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Pseudomonas aeruginosais a Gram-negative opportunistic pathogen respmasifor

DOI: 10.1039/x0xx00000x nosocomial infections. The prevalence of antibiosistantP. aeruginosa strains is
increasing, necessitating the urgent developmentes strategies to improve the control of
this pathogen. Its bacterial envelope constitutearoouter and an inner membrane enclosing
the periplasm. This structure plays a key roleha tesistance of the pathogen, by decreasing
the penetration and the biological impact of manyilaotics. However, this barrier may also
be seen as the “Achilles heel” of the bacteriunsame of its functions provide opportunities
for breaching bacterial defenses. Siderophore-dé@aniron uptake systems act as gates in the
bacterial envelope and could be used in a “Trojars@” strategy, in which the conjugation of
an antibiotic to a siderophore could significanilycrease the biological activity of the
antibiotic, by enhancing its transport into the temeim. In this review, we provide an
overview of the various siderophore-antibiotic agggtes that have been developed for use
againstP. aeruginosa and show that an accurate knowledge of the strattand functional
features of the proteins involved in this transmeamie transport is required for the design and
synthesis of effective siderophore-antibiotic Trojorse conjugates.

www.rsc.org/

I ntroduction available!® This resistance is partly due to the chemical
composition and diffusion limit of the bacterial vetope,
The emergence and increasing prevalence of patiogejreatly restricting the penetration of antibiotitem several
bacteria resistant to most of the drugs in clinicse raises fearsfamilies!°!? Furthermore, the expression of efficient efflux
of the end of the antibiotic efaThis development of bacterialpumps inP. aeruginosa greatly decreases the biological impact
resistance to antibiotics is an inevitable procélsat has of many antibiotics by preventing them accumulationthe
nevertheless been greatly accelerated during retmredes by bacterial cells3'**5n additionP. aeruginosa is able to acquire
the massive use of antibiotics in human health aninal new resistance mechanisms rapitflyThese new mechanisms
husbandrf.The evolution of antibiotic-resistant strains aé® mostly involve modification of the biological tafmger the
been accelerated by the almost complete lack of classes of expression of enzymes able to inactivate antibsdfit’
clinically relevant antibiotics reaching the marketthe last Finally, the communities ofP. aeruginosa cells in the
few decade$?® For all these reasons, there is now an urgesslysaccharide matrix of a biofilm are significantless
need for both new generations of antibiotics widwrtargets, sensitive to the main classes of antibiotftt.
and for other novel strategies for increasing tffficaey of
known antibiotics This second aspect is particularly importarne way of increasing the efficacy of known antitzi® is the
in the struggle again®seudomonas aeruginosa. This Gram- Trojan horse strategy, in which drugs are transgbinto the
negative bacterium is an opportunistic pathogerolired in bacteria via nutrient uptake pathways. Indeed, nmarmds are
severe nosocomial infectioAdndeed, in the last few decadesphysical barriers protecting the cell and transmamé uptake
P. aeruginosa has become a major threat irsystems act as gates for those molecules in pidssessthe
immunocompromised patiertsgystic fibrosis patient€ and appropriate “key® This strategy has been employed in
patients with extensive burfdnfections due td. aeruginosa therapeutic applications, but its use is most adearn
have a frequent fatal outcome even in developedittes®® anticance??2 and antibiotic applicatiori®:® In this context,
This high lethality mostly reflects the increasiresistance of the use of iron uptake systems as gates for intiadu
this microorganism to the arsenal of antibioticsrrently
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antibiotics into the inner compartment of the bsdateis chains) have been identified (PVD types I, Il aifih cultures
particularly promising>=® Iron is a crucial nutriment for of P. aeruginosa strains**“® Each strain ofP. aeruginosa
bacterial growth, due to its role as a co-factoriritportant produces one of these three types of PVD. In P\tbdduced
fundamental biological process¥s. Paradoxically, the by P. aeruginosa PAO1, iron(lll) is coordinated by the catechol
bioavailability of this metal is limited by the logolubility of group of the fluorophore and by the twéhydroxy formyl-
iron(Ill) at physiological pH® The human host containsornithine moieties in the peptide sequence. Pydmesd
substantial amounts of iron, but this crucial elamis tightly associate with iron(Ill) at high affinity ($62M™ for PVDI), in
associated with transport and storage proteinsi@nadt freely 1:1 stoichiometry. The resulting ferric complexea® dighly
available to pathogens. Moreover, during an intexctithe stable (pFe(lll) of 27.0 for PVDIY

