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A B S T R A C T

The decline of antibiotics efficacy worldwide has recently reached a critical point urging for the development of 
new strategies to regain upper hand on multidrug resistant bacterial strains. In this context, the raise of 
photodynamic therapy (PDT), initially based on organic photosensitizers (PS) and more recently on organo-
metallic PS, offers promising perspectives. Many PS exert their biological effects through the generation of 
reactive oxygen species (ROS) able to freely diffuse into and to kill surrounding bacteria. Hijacking of the 
bacterial iron-uptake systems with siderophore-PS conjugates would specifically target pathogens. Here, we 
report the synthesis of unprecedented conjugates between the siderophore desferrioxamine B (DFOB) and an 
antibacterial iridium(III) PS. Redox properties of the new conjugates have been determined at excited states and 
compared to that of an antibacterial iridium PS previously reported by our groups. Tested on nosocomial 
pathogen Pseudomonas aeruginosa and other bacteria, these conjugates demonstrated significant inhibitory ac-
tivity when activated with blue LED light. Ir(III) conjugate and iridium free DFOB-2,2′-dipyridylamine ligands 
were crystallized in complex with FoxA, the outer membrane transporter involved in DFOB uptake in 
P. aeruginosa and revealed details of the binding mode of these unprecedented conjugates.

1. Introduction

Bacterial resistance to antibiotics has become a major global health 
challenge for humans, animals and the environment. In this context, 
new therapeutic strategies to regain upper hand on critical pathogens 
are more than ever awaited.1–2 Along with vaccines,3 bacteriophages,4

and ultrasounds,5 light-based technologies are considered as potential 
candidates to combat drug resistant microorganisms. The potential of 
light to destroy living cells has been known for more than a hundred 

years,6 opening perspectives in the treatment of cancer as well as in-
fectious diseases.7 First attempts to use UV in therapeutics however 
failed because of the toxicity of these high energy irradiations on human 
tissues.7–8 Shift of the excitation spectrum to visible or even more suit-
able infra-red wavelengths as achieved with photosensitizers (PS) 
proved to be a safer option.7,9 Organometallic compounds showing 
promising potential as antibacterials were progressively evaluated.10–12

Depending on the metal and its organic counterpart, organometallics 
can be activated with visible light and generate reactive oxygen species 
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(ROS). Nonetheless, the deleterious effects of both the metal and the 
ROS on human cells preclude the use of such PS in patients. Improving 
the delivery to bacteria has rapidly emerged as a prerequisite in anti-
bacterial PDT. Because of its poor permeability, the outer membrane of 
Gram-negative bacteria tends to impair the penetration of large and/or 
hydrophobic molecules including metal complexes.13 To bypass this 
semipermeable permeability barrier, nutrient uptake systems can be 
used as gates in the so-called Trojan Horse strategy. Iron is an interesting 
bait since this essential metal is not metabolically substitutable. More-
over, iron uptake systems in bacteria differ significantly from the iron 
import processes of mammalian cells. Evolution has endowed bacteria 
with very efficient iron acquisition mechanisms,14–15 most of which rely 
on secretion and recapture of small chelating metabolites named side-
rophores (from the Greek sídēros, iron; and phérein, carrying). In the 
extracellular medium, these molecules scavenge iron(III).15 In Gram- 
negative bacteria, the corresponding ferric complexes are recognized 
by specific outer membrane transporters (OMT),16 and then translocated 
into the periplasmic space thanks to the energy provided by the TonB 
machinery.17 The ferri-siderophore complexes are further dissociated 
through a Fe(III) to Fe(II) reductive process that most often goes along 
with chemical modification of the siderophore (acylation, hydrolysis, 
etc…).18 Depending on the siderophore but also on the bacterial species 
considered, the imported iron is released either in the periplasm or in the 
cytoplasm. In this latter case, the ferric-siderophores are specifically 
translocated across the inner membrane by permeases or ABC pro-
teins.18 Some siderophores are recycled and reexported to the extra-
cellular medium.19–20 Highlighting the potential of Trojan horse 
strategy, bacterial iron uptake systems can be hijacked by natural 
products such as the sideromycines, which consist of an antibiotic 
moiety coupled with a siderophore. Different studies demonstrated that 
the sideromycines albomycines and microcine E492 have higher anti-
bacterial activities than their non-vectorized antibiotic parts.21–22 These 
findings elicited a scientific interest for the synthesis of artificial side-
romycines, which culminated with the marketing of cefiderocol, the first 
approved antibiotic-siderophore conjugate.23 Although the vectoriza-
tion of organic antibacterial compounds is the matter of a booming lit-
erature,24–27 siderophores have been much more scarcely reported as 
cargos for organometallic payloads. Conjugates between ruthenium(II) 

and desferrioxamine B (DFOB) derivatives (compound 1 is given as an 
example),28 and platinum(IV) and an enterobactin analogue (conjugate 
2) have been described.29 More recently, conjugate 3 composed of 
ruthenium(IV) and a catechol siderophore was shown to promote the 
intrabacterial conversion of a moxifloxacin prodrug.30 (Figure 1). To 
some extent, a selectivity for bacterial versus eukaryotic cells was noted 
in in vitro experiments.28–29 Even if the aforementioned vectorized metal 
complexes failed to find PS applications, these examples support the 
notion that siderophores can be used as cargo to deliver organometallics 
into bacteria. Organometallic PS based on ruthenium have been 
particularly studied in the frame of antibacterial PDT,31–33 while other 
metals complexes were rarely evaluated. Among other noble metals, 
cyclometallated iridium(III) complexes possess some assets for the 
development of new PS able to generate ROS, such as (i) a high photo-
stability due to their hexacoordination mode limiting nucleophilic at-
tacks, (ii) an easy tunability of the photophysical properties in the visible 
spectrum, and (iii) oxidative potentials at excited state compatible for 
the generation ROS.

P. aeruginosa is a Gram-negative bacterium involved in severe lung 
infections and also responsible for infections that are difficult to treat in 
the case of deep wounds and extensive burns. These skin infections are 
therefore particularly interesting targets for PDT given the good acces-
sibility to light and the ease of administration of PS (topical). As proof of 
concept for the potential vectorization of iridium(III) complexes, our 
groups synthesized a bis-cyclometallated iridium(III) with 2-phenyliso-
quinoline (piq) and coordinated to a biotin-functionalized 2,2′-dipyr-
idylamine derivatives as ancillary ligand. This bioconjugated iridium 4 
revealed itself encouraging PS as an enhanced antibacterial on both 
planktonic and sessile P. aeruginosa cells under blue LED light was 
clearly noted (Figure 1).34 Unfortunately, the biotin uptake systems 
targeted by this approach are not present in all bacterial species and 
strains,35 siderophores therefore appearing to be more versatile cargos.

