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ABSTRACT

The development of new antibiotics against Gram-negative bacteria has to deal with the low 

permeability of the outer membrane. This obstacle can be overcome by utilizing siderophore-

dependent iron uptake pathways as entrance routes for antibiotic uptake. Iron-chelating siderophores 

are actively imported by bacteria, and their conjugation to antibiotics allows smuggling the latter into 

bacterial cells. Synthetic siderophore mimetics based on MECAM (1,3,5-N,N',N″-tris-(2,3-

dihydroxybenzoyl)-triaminomethylbenzene) and DOTAM (1,4,7,10-Tetrakis(carbamoylmethyl)-

1,4,7,10-tetraazacyclododecane) cores, both chelating iron via catechol groups, have been recently 

applied as versatile carriers of functional cargo. In the present study, we show that MECAM and the 

MECAM-ampicillin conjugate 3 transport iron into Pseudomonas aeruginosa cells via the catechol-type 

outer membrane transporters PfeA and PirA, and DOTAM solely via PirA. Differential proteomics and 

qRT-PCR showed that MECAM import induced the expression of pfeA, whereas 3 led to an increase in 

the expression of pfeA and ampc, a gene conferring ampicillin resistance. The presence of DOTAM did 

not induce the expression of pirA, but upregulated the expression of two zinc transporters (cntO and 

PA0781), pointing out that bacteria become zinc starved in the presence of this compound. Iron uptake 

experiments with radioactive 55Fe demonstrated that import of this nutrient by MECAM and DOTAM 

was as efficient as with the natural prototype siderophore enterobactin. The study provides a 

functional validation for DOTAM- and MECAM-based artificial siderophore mimetics as vehicles for the 

delivery of cargo into Gram-negative bacteria.
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There is an urgent need to find new antibiotics to counter bacterial antibiotic resistance and the 

situation is particularly alarming for Gram-negative bacteria. The challenge associated with Gram-

negative bacteria is the presence of an additional, outer membrane that reduces drug penetration 

compared to Gram-positive bacteria. Nutrient import pathways involving TonB-dependent 

transporters (TBDT) are promising entrance routes to deliver antibiotic drugs into Gram-negative 

bacteria. These TBDTs are embedded in the outer membrane and have a β-barrel structure with a 

lumen that is closed by the N-terminal region of the transporter forming a plug.1 The substrate binding 

site is usually specific for a family of structurally related compounds. Uptake of the substrate depends 

on the proton motive force, that is transmitted by coupling the TBDT with the TonB protein anchored 

in the inner membrane in complex with two other inner membrane proteins ExbB and ExbD.2–6

TBDTs are involved in the import of essential nutrients as vitamin B12, oligosaccharides and biological 

metals, but have been mostly investigated for their ability to import ferric iron via siderophores.1,7–11 

Ferric iron (the iron form present in aerobic conditions) is poorly soluble in aqueous solutions and 

poorly bioavailable in the host during infections, because it is mainly protein-bound. To increase access 

to ferric iron, bacteria produce and secrete siderophores who serve to sequester iron from the 

environment and transport it back into bacteria via TBDTs.12 Siderophores are small molecules and are 

usually classified in four groups according to the nature of the dentates used to chelate the ferric iron: 

hydroxamates (such as ferrioxamine B or ferrichrome), catecholate (enterobactin), carboxylate 

(rhizobactin) and mixed siderophores (pyoverdine).12,13 Siderophore are also characterized by a strong 

affinity for iron, which, in the case of enterobactin (ENT), can reach values up to 1042 M-1.14,15 Often the 

bacteria produce their own siderophores, but can as well use siderophores produced by other 

microorganisms in a piracy strategy.16–18 The opportunist pathogen P. aeruginosa produces the two 

endogenous siderophores pyoverdine (PVD) and pyocheline (PCH)19, while many chelators from other 

pathogens can be hijacked as so-called xenosiderophores (Table S1). For each of these siderophores 

or xenosiderophores, P. aeruginosa expresses a specific TBDT and other proteins allowing the 

dissociation of iron from the chelator.17,18,20,21 These iron uptake pathways are generally expressed at 
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very low levels, and bacteria only induce the expression of the most efficient pathway(s) for iron 

acquisition, depending on the iron sources present.10 Under iron-restricted conditions, P. aeruginosa 

detects the presence of xenosiderophores in its environment using sigma and anti-sigma factors, two 

component systems, and transcriptional regulators of the AraC family (Table S1).10,12–14 In the presence 

of ferri-xenosiderophores, these regulators activate the transcription of the genes encoding the TBDTs 

recognizing the (xeno-)siderophores as well as genes encoding other proteins involved in the pathway. 

