown that FRC induces fiuA expression 

3 when P. aeruginosa cells are grown under iron-restricted conditions in the presence of this 

4 exosiderophore 9. As above, we followed 55Fe uptake to investigate iron acquisition via FRC in 

5 P. aeruginosa ΔpvdFΔpchA cells (Figure 4C). Uptake of 110.81 ± 16.77 pmol/ml/OD600nm of 

6 55Fe occurred in the presence of FRC, indicating that FRC is three times less efficient than 

7 NOCA and two times less efficient than DFOB in transporting iron in P. aeruginosa cells. This 

8 uptake is also abolished in the presence of CCCP indicating that it relies on TBDTs.50 Mutation 

9 of fiuA resulted in a 20% decrease in 55Fe acquisition by FRC (88.07 ± 5.89 pmol/ml/OD600nm) 

10 after 180 min of uptake, proving that FiuA can transport FRC-Fe55 complexes into the pathogen. 

11 In contrast, there was no significant difference in FRC-55Fe acquisition between ΔpvdFΔpchA 

12 and ΔpvdFΔpchAΔfoxA and between ΔpvdFΔpchAΔfiuA and ΔpvdFΔpchAΔfiuAΔfoxA cells 

13 (Figure 4C), indicating that FoxA is apparently not involved in iron acquisition by FRC. The 

14 growth of ΔpvdFΔpchA and ΔpvdFΔpchAΔfiuA cells in CAA medium in the presence of 10 µM 

15 FRC showed a low level (14%) of growth inhibition (Figure 5D and 5E), confirming that FiuA 

16 is not the only TBDT involved in iron assimilation by FRC. In order to identify this transporter, 

17 P. aeruginosa cells deleted for both foxA and fiuA (∆pvdF∆pchA∆fiuA∆foxA) were grown in 

18 iron-restricted medium (CAA medium), with or  without 10 μM FRC, and analyzed by 

19 proteomics (Supplementary Figure 2). The data show, as above for DFOB, that no other TBDT 

20 has its expression induced in a fiuA and foxA mutant in the presence of FCR.

21 In conclusion, FoxA plays no role in iron uptake via FRC, but FiuA is involved, and at least 

22 one other TBDT, of which the transcription and expression is not induced by the presence of 

23 FRC in the growth media.

24
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1 Structure of FoxA complexed with NOCA. DFOB and NOCA are structurally related 

2 siderophores. We investigated the interactions between FoxA and NOCA by determining the 

3 crystal structure of the complex to 2.95 Å resolution (Figure 6). The electron density for the 

4 siderophore was present, as shown by Polder omit maps, revealing a cloverleaf-like shape of 

5 the cyclic NOCA within the binding pocket of FoxA (Figure 6). Our crystal structure of the 

6 FoxA-NOCA complex was highly similar to the previously determined apo FoxA (r.m.s.d 0.53 

7 Å) and FoxA-DFOB structures (r.m.s.d. 0.38 Å) (Supplementary Figure 4). NOCA occupies an 

8 internal cavity exposed to the extracellular space, forming three hydrogen bonds to the side 

9 chains facing the binding site (mainly H374, Y218, Y805), with additional stabilizing contacts 

10 mediated by the surrounding aromatic side chains. Comparison of the complexes formed by 

11 FoxA with NOCA-Fe and DFOB-Fe shows that the mode of siderophore coordination is 

12 essentially the same, albeit with fewer H-bonds between FoxA and NOCA-Fe than with DFOB-

13 Fe (Supplementary Figure 5). The position of the ferri-NOCA and ferri-DFOB siderophores 

14 are almost perfectly superimposed based on the position of the Fe atoms (Figure 7A).   

15 We investigated the affinity of iron-loaded NOCA for purified FoxA by tryptophan 

16 fluorescence quenching.26 Titration of ferri-NOCA into purified FoxA led to concentration-

17 dependent quenching of Trp fluorescence and showed  the dissociation constant (Kd) to be 178 

18 ± 16 nM, with a 1:1 stoichiometry (Figure 7B), slightly higher than the previously reported Kd 

19 of 100 ± 10 nM of ferri-DFOB for FoxA.26 

20 It is surprising how perfectly the position of the ferri-NOCA and ferri-DFOB siderophores in 

21 FoxA binding site superimpose, with the Fe atoms located at exactly the same position in both 

22 complexes. The structure of FoxA was previously crystallized in the apo-form and complexed 

23 with DFOB and the periplasmic domain of TonB.26 These structures and biophysical interaction 

24 studies showed that ferri-DFOB binds to the transporter in a two-step TonB-binding 

25 mechanism, which must also be true for ferri-NOCA binding.26 As both ferri-NOCA and ferri-
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13

1 DFOB complexes share a very similar mode of binding to FoxA, it is not surprising that they 

2 activate the signaling pathway involving FoxR/FoxI with similar efficiency for the transcription 

3 and expression of FoxA. 