DFOB 7, a tris-hydroxamate siderophore excreted by Streptomyces 
pilosus, is able to chelate iron(III) to form stable ferric complexes (pFe =
26.5).36 Albeit not produced by P. aeruginosa, DFOB can be scavenged by 
the bacterium as an auxiliary siderophore to fulfill its needs in iron in 
specific starving environments.37 Ferric DFOB is recognized by FiuA, an 
OMT dedicated to the import of ferrichrome, and by FoxA that 

Figure 1. Examples of vectorized organometallic compounds 1 to 4. The vector moieties are colored in blue. The linkers and the metal complexes are colored in red.
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specifically shuttles DFOE (also called nocardamin).38 More recently the 
OMT FpvB was also demonstrated to transport DFOB.38–39 In the Fox 
upake system, once in the periplasmic space, the ferric DFOB induces 
expression of the FoxA-encoding gene via a mechanism implying the 
sigma and anti-sigma factors FoxI and FoxR, respectively.37 The release 
of iron from the siderophore was shown to depend on oxidoreductase 
FoxB activity.40 The fate of both iron and the siderophore after disso-
ciation remains unknown in P. aeruginosa. Altogether these data prove 
that DFOB actively enter P. aeruginosa cells and may potentially serve to 
shuttle PS into this pathogen. In this context, we synthetized conjugates 
coupling DFOB and iridium(III) complexes. The biological properties of 
these conjugates against P. aeruginosa and other bacterial pathogens 
were assessed in the presence and absence of blue LED light, respec-
tively. Moreover, co-crystallization with the OMT FoxA showed that the 
DFOB derivatives bind to FoxA and revealed their binding site/mode.

2. Results and discussion

2.1. Synthesis of conjugates between DFOB and Ir(III) complexes

As mentioned previously, iridium(III) complexes can acquire inter-
esting antimicrobial activities once conjugated with biotin (compound 
4, Figure 1).34 Therefore, the conjugation of iridium(III) complexes, 
cyclometallated to 2-phenylisoquinoline (piq) and bearing 2,2′-dipyr-
idylamine (dpa) derivatives as ancillary ligand, as PS, combined with 
our approach with DFOB appeared obvious. Loading of DFOB with Ir(III) 
requires N-functionalized dpa ligands able to be conjugated with the 
siderophore. Since envisioned Ir(III) complex is a bulky molecule, two 
spacer arms with two different lengths were evaluated in order to assess 
a possible impact of steric hinderance on the biological activity. For the 
short spacer, commercially available 2,2-dipyridylamine 5 was con-
verted into the carboxylate 6 according a published procedure (72 % 
yield over two steps).41–42 Commercially available DFOB mesylate 7 was 
then reacted with carboxylate 6 in the presence of N-(3-dimethylami-
nopropyl)-N′-ethylcarbodiimide hydrochloride (EDCI.HCl) and of Hünig 
base. The expected DFOB 8 functionalized with a dpa was isolated in 91 
% yield (Scheme 1).

For the long spacer, on one hand, the commercially available amine 
11 was coupled to carboxylate 6 with EDCI.HCl in the presence of Hünig 
base. The expected azide-functionalized dpa 12 was isolated in 77 % 
yield. On the other hand, DFOB mesylate 7 was treated with propargyl 
chloroformate in the presence of Hünig base in hot N,N-dime-
thylformamide (DMF) leading to the expected propargyl-DFOB 13 iso-
lated with 86 % yield. A copper-mediated Azide-Alkyne Cycloaddition 
(CuAAC) between 12 and 13,43–45 in the presence of sodium ascorbate, 
provided the DFBO-dpa derivative 14 in 44 % isolated yield (Scheme 2).

Ligands 8 and 14 were then coordinated to cyclometallated iridium 
metal center in the presence of the dimer 9 in a CH2Cl2:MeOH 2:1 
mixture at room temperature for 24 h. Due to the close polarity between 
targeted conjugates and the DFOB-functionalized dipyridylamine de-
rivatives 8 and 14, usual silica gel chromatography failed to furnish pure 
products in our hands. Thanks to their different molecular weight and 
steric hindrance, the conjugates 10 and 15 were satisfactorily purified 
using Size Exclusion Chromatography (SEC) with 88 % isolated yield. Of 
note, this purification allowed also to recover the excess iridium dimer 9 
pure enough to be reused for another synthesis (Scheme 3).

Compounds 10 and 15 are the first conjugates to be reported so far 
between a siderophore and an Ir(III) complex. We therefore investigated 
whether the presence of this chelating entity could impact photophysical 
and redox properties of the iridium complex necessary for the antibac-
terial activity through photoactivation.

2.2. Photophysical and redox properties of DFO-Ir(III) conjugates

Once conjugates 10 and 15 in hands, photophysical properties of the 
iridium frameworks were characterized and compared to benchmark 

Scheme 1. Synthesis of DFOB-dpa ligand 8.

Scheme 2. Synthesis of DFOB-dpa ligand 14.
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complex 16 cyclometallated to piq and coordinated to N-methyl dpa 
ancillary ligand (Scheme 3) that have been previously synthesized and 
characterized in our group (Table 1).34 The UV–Visible spectra of the 
iridium complexes 10, 15 and 16 were recorded in dichloromethane at 
298 K (Figures S19 to S21). Then, emission spectra, lifetime and pho-
toluminescence quantum yield of the iridium complexes 10, 15 and 16 
were recorded in degassed dichloromethane at 298 K. All the photo-
physical data were summarized in Table 1.

Similarly to complex 16,34 conjugates 10 and 15 exhibited intense 
absorption in the UV region from 250 nm to 360 nm (ε of around 35 000 
M− 1⋅cm− 1 at 294 nm and around 15 500 M− 1⋅cm− 1 at 343 nm) and a 
lower absorption band in the blue region with local absorption maxima 
at 438 nm (ε of around 4800 M− 1⋅cm− 1).

For the emission properties, no drastic modification of the maximum 
emission wavelengths of compounds 10 and 15 was observed compared 
to complex 16 with values in the error range at around 640 nm. Then, a 
decrease by a factor of 2 was noticed for the photoluminescent quantum 
yield (Φ) of the conjugates 10 and 15 (Φ = 5.0 and 5.9 %, respectively) 
compared to the reference (9.9 % for complex 16). Considering the 
decay time of the emission, all these complexes exhibited mono- 
exponential decays with close life time of hundreds of nanoseconds 
order, which is typical for iridium(III) complexes.46 Then, to evaluate 
the potential ROS photogeneration of the newly synthesized conjugates 
10 and 15, voltammograms were recorded in deaerated acetonitrile to 
firstly determine redox potential at ground state (Figures S22 to S24, 
Table 2).