When the intracellular iron concentration reaches a certain level, the transcriptional regulator Fur 

represses the transcription of all genes involved in iron import.11 

Numerous studies show that these iron import pathways can be used to smuggle antibiotics into 

bacteria through a ‘Trojan Horse’ approach.22–25 If the antibiotic is linked covalently to siderophore 

units, it is internalized together with the bound ferric iron into the bacterial cell.22,25–30 The first 

antibiotic on the market that chelates iron and enters pathogenic cells via the iron uptake pathways is 

cefiderocol, a cephalosporin-catechol conjugate.31–33 Siderophores coupled to fluorescent probes or to 

probes chelating gallium-68 nuclide can also be used to visualize, detect or identify microbial 

pathogens during infections in animals.34–38

The respective TBDTs allowing the accumulation of these antibiotic-siderophore conjugates have not 

been identified in most cases. The goal of the present work was (i) to evaluate the ability of two 

siderophore mimetics based on the MECAM (1,3,5-N,N',N″-tris-(2,3-dihydroxybenzoyl)-

triaminomethylbenzene) (1) and DOTAM (1,4,7,10-Tetrakis(carbamoylmethyl)-1,4,7,10-

tetraazacyclododecane) (4) scaffolds (Figure 1),35,39,40 to transport iron and antibiotics into P. 

aeruginosa cells, (ii) to identify the transporters involved, and (iii) to evaluate the modulation of the 

expression of the different iron uptake pathways of P. aeruginosa in the presence of these vectors and 

their corresponding antibiotic conjugates. MECAM 1 is an analogue of ENT, a tris-catechol-like 

siderophore produced by E. coli that is used as a xenosiderophore by P. aeruginosa.4,17,41,42 We also 

examined the MECAM-ampicillin conjugate 3, which has a minimal inhibitory concentration lower than 

90 nM on E. coli and A. baumannii growth and no activity on P. aeruginosa.40 Ampicillin is usually 
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inactive on P. aeruginosa strains due to the low permeability of the outer membrane and its ability to 

induce the expression of the -lactamase AmpC.43 The DOTAM-based siderophore 4 is a bifunctional 

compound with two separate metal binding sites, one for iron at the catechol units and a second one 

at the cyclen.35 This vector has been linked either to an antibiotic (daptomycin; compound 6) or to a 

DOTA unit commonly used for a radionuclide chelation (compound 7). Conjugate 7 was found to be 

suitable for positron emission tomography (PET) imaging and was able to discern E. coli infection from 

a lipopolysaccharide-triggered, sterile inflammation.39 For both vectors, MECAM and DOTAM, the 

deacetylated and acetylated forms were tested, as the acetylated forms avoid in vivo deactivation of 

the iron chelating units by catechol-O-methyltransferases.44 Because the antibiotic conjugates had no 

antimicrobial activity on P. aeruginosa (Table S2), they were used here as tools to study uptake 

mechanisms and responses.
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Figure 1: Structures of MECAM (1/2), DOTAM (4/5) and the conjugates 3, 6 and 7.

RESULTS

MECAM- and DOTAM-based artificial siderophores compete for ferric iron with PVD. In order to 

investigate whether MECAM and DOTAM could compete for iron with P. aeruginosa’s endogeneous 

siderophores PVD and PCH, a fluorescence assay was applied. PVD, which has a higher affinity for ferric 
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iron than PCH (Ka of 1030.8 M-1 for PVD vs 1018 M-2 for PCH), emits fluorescence at 447 nm in its apo 

form upon excitation at 400 nm (pH 7.0), whereas the PVD-Fe complex is non-fluorescent.45–47 

Non-fluorescent PVD-Fe (10 µM) was incubated with increasing concentrations of MECAM (1), DOTAM 

(4), the corresponding conjugates, and the positive control siderophores ENT and ferrichrome (FERRI)17 

(Figure 2). A complete removal of ferric iron from PVD was only observed for ENT at concentrations of 

approximately 20 µM. As previously described, ferrichrome was unable to completely remove iron 

from PVD at the tested concentrations.17 These results are consistent with the siderophore’s affinity 

for iron: Ka of 1049 M-1 for ENT15, 1029 M-1 for ferrichrome48, and 1030.8 M-1 for PVD.45 The normalized 

fluorescence values of 1 and 4 indicate that these two siderophores exhibited a similar efficiency in 

removing iron from PVD, but they were less efficient than FERRI or ENT at a single timepoint of 48h 

(Figure 2A). The linkage of an antibiotic moiety to either of the siderophore, conjugates 3, 6 or 7 did 

not significantly affect their iron chelation properties (Figures 2B and 2C). 

Figure 2: Iron scavenging from PVD-Fe by MECAM- and DOTAM-based siderophores. PVD-Fe at 10 µM was 

incubated with increasing concentrations of siderophores or conjugates for 48 h in 100 mM HEPES pH 7.4. Apo 

PVD formation was followed by monitoring its fluorescence at 447 nm (excitation at 400 nm). The experiment 

was carried out under exactly the same conditions with ENT and ferrichrome (panel A), to compare their iron 

scavenging properties with those of compounds 1, 3 (panel B), 4, 6 and 7 (panel C). Standard deviations were 

calculated from three independent experiments.
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MECAMs 1-3 induce changes in expression of iron uptake-associated proteins in P. aeruginosa. 