4

5 Conclusion. In conclusion, we demonstrate that at least two TBDTs, FoxA and FiuA, are 

6 involved in iron acquisition by tris-hydroxamate siderophores in P. aeruginosa cells. FiuA 

7 imports ferri-FRC complexes across the outer membrane and FoxA, ferri-NOCA, and ferri-

8 DFOB complexes. The crystal structure of FoxA shows a very similar binding mode for ferri-

9 NOCA and ferri-DFOB to a common binding site and fluorescence titration experiments gave 

10 binding affinities of the same order of magnitude. These data offer new insights into the 

11 complexity and specificity of the mechanisms involved in iron acquisition by tris-hydroxamate 

12 exosiderophores. They also show how P. aeruginosa adapts the expression of its various 

13 TBDTS in the presence of such exosiderophores. Siderophore-dependent iron uptake pathways 

14 are more and more considered as promising gates for the uptake of antibiotics in a Trojan horse 

15 strategy. The ability of P. aeruginosa cells to sense the presence of NOCA and the resulting 

16 highly efficient iron uptake by NOCA are potential assets for the use of NOCA analogues in 

17 antibiotic vectorization strategies. 

18
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1 METHODS

2 Chemicals. Desferrioxamine B (DFOB), ferrichrome (FRC), and the protonophore carbonyl 

3 cyanide m-chlorophenylhydrazone (CCCP) were purchased from Sigma-Aldrich and 55FeCl3 

4 was purchased from Perkin Elmer. NOCA was purified as previously described.53

5

6 Bacterial strains and growth conditions. The P. aeruginosa PAO1 strains used in this study 

7 are listed in Table SM1. When grown in iron restricted medium, bacteria were first grown in 

8 LB medium overnight at 30°C. Afterwards, they were washed and resuspended in iron-deficient 

9 CAA (casamino acid) medium, containing 5g L-1 low-iron CAA (Difco), 1.46 g L-1 K2HPO4 

10 3H2O, and 0.25 g L-1 MgSO4 7H2O, and grown overnight at 30°C. To monitor growth in the 

11 presence of siderophores, cells were resuspended again in fresh CAA medium at an optical 

12 density of OD600 nm = 0.1 with or without 10 µM DFOB, NOCA, or FRC in 96 well plates. 

13 Plates were incubated at 30°C, with shaking every 15 min, in a microplate reader (Infinite 

14 M200, Tecan). Growth was followed by measuring the optical density (OD600 nm) every 30 min, 

15 for 20 h.

16

17 Construction of fiuA and foxA mutants. Enzymes were obtained from ThermoFisher 

18 Scientific. Escherichia coli TOP10 (Invitrogen) was used as the host strain for the plasmids. 

19 Plasmid construction and primers were as described previously.9 Briefly, 1,400-bp inserts made 

20 up of the flanking sequences of either foxA or fiuA were cloned into a pEXG2 plasmid using a 

21 blunt-end ligation strategy. Plasmids were sequenced before being used to generate 

22 chromosomal mutations in a P. aeruginosa PAO1 ∆pvdF∆pchA strain (Supplementary Table 

23 2) as previously described. Recombinant clones were isolated before being verified by PCR 

24 and Sanger sequencing.9  

25
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15

1 RNA extraction. Bacteria were first grown in LB medium overnight at 30°C. Afterwards, they 

2 were washed and resuspended in CAA medium and grown over night. After growth, cells were 

3 washed, and resuspended at an OD600 nm of 0.1 in fresh CAA medium with or without one of 

4 the tested siderophores (10 μM). Cells were cultivated at 30°C for 8 h. Afterwards, 2.5 x 108 

5 cells were mixed with two volumes of RNAprotect Bacteria Reagent (Qiagen). Samples were 

6 lysed in Tris-EDTA pH 8.0 containing 15 mg/ml lysozyme (Sigma-Aldrich) for 15 min at 25°C. 