Reversible oxidation waves, attributed to the oxidation couple 
Eox([IrIV]/[IrIII]),47–49 were observed at values of 1.17 and 1.21 V vs. 
Ag/AgCl for bioconjugates 10 and 15. Of note, complex 16 exhibited a 
close oxidation potential value equal to 1.22. On the other hand, semi 
reversible reductive processes attributed to the reduction of the diamine 
ligand were observed at values of − 1.61 and − 1.62 V for the conjugates 

Scheme 3. Synthesis of DFOB-Ir(III) conjugates 10 and 15. Structure of the benchmark Ir(III) complex 16.

Table 1 
Photophysical data of compounds 10, 15 and 16.

Absorptiona Emissionb

Complex λabs (nm)/ (ε in x103 M-1. cm− 1) λem 

(nm)
τ 
(ns)

Φ 
(%)

10 294 (33.6), 343 (15.9), 386 (7.6),438 
(4.7), 473 
(2.3)

639 857 5.0

15 294 (33.6), 343 (15.4), 386 (7.5),438 
(4.9), 473 
(2.6)

641 539 5.9

16 294 (37.9), 343 (15.5), 386 (7.3),438 
(4.8),  
473 (2.4)

639 680 9.9

a In dichloromethane solution. b In deaerated dichloromethane solution c =
1.10− 5 M.
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10 and 15. Here, a noticeable difference can be noted with the bench-
mark complex 16 possessing a reduction potential of − 1.34, but can be 
attributed to the nature of the N-substituent of the dpa derivative that 
might modified the electronic density in the N^N ligand.47–49 Having the 
redox properties at ground state in hands, approximation of the redox 
potential at the excited state, i.e. [IrIV]/[IrIII]* and [IrIII]*/[IrII], was 
undertaken using the λem of the compounds for the determination of the 
photoactivation energy E00.50 Interestingly, the oxidation potentials 
Eox([IrIV]/[IrIII]*) of compounds 10 and 15 were estimated to be in the 
same range than complex 16 (− 0.77 and − 0.72 V compared to − 0.72 
V, respectively). In regard to the reduction potential of dioxygen into the 
reactive oxygen species O2

.-51 having a value of Ered(O2/O2
.-) = − 0.75 V 

vs SCE, the Eox([IrIV]/[IrIII]*) of conjugates 10 and 15 appeared 
compatible for the photogeneration of this kind of ROS. In addition, the 
previously observed antibacterial activity of complex 16 possessing 
similar photophysical and electrochemical properties encouraged us to 
perform antimicrobial assays on P. aeruginosa and other bacterial 
pathogens.34

2.3. Antibacterial properties against P. aeruginosa

The minimal inhibitory concentrations (MICs) of complexes were 
determined on wild-type reference P. aeruginosa strain PAO1 and related 
mutants (Table S1). The bacteria were grown in parallel in Mueller- 
Hinton broth (MH, Becton, Dickinson and Company, Sparks, USA) and 
a same batch of MH pre-treated with Chelex® to remove most of its iron 
(<30 µg/L), according to international guidelines for testing side-
rophore antibiotics.52 Susceptibility levels of strain PAO1 to conjugates 
10 and 15 were assessed in the dark and upon blue LED light (473 nm; 
388 µW/cm2; Figure S25). Preliminary experiments confirmed that the 
LED blue light used in the laboratory had no effects by itself on strain 
PAO1 growth (data not shown). As supplementary controls, iridium free 
DFOB-dpa 8 was also tested along with non-vectorized Ir(III) complex 
16. As recalled above, DFOB is not produced by P. aeruginosa but when 
present in the extracellular medium, the siderophore induces expression 
of dedicated OMTs FoxA and FiuA.37–38 To investigate the involvement 
of these OMTs and several other iron transport mechanisms in the up-
take of our Ir(III) conjugates, a series of PAO1 deletion mutants were 
included in the susceptibility tests, namely PAS283 (ΔpchAΔpvdF), a 
derivative unable to produce the endogenous siderophores pyochelin 
and pyoverdine, PAS534 (ΔpchAΔpvdFΔfoxA), PAS535 
(ΔpchAΔpvdFΔfiuA), and PAS536 (ΔpchAΔpvdFΔfiuAΔfoxA). Confirm-
ing previous results,34 the non-vectorized Ir(III) complex 16 did not 
exhibit inhibitory activity on the parental strain PAO1 in the dark 
(MIC≥128 mg/L) (Table 3). In strong contrast, but consistent with the 
lack of a siderophore moiety in the molecule, its MICs dropped more 
than 1,024-fold under blue LED light activation (between ≤ 0.06 and 
0.12 mg/L) on both wild-type (proficient) and iron-transport deficient 
strains. DFOB-dpa 8 which does not contain Ir(III) was logically found to 
be devoid of antibacterial activity whatever the strains and illumination 
conditions used. The DFOB-Ir(III) conjugates 10 and 15 gave similar 
results, being inactive in the dark but demonstrating an interesting ef-
ficiency (2 < MIC<8 mg/L) under blue LED light, on all the strains. 
However, these activities were from 12.5- to ≥ 80-fold less than those of 

non-vectorized Ir(III) complex 16 when compared on a molar basis 
(Table S2). Furthermore, the MICs of 10 and 15 were not significantly 
affected by the lack of iron transport systems including FoxA and FiuA 
(compare results for PAO1 and PAS536, Table 3), or iron depletion of the 
nutrient broth (compare with results into brackets, Table 3).

2.4. Antibacterial properties against other pathogens

Additional experiments were performed to check the antibacterial 
activities of 16 and 10 on two other wild-type reference Gram-negatives, 
namely Escherichia coli ATCC25922 and Acinetobacter baumannii CIP 
70.10, and a Gram-positive species, Staphylococcus aureus ATCC 29213, 
used as a control species devoid of outer membrane (Table S3). In 
contrast to the P. aeruginosa strain PAO1, these species were inhibited by 
non-conjugated compound 16 in the dark (MICs ranging from 0.5 mg/L 
for S. aureus to 32 mg/L for E. coli in iron-repleted MH broth) while 
showing a similar or lower susceptibility (from ≤ 0.06 to 1 mg/L) upon 
blue light excitation (0.12 mg/L for PAO1). Only S. aureus displayed 
some susceptibility to conjugate 10 in the dark (8 mg/L in iron-repleted 
MH). Under blue light exposure, MIC values of 10 turned out to be rather 
similar for all the Gram-negatives both in high- and low-iron media 
(from 0.5 to 8 mg/L), however being much higher than those for 
S. aureus (≤0.06 mg/L). Taken together, these results confirm the pro-
tective role played by the outer membrane of Gram-negatives against 
large and hydrophobic molecules.13 They also highlight a nonspecific 
sensitization (i.e., independent from the expression of siderophore re-
ceptors FoxA and FiuA) of these Gram-negative bacteria to iridium 
complexes upon iron depletion, visible with both the conjugated and 
non-conjugated compounds. The mechanisms underlying such increase 
in susceptibility are still unclear and warrant further investigations.