Because MECAM-ampicillin 3 showed no antibiotic effect on P. aeruginosa cells, the compound was 

suited as a tool to investigate the phenotypic adaptation of P. aeruginosa to its presence using 

quantitative proteomics. P. aeruginosa adapts the expression of its different iron import pathways 

according to environmental stimuli such as natural or synthetic siderophores.17,20,42,49–52 

Cells were grown over 8 h in iron-restricted medium (CAA medium, iron concentration = 20 nM (acc. 

to our previous work53) in the absence or presence of 1-3 and analyzed by differential proteomics 

(Figure 3 for 1 and 3 and Figure S1 for 2). The deacetylated and acetylated forms of MECAM (1/2) 

strongly induced the expression of the TBDT PfeA. A moderate overexpression of PirA was observed in 

the case of MECAM 2 (Figure 3C). PfeA and PirA have been described in the literature as the TBDTs for 

ferric iron uptake by ENT in P. aeruginosa.4,41,42,54 Their transcription is regulated by their 

corresponding two-component systems, with the sensor PfeS and the transcriptional regulator PfeR 

for pfeA and PirS (sensor) and PirR (transcriptional regulator) for pirA (Figure S2).17,42,55 For example, 

to induce pfeA transcription, ferri-ENT, after its uptake across the outer membrane, interacts in the 

bacterial periplasm with PfeS, which then releases PfeR to activate pfeA transcription. In analogy, an 

induction of pfeA expression in the presence of 1 and 2 provides clear evidence that both compounds 

were able to cross P. aeruginosa’s outer membrane to interact with PfeS in the bacterial periplasm. An 

increased expression of FemA (yersiniabactin TBDT) was also observed in the presence of 1 and 2, 

albeit with low statistical significance (Figure 3C and S1C). The presence of 3 also induced the 

expression of PfeA, but to a lower extent compared to 1 and 2, whereas PirA expression remained 

unchanged. In parallel, the expression of proteins involved in ferric iron uptake by PCH was repressed 

by 1-3 (Figure 3D), whereas proteins associated with the PVD pathway were not affected (Figure 3F). 

Notably, 3 also led to a strong induction of AmpC (Figure 3E). The protein data for 1 and 3 were 

confirmed by RT-qPCR for the corresponding genes pfeA, fptA, fpvA and ampC (Figure S3).

Overall, 1-3 induced the transcription and expression of the gene encoding PfeA, suggesting that (i) 

the transporter was able to import the iron-loaded compounds 1-3 into P. aeruginosa cells and that 
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(ii) 1-3 were able to activate the two-component system PfeS/PfeR (Figure S2). This phenotypic 

adaptation of the iron uptake pathway was accompanied by a repression of genes involved in the PCH-

dependent iron uptake pathway, which forced the bacteria to preferentially use 1-3 to access 

extracellular iron. The induction of ampC expression suggests that the absence of antibiotic is due to 

the serine-β-lactamase activity of AmpC, which hydrolysed the β-lactam ring of MECAM-ampicillin 3.

Figure 3: Modulation of protein expression in P. aeruginosa in the presence of MECAM 1 and MECAM 

ampicillin 3. Proteomic analyses were performed on P. aeruginosa PAO1 strains grown overnight in CAA 

medium supplemented with 10 µM 1 (A) or 3 (B). Log2-fold changes in protein abundances and 

corresponding -log10-transformed p-values relative to untreated control samples are shown in volcano 

plots. Proteins of the PCH pathway are represented by yellow dots, those of the PVD pathway by green 
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dots, and the TBDTs by blue dots. C, D, E and F show heat maps of log2-fold changes in TBDT proteins (C), 

proteins involved in the PCH pathway (D), AmpC protein (E) and proteins of the PVD pathway (F). The 

darker the shade of blue, the more expression of the protein is repressed; the darker the shade of orange, 

the more expression of the protein is induced. NS: data not significant; *p < 0.05, **p < 0.01, and ***p < 

0.001. Data for 2 are presented in Figure S1.

 

MECAM 1 and conjugate 3 transport 55Fe into P. aeruginosa cells mainly via PfeA and to a lower 

extent via PirA. In order to evaluate the ability of 1 and the corresponding conjugate 3 to transport 

iron into P. aeruginosa cells, the compounds were loaded with radioactive 55Fe and exposed to a 

∆pvdF∆pchA P. aeruginosa mutant, that is unable to produce the endogenous siderophores PVD and 

PCH.51 This mutant was used to avoid any uptake of 55Fe via the endogenous siderophores. The 

experiment was also carried out with pirA- and pfeA-deficient mutants of ∆pvdF∆pchA (Table S3), as 

these genes encode TBDTs involved in iron acquisition by 1-3 (Figure 3) and by ENT.42,54,56 Bacteria were 

grown under iron starvation conditions in order to induce the expression of iron uptake pathways. 

Both 1 and its corresponding conjugate 3 transported between 250 and 270 pmol 55Fe per OD600 nm 

after 1 h incubation, whereas around 200 pmol 55Fe per OD600 nm were imported in the presence of ENT 

(Figure 4A). This indicates that 1 and 3 were at least as efficient as the natural siderophore ENT with 

respect to uptake of iron in P. aeruginosa cells. The 55Fe uptake by 1 and 3 was completely abolished 

in the presence of the protonophore inhibitor carbonyl cyanide m-chlorophenyl hydrazine (CCCP). 