7 Then, lysates were homogenized using a QIAshredder kit (Quiagen) and total RNA extracted 

8 using an RNeasy mini kit (Quiagen). After treatment with DNase (RNase-Free DNase Set, 

9 Qiagen), RNA was purified with an RNeasy Mini Elute cleanup kit (Qiagen).

10

11 RT-qPCR analysis. RNA (1μg) was reversed-transcribed using a High Capacity RNA to cDNA 

12 kit, in accordance with the manufacturer’s instructions (Applied Biosystems). Gene expression 

13 was measured in a SpetOne Plus Instrument (Applied Biosystems) using Power Sybr Green 

14 PCR Master Mix (Applied Biosystems) and the appropriate primers (listed in Supplementary 

15 Table 3). The expression of uvrD was used as an internal control. The transcript levels were 

16 normalized with respect to those for uvrD and expressed as base two logarithms of the ratio 

17 (fold-change) relative to the reference conditions.

18

19 Iron uptake. Bacteria were grown as for RNA extraction. Complexes of siderophore-55Fe were 

20 prepared as previously described32 in 50 mM Tris-HCl pH 8.0 buffer with a siderophore:iron 

21 ratio of 20:1 and as described previously.9

22

23 Proteomic analysis. Bacteria were grown as for RNA extraction. The cells (5 x 108) were 

24 harvested and used for proteomic analysis. Each sample was prepared in biological triplicate 

25 for each cell-culture condition and the data analyzed as described previously.9 The MS data 
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16

1 were deposited in the ProteomeXchange Consortium database via the PRIDE54 partner 

2 repository with the dataset identifier PXD020868 (Project DOI: 10.6019/PXD020868). 

3 Reviewer account details: Username: reviewer99826@ebi.ac.uk Password:  KTZIlS5w.

4

5 Protein expression and purification. Recombinant FoxA was expressed and purified as 

6 previously described.26 

7

8 Crystallization and structure determination. For crystallization, FoxA was mixed with a 3- to 

9 4-fold excess NOCA-Fe dissolved in 100% DMSO and set on ice for approximately 30 min. 

10 Crystals of FoxA-NOCA-Fe complex were grown in 1.8 M ammonium sulfate, 0.1 M sodium 

11 cocadylate pH 6.5, 0.05 M NaCl, cryo-protected by the step-wise addition of glycerol to a final 

12 concentration of 18-20% (v/v), and immediately harvested.

13 X-ray diffraction data were collected at the P14 beamline EMBL, Hamburg. All data were 

14 processed with XDS55 and reduced using AIMLESS.56,57 Due to diffraction anisotropy, the 

15 StarANISO server58 was used to perform anisotropy correction of the data. Crystals belonged 

16 to the P3221 space group, as in the previously determined FoxA-DFOB-Fe structure.26 The 

17 structure was solved using molecular replacement in Phaser 59 using apo FoxA (pdb: 6I96) as 

18 the search model and refined to 2.95 Å using REFMAC5.60,61 The refinement strategy involved 

19 TLS and jelly-body settings. All data collection and refinement statistics are summarized in 

20 Table 1. Coordinates have been deposited in the Protein Data Bank (pdb: 6Z8A). Figures were 

21 prepared using Pymol and UCSF Chimera.

22

23 Tryptophan fluorescence quenching experiments. The dissociation constant of NOCA-Fe 

24 from FoxA was determined by tryptophan fluorescence quenching using exactly the same 

25 protocol as that previously described.26 
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1 TABLE

2

3 Table 1.  Data collection and refinement statistics
FoxA-nocardamine 

complex

(pdb: 6Z8A)

Data collection

Beamline PETRA III, P14

Space group P3221

Cell dimensions  

a, b, c (Å) 95.2, 95.2, 178.65

        () 90, 90, 90

Resolution (Å) 82.465-2.95 (3.1-2.95)

Rmerge 0.18 (2.58)

Rmeas 0.185 (2.64)

I / I 12.8 (1.4)

CC1/2 0.99 (0.697)

Completeness (%) 94 (99)

Redundancy 20 (19.8)

Refinement

Resolution (Å) 2.95

No. reflections 14984 (750)