2.5. Interaction of DFO derivatives with FoxA outer membrane 
transporter

These biological experiments suggest that vectorization of our Ir(III) 
complex by DFO offered no added value compared with the non- 
vectorized molecules. The previously reported antibacterial activity of 
biotin complex 4 (Figure 1) on P. aeruginosa in the dark, might be due to 
the intrinsic toxicity of the metal assimilated by the bacteria.34 Sup-
porting this assumption, the same complex vectorized by a sugar moiety 
recognized by extracellular lectins of P. aeruginosa was active under blue 
LED light but not in the dark. Since DFOB conjugates 10 and 15 present 
similar characteristics, the ability of these conjugates to actively enter 
bacteria should be questioned. 55Fe uptake assays have not been able to 
demonstrate this uptake. These experiments led to very high signal-to- 
noise ratios, probably due to the precipitation of the corresponding 
iron complexes. The first lock to gain access to the bacterial inner space 

Table 2 
Redox potentials at ground and excited states, and photoactivation energy of 
complexes 10, 15 and 16.

Complex Eox([IrIV]/ 
[IrIII])

Ered([IrIII]/ 
[IrII])

E00 

(eV)
Eox([IrIV]/ 
[IrIII]*)

Ered([IrIII] 
*/[IrII])

10 1.17 − 1.61 1.94 − 0.77 0.33
15 1.21 − 1.62 1.93 − 0.72 0.31
16 1.22 − 1.34 1.94 − 0.72 0.60

Redox potentials at excited state were approximated as follow: a Eox([IrIV]/[IrIII] 
*) = Eox([IrIV]/[IrIII]) − E00. b Ered([IrIII]*/[IrII]) = Ered([IrIII]*/[IrII]) + E00.

Table 3 
Susceptibility levels of P. aeruginosa strains to iridium conjugates.

MIC (mg/L) under blue LED light exposure

Molecules PAO1 PAS283 PAS534 PAS535 PAS536

8 ≥ 128 
(≥128)

≥ 128 
(≥128)

≥ 128 
(≥128)

≥ 128 
(≥128)

≥ 128 
(≥128)

16 0.12 
(≤0.06)

≤ 0.06 
(0.12)

≤ 0.06 
(0.12)

≤ 0.06 
(0.12)

≤ 0.06 
(0.12)

10 4(2) 4(2) 4(2) 8(2) 4(2)
15 8(4) 8(4) 4(4) 8(8) 8(8)

Bacterial strains were grown in Mueller Hinton broth and in iron-depleted 
Mueller Hinton broth (values into brackets) at 35 ◦C±2 for 18 h ± 2 in the 
presence of DFOB siderophore 8, Ir(III) complex 16, or DFOB-Ir(III) conjugates 
10 and 15, both in the dark (controls) and under blue LED light at 388 µW/cm2. 
Individual MIC values correspond to the modal of three independent experi-
ments. Mutants PAS283, PAS534, PAS535 and PAS536 lack the genes pvdF/ 
pchA, pvdF/pchA/fiuA, pvdF/pchA/foxA, and pvdF/pchA/fiuA/foxA, respectively.
1In the dark, all MIC values were ≥128 mg/L and are not presented here.
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is the recognition of the siderophore moiety by specific OMT. In this 
context, investigations of the interactions between some of our DFO 
derivatives and FoxA OMT can help in the comprehension of biological 
results.

In order to investigate their binding mode, we co-crystallized the 
outer membrane transporter FoxA with compounds 8, 10, 14, and 15 as 
previously described for the siderophores DFOB, nocardamine (NOCA), 
and bisucaberin.38,53–54 While no crystals were obtained for compound 
10, compounds 8, 14 and 15 resulted in diffracting protein crystals. The 
structure of FoxA in complex with compound 8 was determined to 2.22 
Å resolution and showed good electron density for the entire ligand 
(Figure 2, Figures S26 and S27, Table S4). The siderophore moiety of the 
ligand occupies the same binding site as ferrioxamine B as compared 
with the previously determined structure of FoxA bound with ferriox-
amine B. Additionally, we could observe extra density for the 2,2′- 
dipyridylamine moiety within the binding pocket. The 2,2′-dipyridyl-
amine moiety of the ligand is seemingly stabilized by cation-pi in-
teractions with Y458 and W503 through ammonium ions in the binding 
pocket (Figure 2).

The co-crystal structure with compound 14 (determined to 2.48 Å 
resolution) shows a very similar binding mode for the siderophore part 
of the molecule. The 2,2′-dipyridylamine moiety (compared to com-
pound 8) protrudes closer to W503 and one of the pyridyl rings occupies 
the space of ammonium ion adjacent to W503 (Figure 2). The pi-cation 
interactions of the second pyridyl ring with Y458 through an ammonium 
ion are still maintained. The extended linker coupling the siderophore 
moiety with the 2,2′-dipyridylamine group is less defined in the electron 
density, indicating some degree of disorder within the crystal 
(Figures S26 and S27).

For the Ir(III)-bound compound 15 we were not able to obtain 
diffraction data of sufficient quality to fully refine the ligand. However, 
additional electron density in the siderophore binding pocket of FoxA 
after molecular replacement confirms binding of this compound. 
Anomalous difference maps suggest that the cyclometallated Ir(III)- 
containing moiety is protruding towards the outside of the side-
rophore moiety (Figure S28).

3. Conclusion

The present work describes the synthesis of DFOB analogues 8 and 
14 obtained in good yield by hexadentate DFOB siderophore and 
bidentate 2,2′-dipyridylamine. To our knowledge 8 and 14 are the first 
examples of DFOB exhibiting both oxygen and nitrogen atoms as 
chelating moieties. Importantly, the iron chelating functions of DFOB 
did not interfere for the complexation of the cyclometallated Ir(III) by 
the 2,2′-dipyridylamine during the synthesis of conjugates 10 and 15. 