Because CCCP inhibits any TonB-dependent uptake in bacteria,57,58 this finding indicates that the 

uptake of 1 and 3 was not due to passive diffusion via porins, but due to an energy-dependent 

transport relying on TonB. The deletion of the gene pirA did not affect 55Fe uptake by 1, but deletion 

of pfeA resulted in an 80% decrease of 55Fe uptake at 2 h. This indicates that uptake of iron by MECAM 

occurs essentially via PfeA. In the case of 3, pfeA and pirA deletions had inhibitory effects of 50% and 

22%, respectively. In conclusion, these data show that 1 and 3 were able to transport iron as efficiently 

as ENT into P. aeruginosa cells, with PfeA being the major TBDT involved, while PirA served as a 

secondary transporter. 
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Figure 4: 55Fe uptake in P. aeruginosa strains mediated by enterobactin, 1 and 3. P. aeruginosa ∆pvdF∆pchA 

and its isogenic ∆pfeA and ∆pirA mutants, grown in iron-restricted CAA medium and in the presence of 10 µM 

ENT (A), 1 (B) or 3 (C) to induce the corresponding uptake pathway, were incubated with 500 nM ENT-55Fe (A) , 

1-55Fe (B) or 3-55Fe (C). The amount of 55Fe taken up into the bacteria was measured as a function of time. As a 

control, the experiment was repeated in the presence of the protonophore CCCP (200 M). Errors bars were 

calculated from three independent biological replicates.

PirA efficiently replaces PfeA in iron uptake via 1 and 3. Next, we sought to determine whether the 

deletion of pfeA or/and pirA would have an inhibitory effect on P. aeruginosa growth in iron-restricted 

conditions in the presence of these two compounds. If a given gene deletion leads to a growth 

inhibition in the presence of the tested siderophore, the knocked-out gene is involved in iron 

acquisition by the tested siderophore.58 We used a strain with a ∆pvdF∆pchA background that was 

unable to produce the siderophores PVD and PCH, and the corresponding ∆pfeA and ∆pirA mutants 

(Table S3). ∆pvdF∆pchA is able to grow in an iron-deficient environment probably using citrate as a 

siderophore or iron reduction systems with import of ferrous iron through the feoABC system.59–61 

∆pvdF∆pchA was grown in CAA medium ± 10 µM of 1 or 3. The presence of an excess of 1 or 3 chelates 

all iron traces present in the growth medium making this metal no longer accessible for low affinity 

import systems. If growth of ∆pvdF∆pchA is observed in the presence of 1 or 3, it demonstrates that 

the bacteria can access iron via these two iron chelators. This is illustrated in Figure S4 with 

bacillibactin, a catechol type siderophore unable to be used by P. aeruginosa cells to import iron: in 

the presence of 10 µM bacillibactin a strong growth inhibition is observed. Moreover, the presence of 
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1 or 3, the single deletion of pfeA slightly affected bacterial growth, whereas the single deletion of pirA 

had no effect (Figure 5). In contrast, the deletion of both pfeA and pirA completely abolished bacterial 

growth. These results confirm that PfeA is the major TBDT involved in iron acquisition by 1 and 3. 

However, if pfeA was deleted PirA replaced PfeA efficiently. The same mechanism has been described 

for iron uptake by ENT, where PirA played a key role only if PfeA was absent.42

Figure 5. Growth of TBDT-deficient P. aeruginosa mutants in the presence of 1 or 3. A PVD and PCH-deficient 

strain of P. aeruginosa (∆pvdF∆pchA) and its corresponding TBDT deletion mutants were used. Strains were 

grown in CAA medium in the absence (kinetics in red) or presence (kinetics in blue) of 10 µM 1 (A) or 3 (B). 

Growth was followed by monitoring the optical density (OD) at 600 nm. Errors bars were calculated from three 

independent biological replicates.

Gene expression modulation in P. aeruginosa grown in the presence of DOTAM 4/5 and conjugates 

6 and 7. The same proteomic strategy as described above was used to examine genes expression 

changes in P. aeruginosa PAO1 in the presence of the DOTAM-based siderophore 4/5 and the 

corresponding conjugates 6 and 7 (Figure 6 for compounds 4, 6 and 7 and Figure S6 for compound 5). 

We were surprised to notice that none of the three compounds induced the expression of TBDTs 

involved in iron uptake to P. aeruginosa cells. Instead, the presence of 4, 5 and 7 increased the 

expression of CntO and PA0781 (ZnuD), two TBDTs involved in Zn uptake. This was confirmed by RT-
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qPCR analysis (Figure S5). CntO imports zinc via the metallophore pseudopaline,9,62,63 while ZnuD 

transports zinc ions without the help of any metal chelator.64,65 These data suggest that 4 and 7 

chelated zinc, and bacteria became zinc starved or that 4 and 7 can somehow induce the expression 

of these two genes via a transcriptional regulator. DOTAM daptomycin 6 did not exhibit this effect. In 

addition, the expression of proteins of the PCH pathway was repressed by all three compounds. This 

suggests that less PCH-Fe complexes were formed, probably because 4, 6 and 7 chelated iron.

Figure 6: Modulation of protein expression in P. aeruginosa in the presence of DOTAM-based siderophore 4 

and the associated conjugates 6 and 7. Proteomic analyses were performed on P. aeruginosa PAO1 strains 

grown overnight in CAA medium supplemented with 10 µM of DOTAM-based siderophores 4 (A), 6 (B) or 7 (C). 