Rwork / Rfree 0.23/0.27

No. atoms 5396

Protein 5340

Ligand/ion 48

Water 8

B-factors

Protein 65.3

Ligand/ion 68.2

R.m.s. deviations

Bond lengths (Å) 0.012

Bond angles () 2.056

4

5

6
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1 FIGURE LEGENDS

2 Figure 1. Chemical structures of siderophores. a) Desferrioxamine E or nocardamine 

3 (NOCA), (b) desferrioxamine B (DFOB), and (c) desferrichrome (FRC). Ferric iron is chelated 

4 at a 1:1 stoichiometry by these three siderophores. The functional groups involved in iron 

5 chelation for each siderophore are shown in red. Affinities of the siderophores for iron are: 

6 NOCA, 1032 M-1; DFOB, 1030 M-1, and FRC, 1029 M-1.33

7

8 Figure 2. Modulation of the expression of proteins involved in iron acquisition in P. 

9 aeruginosa PAO1 cells grown in CAA medium in the presence of NOCA or DFOB. a) and 

10 b) Proteomic analyses were performed on P. aeruginosa PAO1 cells grown for 8 h in CAA 

11 medium, with or without 10 µM NOCA (a) or DFOB (b). The average values measured in CAA 

12 without siderophores were plotted against the average values in CAA supplemented with the 

13 siderophores. c) and d) and e) Heat maps of various proteins involved in the PCH (d) and PVD 

14 (e) pathways and of TBDTs (c): the darker the shade of green, the higher the expression of the 

15 protein is induced; the darker the shade of red, the stronger the expression of protein is 

16 repressed. Only the proteins for which a change in the level of expression was observed are 

17 shown. Proteins not detected in the three experiments are represented in grey; NS: 

18 nonsignificant; *p < 0.05, **p < 0.01, and ***p < 0.001. Sup Data 1 shows the detailed results 

19 of protein identification and quantitation. Supplementary Figure 1 shows these proteomic data 

20 (volcano plots) considering the log10 of the adjusted p value. The results for FRC were obtained 

21 in Perraud et al. 2020.9

22

23 Figure 3. Modulation of the transcription of genes encoding TBDTs involved in iron 

24 acquisition in P. aeruginosa cells when grown with or without NOCA (a) or DFOB (b). P. 

25 aeruginosa PAO1 was grown as for the proteomic analyses, with or without 10 μM NOCA (a) 
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1 or DFOB (b). Gene transcription was normalized to that of the uvrD reference gene. The results 

2 show the ratio between the values obtained in the presence of the siderophore over those 

3 obtained in the absence of the siderophore. fptA encodes the TBDT of PCH, fpvA that of PVD, 

4 pfeA that of enterobactin, fvbA that of vibriobactin, femA that of mycobactin and 

5 carboxymycobactin, fiuA that of FRC, foxA that of DFO-B, fecA that of citrate, and PA0434 a 

6 hypothetical TBDT. The data show the mean of three independent experiments.

7

8 Figure 4. 55Fe uptake by ΔpvdFΔpchA, ΔpvdFΔpchAΔfoxA, ΔpvdFΔpchAΔfiuA, and 

9 ΔpvdFΔpchAΔfiuAΔfoxA cells in the presence of NOCA (a), DFOB (b), or FRC (c). The 

10 strains were grown in CAA medium supplemented with one of the siderophores (NOCA, 

11 DFOB, or FRC) to induce the expression of the corresponding uptake pathway. Then, bacteria 

12 were harvested and incubated in 50 mM Tris-HCl pH 8.0 in the presence of 200 nM of the 55Fe-

13 siderophore complexes. Aliquots were removed at various times, the bacteria pelleted, and the 

14 radioactivity retained in the cells measured. In each panel, transport in ΔpvdFΔpchA cells is 

15 shown in red, that in ΔpvdFΔpchAΔfoxA in blue, that in ΔpvdFΔpchAΔfiuA in green, and that 

16 in ΔpvdFΔpchAΔfiuAΔfoxA in black. For each siderophore, the uptake assays with ΔpvdFΔpchA 

17 cells were also performed in the presence of the protonophore CCCP (orange curve) to 

18 differentiate proton-motive force dependent transport from diffusion. For each curve, the data 

19 represent the mean of three independent experiments.