The difficulties encountered during isolation of the unprecedent DFOB- 
Ir(III) complex conjugates 10 and 15 with usual stationary phases, i.e. 
silica gel, have been tackled by using the Size Exclusion Chromatog-
raphy (SEC). Importantly, the siderophore cargo did not affect the 
photophysical properties of the iridium(III) payload and both conjugates 
10 and 15 shown ROS photogeneration under blue LED light irradiation. 
This ROS production could be correlated with an impressive antibacte-
rial effect on P. aeruginosa. However, in the presence or in absence of 
light, MICs assessed on P. aeruginosa PAO1 mutated in the expression of 
the OMTs FiuA and FoxA were not higher than the non-vectorized Ir(III) 
complex 16. Similar results were obtained on other pathogenic bacteria 
(A. baumanni, E. coli and S. aureus). This result suggests that conjugation 
with DFOB does not enhance the antibacterial effect of the Ir(III) de-
rivative, which raises several hypotheses. Since the OMT is the first lock 
to access the inside of the bacterium, altered recognition between the 
transporter and the conjugated siderophore could explain the observed 
result. The three-dimensional structure of the OMT FoxA was previously 
solved in complex with ferric DFOB, nocardamine (DFOE) and other 
related molecules.38,53–54 The structures of ferric DFOB derivatives 8 
and 14 were here determined in complex with FoxA (PDB 8RM3 and 
PDB 8RMI). Although obtained at lower resolutions, the three- 
dimensional structure of the ferric conjugate 15 in complex with FoxA 
shows that such an organometallic conjugate remains capable of binding 
the targeted OMT. This observation raises questions about the fate of the 
conjugate after its recognition and the transport capacity of the OMT for 
these unprecedented organometallic conjugates. Investigations are 
currently underway to determine if the transfer to the periplasm is 
possible. Even though siderophores can serve as cargo for charged and 
bulky payloads, the literature shows that the nature of the siderophore 
often prevails in the effectiveness of a Trojan Horse strategy. In a first 
approach, DFOB was selected as siderophore vector since it is used by 
many pathogens, including P. aeruginosa. However, in the specific case 
of organometallic payloads catechol vectors appears to be more prom-
ising in the light of recent literature releases,29–30 and might be the 
better option to improve the impact of our strategy on Gram-negative 
bacteria. The combination of the specific delivery of an organome-
tallic photosensitizer by a siderophore vector and light-triggered anti-
microbial activity should indeed open up new therapeutic perspectives 
against problematic bacterial pathogens.

4. Experimental

4.1. Chemistry

4.1.1. Chemicals
Compounds 6 was prepared according previously described 

Figure 2. Superposition of FoxA crystal structures in complex with DFOB (pdb: 6I96) (salmon) with (A) ligand 8 (blue) and (B) ligand 14 (blue).
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protocols.41–42 Compound 16 was prepared according a previously 
described protocol.34 Iridium(III) chloride was bought from Alfa aesar. 
Coumarin C6 was purchased from Sigma Aldrich. All solvents were 
purchased from Carlo Erba. All reactions were carried out under argon 
(technical quality, Linde). Solvents used were of analytical grade purity 
(>99 %). When necessary, solvents and bases were purchased extra-dry. 
All other chemicals were obtained from commercial suppliers and were 
used as received, unless otherwise stated.

4.1.2. Chromatographic analysis and purification
All reactions were monitored by thin-layer chromatography (TLC) 

using Merck precoated silica gel 60F254 (0.25 mm). TLC are visualized 
using UV (254 nm/365 nm, Vilber Lourmat, VL-4LC) and/or using clas-
sical revelation mixtures (sulfuric vanillin, potassium permanganate, 
ninhydrin reagent). Iron chelating compounds were also detected on 
TLC using a 2 % hydromethanolic solution of FeCl3. Before chromato-
graphic purifications, reaction mixtures were adsorbed on silica gel 
(60–200 µm, VWR Chemicals). Chromatographic purifications were 
performed on a Selekt (Biotage) purification device using PuriFlash® 
pre-packed silica gel columns (Interchim, Montluçon, France). Size 
exclusion chromatography columns were carried on Bio-Beads S-X3® 
resin composed of styrene divinylbenzene beads, 3 % cross-linkage and 
40–80 μm bead size. Compounds were eluted using CH2Cl2.

4.1.3. Spectroscopic analysis
NMR spectra were recorded on Bruker Avance 400 (1H: 400 MHz, 

13C: 100 MHz), Avance 500 (1H: 500 MHz, 13C: 125 MHz), Avance III 
500 (1H: 500 MHz, 13C: 125 MHz) or Neo600 (1H: 600 MHz, 13C: 151 
MHz) using the residual non-deuterated solvent as reference. The 
chemical shifts (δ) and coupling constants (J) are expressed in ppm and 
Hertz respectively. Multiplicity is indicated as follow: s for singlet, d for 
doublet, t for triplet, q for quadruplet, quint for quintuplet and m for a 
multiplet. The letter “b” before the multiplicity indicates a broaden 
signal. Chemical shifts (δ) of carbon13C) NMR spectra are reported in 
ppm relative to CDCl3 unless stated otherwise Mass spectra were 
recorded in the Service Commun d’Analyses (SCA) de la Faculté de Phar-
macie de l’Université de Strasbourg LC/BRMS conditions: Analytical RP- 
HPLC-MS was performed using a LC 1200 Agilent with quadrupole- 
time-of-flight (QTOF) (Agilent Accurate Mass QToF 6520) with a Zor-
bax Agilent C18-column (C18, 50 mm x 2.1 mm; 1.8 µm) using the 
following parameters: The solvent system: A (acetonitrile + 0.05 % 
formic acid) and B (H2O+0.05 % formic acid); Gradient (Tmin,(%B)): T0 
(98 %), T4(0 %), T8(0 %), T8.1(98 %). Flow rate of 0.5 mL/min; Column 
temperature: 40 ◦C; DAD scan from 190 nm to 700 nm. Ionization mode: 
ESI+. LC/HRMS conditions: Analytical RP-HPLC-HRMS was performed 
using a LC 1200 Agilent with quadrupole-time-of-flight (QToF) (Agilent 
Accurate Mass QToF 6520) with a Zorbax Agilent C18-column (C18, 50 
mm x 2.1 mm; 1.8 µm) using the following parameters: The solvent 
system: A (acetonitrile + 0.05 % formic acid) and B (H2O+0.05 % formic 
acid); Gradient: (Tmin,(%B)): T0 (98 %), T8(0 %), T12.5(98 %), T12.6 
(98 %), T13(98 %). Flow rate of 0.5 mL/min; Column temperature: 
40 ◦C; DAD scan from 190 nm to 700 nm. Ionization mode: ESI+. For 
HRMS, the calculated and the found mass correspond to M. Original ions 
repartition could be found in ions table and simulation given in ESI. 
HRMS analysis of compounds 10 and 15 were performed by the LCMT 
analytical service.