Log2-fold changes in protein abundances and corresponding -log10-transformed p-values relative to untreated 

control samples are shown in volcano plots. Proteins of the PCH pathway are represented by yellow dots, those 

of the PVD pathway by green dots, and the TBDTs by blue dots. C, D, E and F show heat maps of log2-fold changes 

in TBDT proteins (C), proteins involved in the PCH pathway (D), AmpC protein (E) and proteins of the PVD pathway 

(F). The darker the shade of blue, the more expression of the protein is repressed; the darker the shade of orange, 
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the more expression of the protein is induced. NS: data not significant; *p < 0.05, **p < 0.01, and ***p < 0.001. 

Data for 5 are presented in Figure S6.

Deletion of pirA inhibits bacterial growth in the presence of DOTAM. For the DOTAM-based 

siderophores 4, 6 and 7, 55Fe uptake assays could not be carried out due to micro-precipitation of the 

compounds and hence significant background noise in the radioactivity signal. In consequence, only 

the growth assay under iron restricted conditions has been used to test for iron transport of DOTAM 

and its conjugates into bacteria and to identify the potentially TBDTs involved. ∆pvdF∆pchA, the P. 

aeruginosa strain unable to produce PVD and PCH, grew with the same efficiency in the absence or 

presence of 10 µM of 4, indicating that bacteria were able to use this compound to access iron (Figure 

7). However, growth in the presence of 4 was completely abolished upon deletion of the pirA gene, 

while the pfeA knock-out had no effect. This finding implies that 4 transported iron exclusively via PirA.

In the presence of 6 or 7, ∆pvdF∆pchA growth was decreased by 63% and 82%, respectively, compared 

to the growth in the absence of any compounds. This indicated that 6 and 7 were not efficient in 

making iron accessible to P. aeruginosa cells, although the compounds were able to chelate iron 

(Figure 2). The residual growth observed with 6 appears to be PirA dependent, as the mutation of pirA 

gene abolished almost the growth completely. In conclusion, iron is transported by DOTAM 4 into P. 

aeruginosa cells via the TBDT PirA, but this uptake ability is affected by the presence of the payloads 

incorporated in 6 and 7.
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Figure 7. Growth of TBDT-deficient P. aeruginosa mutants in the presence of DOTAM-based siderophores 4, 6 

and 7. A PVD and PCH-deficient strain of P. aeruginosa (∆pvdF∆pchA) and its corresponding TBDT deletion 

mutants were used. Strains were grown in CAA medium in the absence (kinetics in red) or presence (kinetics in 

blue) of 10 µM 4 (A), 6 (B) or 7 (C). Growth was followed by monitoring the optical density (OD) at 600 nm. Errors 

bars were calculated from three independent biological replicates.

DISCUSSION

Bacteria possess the ability to use artificial siderophores to access iron, and antibiotics can be linked 

to these compounds in order to enhance their transport across the bacterial membranes.22,28–30 The 

use of synthetic siderophores and their antibiotic conjugates is possible, because bacteria often 

entertain a large panel of TBDTs involved in iron acquisition with different substrate specificities.66–68 
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P. aeruginosa has at least 20 genes encoding TBDTs involved in iron acquisition by siderophores and 

xenosiderophores.17,69 

According to the present work, MECAM behaves in a similar way as ENT with respect to iron uptake in 

P. aeruginosa cells, except that MECAM seems to have a lower affinity for ferric ion chelation than ENT 

(Figure 2). In the literature, PfeA is considered as the major and PirA as a secondary TBDT for ferri-

ENT.42,54 Here, we observed that ferri-MECAM was mostly imported across the outer membrane by 

PfeA, but if this transporter was not expressed, PirA assumed the role very effectively (Figure 5). To 

date, the natural siderophore transported by PirA has not been identified, but it has been shown that 

PirA was able to import iron via catecholamines such as the neuromediators L-DOPA and 

norepinephrine.58 The coupling of MECAM to ampicillin did not change its ability to chelate iron and 

transport it into P. aeruginosa cells via PfeA or PirA (Figures 4 and 5). However, PirA seems to be more 

relevant for the uptake of ferric 3 than for ferric 1, suggesting that the presence of the antibiotic slightly 

affected the affinity of PfeA for 3 (Figure 4). Moreover, iron was effectively dissociated from 1 and 3, 

as demonstrated by the growth of P. aeruginosa unable to produce its own siderophores PVD and PCH 

(Figure 5). If the iron remained chelated by MECAM in the bacteria, making it non-bioavailable, growth 

would be significantly affected.

The presence of 1-3 had several effects on the proteome of P. aeruginosa. First, the three compounds 

induced a strong expression of PfeA. This has also been reported previously by us for ENT, but also for 

another synthetic triscatechol siderophore, free or coupled with linezolid.51,52 The fact that both the 

MECAM 1 and MECAM-ampicillin 3 induced the expression of the gene encoding their transporter PfeA 

is a clear advantage for the uptake of antibiotics by this transporter via a Trojan horse strategy, because 

the entrance route and hence the translocation of conjugates gets amplified. The conjugation to 

ampicillin did not affect the ability of MECAM to be translocated through the TBDTs PfeA and PirA and 

to interact with the sensor PfeS. In contrast, MECAM 1/2 and 3 were unable to interact with PirS and 

activate the transcription of pirA. The induction of PfeA expression went hand in hand with a 

repression of proteins involved in the PCH-dependent iron uptake pathway, suggesting that P. 
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aeruginosa cells will use MECAM 1 or MECAM-ampicillin 3 to acquire iron rather than its own 

siderophore PCH. However, the expression of the proteins of the PVD-dependent iron uptake pathway 

was not affected; in contrast, the presence of ENT in the same growth conditions repressed both the 