20

21 Figure 5. Growth of ΔpvdFΔpchA, ΔpvdFΔpchAΔfoxA, and ΔpvdFΔpchAΔfiuA strains 

22 with or without NOCA, DFOB, or FRC. The ΔpvdFΔpchA (red curve) and 

23 ΔpvdFΔpchAΔfoxA (blue curve) strains were grown in CAA medium, with (a) or without 10 

24 μM NOCA (b) or DFOB (c). The ΔpvdFΔpchA (red curve) and ΔpvdFΔpchAΔfiuA (green 

25 curve) strains were grown in CAA medium supplemented (e) or not (d) with 10 μM FRC. 
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1 Growth was followed by monitoring optical density at 600 nm. The results are representative 

2 of three independent experiments. 

3

4 Figure 6. Overall structure and siderophore coordination of the FoxA-NOCA complex. a) 

5 Cutaway-view of FoxA with Fe3+-NOCA located in the binding pocket. b) Detailed view of the 

6 NOCA-binding pocket with interacting residues shown as sticks. c) Polder omit showing 

7 electron density for Fe3+-NOCA.

8

9 Figure 7. Interactions between FoxA and NOCA-Fe. a) Position of the ferri-NOCA and ferri-

10 DFOB siderophores in the FoxA binding site. Red sphere, ferric iron ion; NOCA in green, and 

11 DFOB in blue. b) Fluorescence titration experiments with NOCA fitted using a single-site 

12 binding model (left) yield a Kd of 178 ± 16 nM. Raw emission spectra (right) showing the 

13 quenching of Trp fluorescence by titration of NOCA. 

14

15 Figure 8. Proposed model of NOCA, DFOB and FRC dependent iron uptake pathways in 

16 P. aeruginosa. Ferri-NOCA is transported across the outer membrane exclusively by FoxA 

17 TBDT, whereas ferri-DFOB is transported by FoxA and another unidentified TBDT. Both ferri-

18 NOCA and ferri-DFOB induce the transcription and expression of foxA via the sigma and anti-

19 sigma (FoxI/FoxR) dependent mechanism. How iron is released from these two siderophores 

20 and transported into the bacterial cytoplasm is still unknown. Ferri-FRC is transported across 

21 the outer membrane by FiuA and another unidentified TBDT. Once in the periplasm, Ferri-

22 FRC is transported further across the inner membrane by the permease FiuB.62 Iron is released 

23 from FRC by a mechanism involving the acetylation of FRC by FiuE and reduction by an 

24 unidentified reductase.62 Ferri-FRC induces the transcription and expression of fiuA22 and likely 

25 that of fiuB and fiuE via the sigma and anti-sigma (FiuI/FiuR) dependent mechanism. The inner 
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1 membrane complex TonB-ExbBD provides the energy for uptake by the TBDTs in all pathways 

2 presented in the figure.5

3

4
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Figure 1. Chemical structures of siderophores. (A) Nocardamine (NOCA) or desferrioxamine E, (B) 
desferrioxamine B (DFOB), and (C) desferrichrome (FRC). Ferric iron is chelated at a 1:1 stoichiometry by 

these three siderophores. The functional groups involved in iron chelation for each siderophore are shown in 
red. Affinities of the siderophores for iron are: NOCA, 1032 M-1; DFOB, 1030 M-1, and FRC, 1029 M-1 .34 
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Figure 2. Modulation of the expression of proteins involved in iron acquisition in P. aeruginosa PAO1 cells 
grown in CAA medium in the presence of NOCA or DFOB. A and B. Proteomic analyses were performed on P. 

aeruginosa PAO1 cells grown for 8 h in CAA medium, with or without 10 µM NOCA (A) or DFOB (B). The 
average values measured in CAA without siderophores were plotted against the average values in CAA 

supplemented with the siderophores. C, D, and E. Heat maps of various proteins involved in the PCH (D) 
and PVD (E) pathways and of TBDTs (C): the darker the shade of green, the more expression of the protein 
is induced. Only the proteins for which a change in the level of expression was observed are shown. Proteins 
not detected in the three experiments are represented in grey; NS: nonsignificant; *p < 0.05, **p < 0.01, 
and ***p < 0.001. Sup Data 1 shows the detailed results of protein identification and quantitation. Figure 
SM1 shows these proteomic data (volcano plots) considering the log10 of the adjusted p value. The results 

for FCH were obtained in Perraud et al. 2020.10 
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Figure 3. Modulation of the transcription of genes encoding TBDTs involved in iron acquisition in P. 
aeruginosa cells when grown with or without NOCA (A) or DFOB (B). P. aeruginosa PAO1 was grown as for 

the proteomic analyses, with or without 10 μM NOCA (A) or DFOB (B). Gene transcription was normalized to 
that of the uvrD reference gene. The results show the ratio between the values obtained in the presence of 
the siderophore over those obtained in the absence of the siderophore. fptA encodes the TBDT of PCH, fpvA 

that of PVD, pfeA that of enterobactin, fvbA that of vibriobactin, femA that of mycobactin and 
carboxymycobactin, fiuA that of FERRI, foxA that of DFO-B, fecA that of citrate, and PA0434 a hypothetical 