4.1.4. N1-(5-(2-(di(pyridin-2-yl)amino)acetamido)pentyl)-N1-hydroxy- 
N4-(5-(N-hydroxy-4-((5-(N-hydroxyacetamido)pentyl)amino)-4- 
oxobutanamido)pentyl)succinimide (8)

To a solution of 7 (405 mg, 0.58 mmol, 1 eq.) and acid 6 (200 mg, 
0.58 mmol, 1 eq.) in DMF (6 mL), was added DIPEA (151 mg, 0.19 mL, 
1.17 mmol, 2 eq.). The mixture was stirred at 70 ◦C for 30 min, then 
EDC.HCl (236 mg, 1.24 mmol, 2,1 eq.) was added. The reaction mixture 
was stirred at 70 ◦C for 5 h, then adsorbed on silica and purified by 
chromatography on silica gel column (gradient MeOH with 0.5 % H2O in 

DCM, 0 % to 30 %) to give the expected product 8 isolated as a white 
solid (401 mg, 0.52 mmol, yield: 91 %). 1H NMR (500 MHz, DMSO‑d6): δ 
9.66 (s, 1H), 9.61 (s, 2H), 8.27 (d, J=3.7 Hz, 2H), 7.82 (t, J=5.8 Hz, 1H), 
7.77 (t, J=5.7 Hz, 2H), 7.65 (t, J=7.5 Hz, 2H), 7.22 (d, J=8.4 Hz, 2H), 
6.96 (t, J=5.7 Hz, 2H), 4.70 (s, 2H), 3.51 – 3.39 (m, 6H), 3.06 – 2.95 (m, 
6H), 2.56 (d, J=7.7 Hz, 4H), 2.27 (t, J=7.5 Hz, 4H), 1.96 (s, 3H), 1.56 – 
1.42 (m, 6H), 1.42 – 1.30 (m, 6H), 1.30 – 1.17 (m, 6H). 13C NMR (126 
MHz, DMSO‑d6): δ 172.0, 171.3, 170.2, 169.1, 156.4, 147.7, 137.5, 
117.4, 114.2, 50.7, 47.1, 46.8, 38.4, 38.3, 29.9, 28.8, 28.8, 27.6, 26.0, 
23.5, 23.3, 20.4. HRMS: calculated for C37H57N9O9: 771.4279; found: 
771.4283.

4.1.5. N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)-2-(di(pyridin-2- 
yl)amino)aceta-mide (12)

To a solution of acid 6 (501 mg, 1.9 mmol, 1 eq.) in DCM (90 mL), 
were added 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethan-1-amine 11 
(400 mg, 364 μL, 1.7 mmol, 0.95 eq.) and DIPEA (469 mg, 0.6 mL, 3.6 
mmol, 2 eq.). Once the solid was completely dissolved, EDCI.HCl (696 
mg, 3.6 mmol, 2 eq.) was added. The reaction mixture was stirred at 
23 ◦C for 5 h, then adsorbed on silica and purified by chromatography on 
silica gel column (gradient EtOH in DCM, 0 % to 10 %) to give the ex-
pected product 12 isolated as a yellow oil (573 mg, 1.3 mmol, yield: 77 
%). 1H NMR (500 MHz, CDCl3): δ 8.33 (ddd, J=4.9, 2.0, 0.9 Hz, 2H), 
7.57 (ddd, J=8.4, 7.2, 2.0 Hz, 2H), 7.42 (bs, 1H), 7.16 (d, J=8.4 Hz, 2H), 
6.92 (ddd, J=7.3, 4.9, 0.9 Hz, 2H), 4.74 (s, 2H), 3.63 (t, J=5.0 Hz, 2H), 
3.62 – 3.56 (m, 4H), 3.52 – 3.39 (m, 8H), 3.35 (t, J=5.0 Hz, 2H). 13C 
NMR (126 MHz, CDCl3): δ 170.9, 156.7, 148.5, 137.8, 118.0, 114.6, 
70.8, 70.7, 70.7, 70.4, 70.1, 70.0, 53.0, 50.8, 39.2. HRMS: calculated for 
C20H27N7O4: 429.2125; found: 429.2136.

4.1.6. Prop-2-yn-1-yl(3,14,25-trihydroxy-2,10,13,21,24-pentaoxo- 
3,9,14,20,25 pentaaza-tricontan-30-yl)carbamate (13)

To a solution of 7 (300 mg, 0.42 mmol, 1 eq.) in DMF (3 mL), was 
added DIPEA (235 mg, 300 µL, 1.82 mmol, 4,3 eq.). The reaction 
mixture was heated to 90 ◦C. Propargyl chloroformate (91 mg, 75 µL, 
0.77 mmol, 1,8 eq.) was added in one portion. The reaction mixture was 
stirred at 90 ◦C for 5 min, then adsorbed on silica and purified by 
chromatography on silica gel column (gradient MeOH with 0,5 % H2O in 
DCM, 0 % to 30 %) to give the expected product 13 isolated as a white 
solid (235 mg, 0.37 mmol, yield: 86 %).1H NMR (500 MHz, DMSO‑d6): δ 
9.66 (s, 1H), 9.61 (s, 2H), 7.77 (t, J=4.9 Hz, 2H), 7.29 (t, J=5.7 Hz, 1H), 
4.59 (d, J=2.5 Hz, 2H), 3.66 – 3.55 (m, 1H), 3.49 – 3.42 (m, 7H), 3.18 – 
3.08 (m, 1H), 3.03 – 2.92 (m, 4H), 2.57 (t, J=7.5 Hz, 4H), 2.26 (t, J=7.4 
Hz, 4H), 1.96 (s, 3H), 1.54 – 1.45 (m, 6H), 1.43 – 1.33 (m, 6H), 1.23 – 
1.16 (m, 6H). 13C NMR (126 MHz, DMSO‑d6): δ 172.0, 171.3, 170.1, 
155.2, 76.9, 53.5, 51.3, 47.1, 46.8, 41.8, 40.3, 38.4, 29.9, 29.0, 28.8, 
27.6, 26.0, 23.5, 23.3, 20.4. HRMS: calculated for C29H50N6O10: 
642.3588; found: 642.3605.