PCH and the PVD pathways.17,51,52 and we assume that this is due to the higher iron affinity of ENT 

compared to the MECAM-based siderophores. Such phenotypic adaptation of P. aeruginosa cells to 

the presence of different xenosiderophores with different affinities for iron has already been described 

previously with ENT, vibriobactin, ferrichrome, nocardamine and yersiniabactin.17,18 The observation 

that the effects on P. aeruginosa proteome obtained with MECAMs 1 and 2 were similar indicates that 

both compounds exert similar siderophore effects, and that the acetyl groups protecting the catechol 

groups in MECAM 2 were hydrolyzed in the bacterial growth media, as found for many other acetyl-

protected catechols.35,44 The presence of 3 in P. aeruginosa also induced the expression of ampC, which 

explains the absence of antibiotic activity for this conjugate. Thus, P. aeruginosa developed a 

resistance mechanism targeting the antibiotic and not at the expression level of the iron import 

pathways used by the vector. This illustrates that the vectorization of antibiotics by siderophores will 

not necessarily prevent the development of resistance against the antibiotic component.

All these data show that MECAM is a promising vector for the import of cargo into P. aeruginosa cells 

via the PfeA and PirA TBDTs. It should be kept in mind that ENT in P. aeruginosa cells is hydrolyzed in 

the bacterial periplasm and not in the cytoplasm, with this siderophore certainly never entering the 

cytoplasm;70 also MECAM was shown to reach the periplasm, not the cytoplasm.40 Consequently, to 

combat P. aeruginosa, it seems more promising to conjugate MECAM with antibiotics addressing 

targets in the periplasm. Along this line, a conjugate of MECAM to the relatively bulky cyclic lipopeptide 

daptomycin was recently prepared.40 It showed promising activity against A. baumannii, but not 

against P. aeruginosa. Thus, it might be interesting to vectorize smaller, linear antimicrobial peptides 

affecting the integrity of the internal membrane by the MECAM core. 
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The DOTAM 4 has two metal binding sites, one triscatecholate site to chelate iron and the cyclen-based 

site, that has been used for chelating e.g. lanthanides, zinc35 or radioactive gallium-68 for bacteria-

specific PET imaging.35,39 The competition experiment for iron with PVD showed that this vector had 

an affinity for iron that was comparable to MECAM. Proteomics data show that DOTAM-based 

siderophores 4, 5 and 7 chelated zinc very efficiently, as their presence induced an increase in the 

expression of two TBDTs involved in zinc acquisition, CntO and PA0781 (ZnuD). According to P. 

aeruginosa genome,69 no transcriptional regulating sigma factors or two-component systems are 

associated to cntO and PA0781 genes. Consequently the induction of the expression of these two zinc 

transporters is probably due to zinc starvation and involves the transcriptional regulator Zur64,71 and 

not to the interaction of DOTAM with the sensor of some two-component system as shown above for 

MECAM. Compounds 4, 5 and 7 certainly chelate zinc in the environment of the bacteria, rendering 

bacterial cells zinc deficient. The upregulating effect was not observed with DOTAM-daptomycin 6, 

suggesting that the presence of the antibiotic affects the ability of the DOTAM moiety to chelate zinc. 

According to the growth experiments with the strain unable to produce the endogenous siderophores 

PVD and PCH, DOTAM 4 imports iron into P. aeruginosa cells only through the TBDT PirA. PirA 

apparently recognizes substrates of relatively variable structures, since it imports ferric complexes 

with ENT, but also with catecholamines such as the neuromediators L-DOPA and norepinephrine.58 The 

common motif is the coordination of iron by the catechols. Expression of pirA is inducible in the same 

way as pfeA by a two-component system, with PirS being the sensor and PirR the regulator (Figure S2). 

Since no induction of expression was observed in the presence of 4/5, this molecule was probably not 

recognized by the sensor PirS. The presence of 4/5 in the environment of P. aeruginosa repressed the 

expression of proteins of the PCH pathway and had no effect on the PVD pathway, probably because 

the affinity for ferric iron of these compounds is higher than that of PCH and lower than that of PVD. 

This effect on the expression of the PCH pathway indicates that the bacteria used less PCH to access 

iron and favor the use of DOTAM molecules. Indeed, a previous study on the adaptation of the 

expression of the iron import pathways of P. aeruginosa grown in the presence of 10 µM ENT, 
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vibriobactin, ferrichrome, yersiniabactin, or nocardamine has demonstrated the importance of the 

tested siderophore’s affinity for ferric iron on the expression levels of the corresponding uptake 

pathways 17,72. P. aeruginosa adjusts the expression of its various iron-uptake pathways to match the 

competition for iron between the siderophores present.

While 4 could restore growth, the ability of 6 and 7 to import iron into P. aeruginosa cells was limited, 

as the PVD/PCH-deficient pathogen hardly grew in the presence of these compounds. Also the 

recognition of the molecules by PirA was affected, possibly due to their relative size. It remains 

interesting to test DOTAM conjugates with smaller payloads.