TBDT. The data show the mean of three independent experiments. 
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Figure 4. 55Fe uptake by ΔpvdFΔpchA, ΔpvdFΔpchAΔfoxA, ΔpvdFΔpchAΔfiuA, and ΔpvdFΔpchAΔfiuAΔfoxA 
cells in the presence of NOCA (A), DFOB (B), or FRC (C). The strains were grown in CAA medium 
supplemented with one of the siderophores (NOCA, DFOB, or FRC) to induce the expression of the 

corresponding uptake pathway. Then, bacteria were harvested and incubated in 50 mM Tris-HCl pH 8.0 in 
the presence of 200 nM of the 55Fe-siderophore complexes. Aliquots were removed at various times, the 

bacteria pelleted, and the radioactivity retained in the cells measured. In each panel, transport in 
ΔpvdFΔpchA cells is shown in red, that in ΔpvdFΔpchAΔfoxA in blue, that in ΔpvdFΔpchAΔfiuA in green, and 

that in ΔpvdFΔpchAΔfiuAΔfoxA  in black. For each siderophore, the uptake assays with ΔpvdFΔpchA cells 
were also performed in the presence of the protonophore CCCP (orange curve) to differentiate proton-
motive force dependent transport from diffusion. For each curve, the data represent the mean of three 

independent experiments. 
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Figure 5. Growth of ΔpvdFΔpchA, ΔpvdFΔpchAΔfoxA, and ΔpvdFΔpchAΔfiuA strains with or without NOCA, 
DFOB, or FRC. The ΔpvdFΔpchA (red curve) and ΔpvdFΔpchAΔfoxA (blue curve) strains were grown in CAA 

medium, with (A) or without 10 μM NOCA (B) or DFOB (C). The ΔpvdFΔpchA (red curve) and 
ΔpvdFΔpchAΔfiuA (green curve) strains were grown in CAA medium supplemented (E) or not (D) with 10 μM 
FRC. Growth was followed by monitoring optical density at 600 nm. The results are representative of three 

independent experiments. 
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Figure 6. Overall structure and siderophore coordination of the FoxA-NOCA complex. A. Cutaway-view of 
FoxA with Fe3+-NOCA located in the binding pocket. B. Detailed view of the NOCA-binding pocket with 

interacting residues shown as sticks. C. Polder omit showing electron density for Fe3+-NOCA. 
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Figure 7. Interactions between FoxA and NOCA-Fe. A. Position of the ferri-NOCA and ferri-DFOB 
siderophores in the FoxA binding site. Red sphere, ferric iron ion; NOCA in green, and DFOB in blue. B. 

Fluorescence titration experiments with NOCA fitted using a single-site binding model (left) yield a Kd of 178 
± 16 nM. Raw emission spectra (right) showing the quenching of Trp fluorescence by titration of NOCA. 
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Figure 8. Proposed model of NOCA, DFOB and FRC dependent iron uptake pathways in P. aeruginosa. Ferri-
NOCA is transported across the outer membrane exclusively by FoxA TBDT, whereas ferri-DFOB is 

transported by FoxA and another unidentified TBDT. Both ferri-NOCA and ferri-DFOB induce the transcription 
and expression of foxA via the sigma and anti-sigma (FoxI/FoxR) dependent mechanism. How iron is 

released from these two siderophores and transported into the bacterial cytoplasm is still unknown. Ferri-
FRC is transported across the outer membrane by FiuA and another unidentified TBDT. Once in the 

periplasm, Ferri-FRC is transported further across the inner membrane by the permease FiuB.43 Iron is 
released from FRC by a mechanism involving the acetylation of FRC by FiuE and reduction by an unidentified 
reductase.43 Ferri-FRC induces the transcription and expression of fiuA 23 and likely that of fiuB and fiuE via 

the sigma and anti-sigma (FiuI/FiuR) dependent mechanism. The inner membrane complex TonB-ExbBD 
provides the energy for uptake by the TBDTs in all pathways presented in the figure 6. 
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