4.1.7. (1-(1-(di(pyridin-2-yl)amino)-2-oxo-6,9,12-trioxa-3- 
azatetradecan-14-yl)-1H-1,2,3-triazol-4-yl)methyl(3,14,25-trihydroxy- 
2,10,13,21,24-pentaoxo-3,9,14,20,25-pentaazatriacontan-30-yl) 
carbamate (14)

To a solution of 13 (153 mg, 0.24 mmol, 0,96 eq.) in THF (7 mL), 
were added a solution of azide 12 (106 mg, 0.25 mmol, 1 eq.) in THF (7 
mL) then water (7 mL). After 30 min at 24 ◦C, sodium ascorbate (144 
mg, 0.73 mmol, 3 eq.) and aqueous saturated CuSO4 solution (40 µL) 
were added. The reaction mixture was stirred at 24 ◦C for 20 h, then 
adsorbed on silica and purified by chromatography on silica gel column 
(gradient MeOH with 0,5 % H2O in DCM, 0 % to 30 %). The purified 
fraction was precipitated in acetone to give the expected product 14 
isolated as an off-white solid (112 mg, 0.10 mmol, yield: 44 %). 1H NMR 
(500 MHz, DMSO‑d6): δ 9.73 (s, 1H), 9.67 (s, 2H), 8.28 – 8.25 (m, 2H), 
8.05 (s, 1H), 7.92 (t, J=5.7 Hz, 1H), 7.79 (t, J=6.3 Hz, 2H), 7.65 (ddd, 
J=9.0, 7.2, 2.0 Hz, 2H), 7.20 (d, J=8.4 Hz, 2H), 7.17 (t, J=5.6 Hz, 1H), 
6.96 (ddd, J=7.2, 4.9, 0.9 Hz, 2H), 5.01 (s, 2H), 4.72 (s, 2H), 4.50 (t, 
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J=5.2 Hz, 2H), 3.79 (t, J=5.2 Hz, 2H), 3.52 – 3.43 (m, 16H), 3.19 (q, 
J=5.8 Hz, 2H), 3.02 – 2.91 (m, 6H), 2.60 – 2.53 (m, 4H), 2.26 (t, J=7.4 
Hz, 4H), 1.96 (s, 3H), 1.53 – 1.44 (m, 6H), 1.41 – 1.33 (m, 6H), 1.25 – 
1.15 (m, 6H). 13C NMR (126 MHz, DMSO‑d6): δ 172.0, 171.4, 170.2, 
169.5, 156.4, 155.9, 147.8, 142.6, 137.6, 124.9, 117.4, 114.2, 69.7, 
69.7, 69.6, 69.5, 69.0, 68.7, 56.9, 50.7, 49.4, 47.1, 46.8, 40.2, 38.6, 
38.5, 30.0, 29.1, 28.8, 27.7, 26.1, 23.5, 23.4, 20.4. HRMS: calculated for 
C49H77N13O14: 1071.5713; found: 1071.5752.

4.1.8. Iridium(III) conjugate (10)
In a schlenk tube under inert atmosphere, iridium dimer [IrCl(piq)2]2 

9 (14 mg, 1.1x10- 2 mmol, 1.0 eq.) and 8 (20 mg, 2.7x10-2 mmol, 2.2 
eq.). were dissolved in 2:1 degassed solution of CH2Cl2/MeOH. The re-
action mixture was stirred at 20 ◦C overnight. The mixture was evapo-
rated under reduced pressure and purified by size exclusion column 
chromatography to give 27.2 mg of an orange solid was obtained (88 %). 
1H NMR (600 MHz, CDCl3) δ 10.00 (br s, 1H), 9.84 (br s, 1H), 9.69 (br s, 
1H), 8.88 (d, J=8.5 Hz, 2H), 8.73 (br s, 1H), 8.20 (d, J=8.0 Hz, 2H), 8.11 
(br s, 2H), 8.00 (d, J=8.0 Hz, 2H), 7.79 (t, J=7.6 Hz, 2H), 7.74 (t, J=7.6 
Hz, 4H), 7.63 – 7.52 (m, 8H), 7.02 (t, J=8.0 Hz, 2H), 6.78 (t, J=8.0 Hz, 
2H), 6.74 (t, J=6.5 Hz, 2H), 6.28 (d, J=7.6 Hz, 2H), 4.90 (d, J=17.3 Hz, 
1H), 4.59 (d, J=17.0 Hz, 1H), 3.75 – 3.53 (m, 6H), 3.34 – 3.22 (m, 2H), 
3.21 – 3.11 (m, 4H), 2.93 – 2.77 (m, 4H), 2.66 – 2.47 (m, 4H), 2.09 (d, 
J=15.5 Hz, 3H), 1.74 – 1.54 (m, 8H), 1.53 – 1.42 (m, 6H), 1.35 – 1.18 
(m, 4H) ppm. 13C NMR (151 MHz, CDCl3) δ 174.0, 173.3, 173.1, 172.3, 
169.0, 168.0, 156.0, 153.0, 150.4, 145.6, 142.0, 140.3, 137.3, 132.4, 
131.8, 130.8, 128.7, 127.8, 126.9, 126.5, 122.4, 121.5, 121.2, 118.1, 
57.5, 47.4, 46.7, 39.3, 39.1, 38.9, 31.9, 31.6, 28.9, 28.6, 28.5, 28.4, 
28.0, 26.2, 26.1, 25.5, 23.9, 23.5, 22.7, 20.9 ppm. HRMS calculated for 
C67H77N11O9

193Ir ([M− Cl]+), 1372.5525, found 1372.5535.

4.1.9. Iridium(III) conjugate (15)
In a schlenck tube under inert atmosphere, iridium dimer [IrCl 

(piq)2]2 9 (17 mg, 1.3x10- 2 mmol, 1.0 eq.) and 14 (30 mg, 2.8x10-2 

mmol, 2.2 eq.). were dissolved in 2:1 degassed solution of CH2Cl2/ 
MeOH. The reaction mixture was stirred at 20 ◦C overnight and purified 
by two consecutive size exclusion column chromatography to give 39.4 
mg of an orange solid (88 %). 1H NMR (600 MHz, CDCl3) δ 10.01 (s, 1H), 
9.77 (s, 1H), 9.67 (s, 1H), 8.95 (s, 1H), 8.88 (d, J=8.4 Hz, 2H), 8.20 (d, 
J=7.9 Hz, 2H), 8.12 (s, 2H), 8.03 – 7.97 (m, 2H), 7.96 (s, J=8.3 Hz, 1H), 
7.79 (t, J=7.5 Hz, 2H), 7.76 – 7.72 (m, 4H), 7.61 – 7.53 (m, 8H), 7.02 (t, 
J=7.5 Hz, 2H), 6.78 (t, J=7.3 Hz, 2H), 6.76 – 6.71 (m, 2H), 6.27 (d, 
J=7.6 Hz, 2H), 6.08 (s, 1H), 5.12 (q, J=13.0 Hz, 2H), 4.93 (d, J=17.2 
Hz, 1H), 4.64 (d, J=16.2 Hz, 1H), 4.57 – 4.48 (m, 2H), 3.86 (t, J=4.7 Hz, 
2H), 3.60 (s, 16H), 3.46 (d, J=5.2 Hz, 2H), 3.15 (s, J=5.2 Hz, 4H), 3.09 
(d, J=5.5 Hz, 2H), 2.84 – 2.75 (m, 4H), 2.58 (d, J=6.9 Hz, 4H), 2.12 (s, 
3H), 1.67 – 1.53 (m, 6H), 1.53 – 1.36 (m, 6H), 1.34 – 1.18 (m, 6H) ppm. 
13C NMR (151 MHz, CDCl3) δ 174.0, 173.9, 173.2, 172.9, 172.3, 169.0, 
168.2, 156.0, 153.1, 150.4, 145.6, 142.1, 140.3, 137.3, 132.4, 131.8, 
130.8, 130.4, 128.7, 128.5, 127.8, 126.9, 126.5, 125.1, 122.4, 121.4, 
121.2, 118.1, 70.6, 70.5, 70.3, 69.5, 69.4, 57.9, 57.2, 50.4, 47.4, 47.2, 
46.8, 40.7, 39.8, 39.5, 39.0, 38.8, 31.8, 31.6, 31.2, 28.7, 28.4, 28.2, 
26.1, 26.0, 25.4, 23.7, 23.5, 23.2, 22.7, 20.9 ppm. HRMS calculated for 
C79H97N15O14

193Ir ([M− Cl]+), 1672.9494, found 1672.9506.