In conclusion, the present study provides insights how hexacoordinating artificial siderophores import 

iron and conjugated cargo into the Gram-negative pathogen P. aeruginosa. While such mimetics have 

advantages with respect to synthetic access and variability compared to natural siderophores, their 

functionality is often only assessed by global phenotypic experiments such as MIC assays, that reflect 

an overlay of multiple parameters. Here, we demonstrate iron stealing from endogenous 

siderophores, efficient iron transport into P. aeruginosa, identify the involved transporters and their 

regulation, and also show the limitations of these processes when the vectors carry a payload. All these 

data show that MECAM is a promising vector for antibiotic import into the periplasm of P. aeruginosa. 

From this point, a further structural optimization of the scaffolds, in combination with diverse linkers 

and antibiotics, is warranted to expand their utility as delivery vehicles.  

MATERIALS AND METHODS

Chemical Methods. The protonophore carbonyl cyanide m-chlorophenylhydrazone (CCCP) was 

purchased from Sigma-Aldrich, and 55FeCl3 was purchased from Perkin Elmer. Pyoverdine (PVD) was 

purified from P. aeruginosa PAO1 culture supernatants as described previously.73 Enterobactin (ENT) 

and ferrichrome (FERRI) were purchased from Sigma-Aldrich. The MECAM siderophores 1, 2, and 3 

were synthetized as described previously.40 DOTAM siderophores 4 and 5 were synthetized as 
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described in Ferreira et al35 and conjugate 7 was synthetized as described in Peukert et al.39 The 

synthesis of DOTAM conjugate 6 is described in the Supplemental Materials. 

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

in Table S3. For all experiments presented below, bacteria were first grown in LB medium overnight at 

30°C, and then washed and resuspended in iron-deficient CAA (casamino acid) medium containing 5g 

l-1 low-iron CAA (Difco), 1.46 g l-1 K2HPO4 3H2O and 0.25 g l-1 MgSO4 7H2O and grown overnight at 30°C. 

Afterwards, the bacteria were grown a second time overnight in CAA medium at 30°C in the presence 

of 10 µM of siderophores, vectors or conjugates if required for the experiment. 

Iron scavenging from PVD-Fe. Compounds were prepared in stock solutions at 10 mM in DMSO 

(compounds 1, 3, 4, 6 and 7) or water (PVD, ENT and FERRI). PVD-Fe at 10 µM in 100 µL of HEPES buffer 

(100 mM, pH 7.4) was incubated at 25 °C for 48 h in the presence of increasing concentrations of ENT, 

FERRI, 1, 3, 4, 6, or 7, and PVD fluorescence was monitored at 447 nm (excitation at 400 nm).17 The 

data were normalized using the formula (FMEASURED – FPVD-Fe)/(FPVD – FPVD-Fe), FMEASURED being the 

fluorescence measured for each experimental condition, FPVD-Fe the fluorescence of 10 µM PVD-Fe, and 

FPVD the fluorescence of 10 µM PVD.

Label-free proteomics analysis. P. aeruginosa PAO1 cells grown in CAA medium were diluted to an 

OD600 nm of 0.1 units and incubated in the absence or presence of 10 μM of 1-7 at 30°C for 8 h. 5x108 

cells from each culture were used for proteomic analysis. Each sample was prepared in biological 

triplicate for each cell culture condition. Cell pellets were resuspended in 200 µL of lysis buffer (UTCT 

buffer containing 7 M urea, 2 M thiourea, 4% CHAPS and 20 mM Tris-HCl pH 7.6) supplemented with 

nuclease and DNase. Protein concentrations were determined by a Bradford assay using bovine serum 

albumin as standard. Proteins were further precipitated overnight with glacial 0.1 M ammonium 

acetate in 100 % methanol (5 volumes, -20°C). After centrifugation at 12.000 g and 4°C during 15 min, 
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the resulting pellets were washed twice with 0.1 M ammonium acetate in 80% methanol and further 

dried under vacuum (Speed-Vac concentrator). Pellets were resuspended in 100 µL of 50 mM 

ammonium bicarbonate and submitted to reduction (5 mM dithiothreitol, 95°C, 10 min) and alkylation 

(10 mM iodoacetamide, room temperature, 20 min). Proteins were finally digested overnight with 150 

ng of sequencing-grade trypsin (Promega). The proteomic datasets were obtained by the injection of 

500 ng of each peptidic mixture on an orbitrap mass spectrometer (Q-Exactive Plus, Thermo-Fisher 

Scientific, USA) coupled to an EASY-nanoLC-1000 (Thermo-Fisher Scientific, USA) as described 

previously.17

The obtained raw data was converted to .mgf files with the Proteome Discoverer Daemon software 