4.2. Physical chemistry

4.2.1. Absorbance and emission spectra
UV–visible absorption spectra were measured at room temperature 

in CH2Cl2 (1x10-5 mol.L-1 on a Perkin Elmer Lambda 40 UV–visible 
spectrometer; wavelengths are given in nm and extinction coefficient ε 
are presented in L.mol− 1 cm− 1 Emission spectra and luminescent 
quantum yields were recorded in dichloromethane solution (1x10-5 mol. 
L-1 on an Edinburgh Instrument FS5 Spectrofluorometer). The excited 
state lifetimes were recorded at room temperature in dichloromethane 
(1x10-5 mol.L-1 on a Horiba Scientific DeltaFlex TCSPC Spectrometer).

4.2.2. Cyclic voltammetry
Cyclic voltammetry experiments were carried out on an Autolab 

PGSTAT101 potentiostat unit from Metrohm with the Nova software 
package. A glassy carbon working electrode, a platinum wire auxiliary 
electrode and an Ag/AgCl (3 M KCl) as reference electrode were used in 
a standard three-electrode configuration. Cyclic voltammetry was per-
formed in a 0.1 M anhydrous degassed solution of nBu4NPF6 in aceto-
nitrile at a scanning rate of 0.1 V.s− 1 Values were calibrated using 
ferrocene as reference.

4.3. Antimicrobial susceptibility testing

The strains used in this study are listed Table S1. The conditions used 
to determine the MICs of iridium complexes have been described 
recently by our group.55 Briefly, 1.5 mL microtubes containing 100 µL of 
cation-adjusted Mueller Hinton broth (Becton, Dickinson and Company, 
Sparks, USA) or cation-adjusted, iron-depleted Mueller Hinton broth 
(iron concentration ≤ 0.03 mg/L) prepared as recommended by the 
CLSI,52,56 were inoculated with 5 x 105 CFU of exponentially growing 
bacteria. The cultures were then incubated at 35 ◦C in a Plexiglass water- 
bath incubator (Dominique Dutscher, Bernolsheim, France) for 18 h ± 2 
in the presence of log2 increasing concentrations of iridium complex, in 
the dark (controls) and under blue LED light, respectively. The LED 
emitting at 473 nm with a power of 388 µW/cm2 (RGB Flood Light B04- 
10 M− RGB, Meikee Lighting, Guandong, China) was placed vertically at 
1 cm distance from the large side of the water-bath, as illustrated by 
Figure S25. The individual MIC values indicated in this work (lowest 
drug concentrations with no visible bacterial growth in the microtubes) 
correspond to the modal of at least three independent experiments.

4.4. Structural biology

4.4.1. Protein expression and purification
Recombinant FoxA (from Pseudomonas aeruginosa) was expressed 

and purified as previously described.54 Briefly, C-terminal His6-tagged 
protein was over-expressed in Escherichia coli Lemo21 strain with 0.5 
mM L-rhamnose. Cells were grown at 37 ◦C to OD600 of 1, temperature 
was lowered to 20 ◦C and expression was induced with 0.1 mM iso-
propyl-β-d-thiogalactopyranoside (IPTG) overnight. Cells were har-
vested, resuspended in buffer (30 mM Tris pH 7.4, 200 mM NaCl, 10 % 
glycerol) and lysed using a high-pressure homogenizer (EmulsiFlex-C3, 
Avestin). Cell debris was cleared by centrifugation at 22,000 g for 30 
min and 1 % Triton X-100 was added to the supernatant and incubated 
for 1 hr at 4 ◦C. The insoluble outer membrane fraction was isolated by 
ultracentrifugation at 150,000 g and solubilized overnight with 1 % 
octyl glucopyranoside (OG). The solubilized material was cleared by 
centrifugation at 50,000 g and applied to Ni-NTA resin. The resin was 
washed with buffer supplemented with 0.4 % C8E4 and 25 mM imid-
azole, and the protein was eluted with 250 mM imidazole. Tobacco etch 
virus (TEV) protease was added to the eluted fraction (1:10 w/w) 
overnight followed by reverse Ni-NTA purification after removal of 
imidazole. The purified protein was concentrated and further purified 
using size-exclusion chromatography (Superdex S200 10/300 column).

4.4.2. Crystallization and structure determination
For crystallization, FoxA (7–10 mg/ml) was mixed with 3–4 fold 

excess ligand (compound 8 /compound 14/compound 15) dissolved in 
100 % DMSO and incubated on ice for approximately 30 min. Crystals of 
FoxA-8 and FoxA-14 complex were grown in 2.1–2.4 M ammonium 
sulfate, 0.1 M HEPES pH 7, 0.05 M NaCl, 0.7 % β-octyl glucopyranoside. 
Crystals of FoxA-15 complex were grown in 2.4 M Ammonium sulphate, 
0.1 M Tris pH 8, 0.7 % β-octyl glucopyranoside. All crystals appeared 
after 3–5 days, grew to 20–100 μm maximum size and were cryo- 
protected with step-wise addition of glycerol to a final concentration 
of 20 % (v/v) followed by immediate harvest.

X-ray diffraction data were collected at the P14 beamline at EMBL, 
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Hamburg. All data were processed with XDS57 and reduced with 
AIMLESS.58,59 The StarANISO server60 was used to perform anisotropy 
correction of the data. The structure was solved using molecular 
replacement in Phaser61 using apo FoxA (pdb: 6I96) as a search model 
and refined using REFMAC5 and Phenix.Refine62,63 to 2.22 Å (com-
pound 8) and 2.48 Å (compound 14). All data collection and refinement 
statistics are summarized in Table S4. Coordinates have been deposited 
to the Protein Data Bank (pdb: 8RM3 / 8RMI). Figures were prepared 
using Pymol and UCSF Chimera.
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