(Thermo-Fisher Scientific, script “Export-to-mgf”, version 2.2). For differential proteomic analyses, 

data was searched against the P. aeruginosa UniprotKB sub-database with a decoy strategy (UniprotKB 

release 2016_12, taxon 208964, P. aeruginosa strain PAO1, 5564 forward protein sequences). Peptides 

and proteins were identified with Mascot algorithm (version 2.5.1, Matrix Science, London, UK). The 

following parameters were used: (i) Trypsin/P was selected as enzyme, (ii) two missed cleavages were 

allowed, (iii) methionine oxidation and acetylation of protein N-term were set as variable modifications 

and carbamidomethylation of cysteine as fixed modification, (iv) mass tolerance for precursor ions was 

set at 10 ppm, and at 0.02 Da for fragment ions. Mascot data were further imported into Proline v1.4 

software (http://proline.profiproteomics.fr/).74 Proteins were validated on Mascot pretty rank equal 

to 1, and 1% FDR (False Discovery Rate) on both peptide spectrum matches (PSM score) and protein 

sets (Protein Set score). The total number of MS/MS fragmentation spectra was used to quantify each 

protein from at least three independent biological replicates: This “BasicSC” value calculated by Proline 

includes all PSMs of all peptides, including the modified peptides (three fixed and variable 

modifications) and the peptides shared by different protein sets. After a normalization of the data 

matrix with the total number of spectra in one sample, the “BasicSC” spectral count values were 

submitted to a negative-binomial test using an edgeR GLM regression through R (R v3.2.5). The 

statistical test was based on the published msmsTests R package available in Bioconductor to process 
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label-free LC-MS/MS data by spectral counts.75 For each identified protein, an adjusted p-value (adjp) 

corrected by Benjamini–Hochberg was calculated, as well as a protein fold-change (FC). The MS data 

were deposited in the ProteomeXchange Consortium database via the PRIDE76 partner repository with 

the dataset identifier: Project accession: PXD031065; Project DOI: 10.6019/PXD031065. Reviewer 

account details: Username: reviewer_pxd031065@ebi.ac.uk, Password: MX36hUWR.

Quantitative real-time PCR on bacteria grown in the presence of compounds 1-7. This RT-qPCR assay 

was carried out as described previously17,51 on PAO1 cells grown in CAA medium the presence of 10 

µM of compounds 1-7. The primers used are listed in Table S4. An aliquot of 2.5 x 108 cells from this 

culture was added to two volumes of RNAprotect Bacteria Reagent (Qiagen) and exactly the same 

protocol was used as previously described.17 Primer efficiency was determined using serially diluted 

genomic DNA and the double ∆CT method was used to analyze qPCR data.

Iron uptake. Enterobactin-55Fe, vectors-55Fe and conjugates-55Fe complexes were prepared at 55Fe 

concentrations of 50 µM, with a compound:iron (mol:mol) ratio of 20:1 as described previously.51 P. 

aeruginosa strains were successively grown an overnight in LB broth, followed by an overnight in CAA 

medium and at last an overnight in CAA medium with either 10 µM ENT, MECAM 1 or MECAM 

conjugate 3. All these successive cultures were carried out at 30°C. The bacteria were subsequently 

used for 55Fe uptake kinetics as described previously51 in the absence and presence of 200 µM CCCP (a 

proton motive force inhibitor.57

Growth assays in iron-restricted conditions. For P. aeruginosa growth assays in microplates, bacteria 

were grown as described above: a first overnight culture at 30°C in 10 mL of LB broth, afterwards 

bacteria were washed and a second overnhight culture was carried out in 20 mL CAA medium at 30°C. 

Bacteria were then washed, resuspended in CAA medium at an optical density of 0.02 at 600 nm and 

distributed in the wells of a 96-well plate (Greiner, U-bottomed microplate) in the absence or presence 

Page 22 of 36

ACS Paragon Plus Environment

ACS Infectious Diseases

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

mailto:reviewer_pxd031065@ebi.ac.uk


23

of 10 µM of compounds 1, 3, 4, 6 and 7. The plate was incubated at 30 °C, with shaking, in a TECAN 

microplate reader (Infinite M200, Tecan) and bacterial growth was monitored at OD600 nm. The 

presented data are the mean of three replicates for each measurement.
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DOTAM, tetrapodal 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic amide; CAA, casamino acid; 

CCCP, Carbonyl cyanide-m-chlorophenylhydrazone; ENT, enterobactin ; PCH, pyochelin; PVD, 

pyoverdine; FERRI, ferrichrome; RT-qPCR , quantitative reverse transcription polymerase chain 

reaction; TBDT, TonB-dependent transporters.
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Uptake mechanisms and regulatory responses to MECAM- and DOTAM-based 

artificial siderophores and their antibiotic conjugates in Pseudomonas 

aeruginosa 

Sarah Fritsch1,2, Véronique Gasser1,2, Carsten Peukert4, Lukas Pinkert4, Lauriane Kuhn3, Quentin 

Perraud1,2, , Vincent Normant1,2, Mark Brönstrup4,5,6* and Isabelle J. Schalk1,2 *.

The graphic show the two mimetics siderophores MECAM (1,3,5-N,N',N″-tris-(2,3-dihydroxybenzoyl)-

triaminomethylbenzene) and DOTAM (1,4,7,10-Tetrakis(carbamoylmethyl)-1,4,7,10-

tetraazacyclododecane), both chelating iron via catechol groups. These compounds have been recently 

applied as versatile carriers of functional antibiotics. In the present work,  we have shown that MECAM 

imports iron into P. aeruginosa cells via the outer membrane transporters PfeA and PirA and DOTAM 

only by PirA.
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