innate immune system of the host limits the pathegaccess

to iron by reducing intestinal iron absorption,aiigh increases Pyochelin2 is a siderophore of. aeruginosa,*® but has also
in the production of ferritin, and of lactoferrily Imeutrophils at been shown to be excreted by other Gram-negativetia’®>°
sites of infection, and by producing siderocaffhés a result, The structure of PCHs is based on a 2-hydroxyphenyl
the concentration of free iron bioavailable to paghns in thiazolinyl-thiazolidine scaffold. This siderophomplexes
biological fluids has been estimated between®1and 10** iron(lll) with a stoichiometry of 2:131?|n the ferric complex,
M,3” whereas bacteria require iron concentrations ie tbne PCH is tetradentate and binds the metal iorihdgphenol
micromolar range for proliferation during the infiecn oxygen, the nitrogen atoms from the thiazoline #madzolidine
process? Microorganisms have overcome this problem of irorings and the oxygen atoms from the terminal caylmie
accessibility by developing highly efficient uptakgstems for group. The second PCH involved in chelation interaeith
taking advantage of the iron present in the Ab%tThe most iron(lll) via the phenol oxygen and the nitrogen tfe
common mechanism is mediated by low-molecular weigthiazoline ring>>> The affinity of this siderophore for iron(lll)

organic chelators (150 to 2000 Da) called siderogst*?
These metabolites are synthesized by bacteriaelaedsed into
the environment, where they chelate iron with atresmely
high affinity. Indeed, siderophores are rich in tieteroatoms
oxygen and nitrogen, which are able to form higkbtable
octahedral hexacoordinated complexes with ironttfy which
can compete with host proteins for iron. Bacteeauperate

is 10%® M2 and with a pFe(lll) of 18.0, ferric-PCH is
significantly less stable than ferric-PV®The advantage tB.
aeruginosa of excreting two siderophores — PVD, with a high
affinity for iron(lll), and PCH, with a lower affity for this
cation — remains unclear. However, recent findisgggest
that P. aeruginosa synthesizes the efficient but “metabolically
expensive” PVD only in conditions of severe iro@arsation.

their ferric-siderophoresvia specific membrane uptakeThe less efficient PCH seems to be the principaérsiphore
machineries.Due to the essential nature of iron uptake f@roduced under less severe conditions of ironfijtation.>*

bacterial pathogenesis, siderophore iron uptakbwsats are
interesting gates for antibiotic treatment via &rojhorse
strategies.

The design of promising antibiotic Trojan horseatdgies

Thus, the apparent redundancy of the PVD- and PCH-
dependent uptake systems may optimize bacteriaivadirin
changing environmenfs.

P. aeruginosa can also use many of the siderophores secretea

against P. aeruginosa is thus highly dependent on outby other microorganisms (xenosiderophcfe)pyoverdines

knowledge of the various biological molecular metdbkms
leading to the translocation of the ferric-sideroghfrom the
bacterial cell surface to the inner compartmenttefbacteria.
In this context, we aim here to provide an overviefvthe
structural and functional data available for sigdrare-
dependent iron uptake systems #h aeruginosa and the
antibiotic Trojan horse strategies developed on lthsis of
siderophores excreted By aeruginosa.

Sider ophores used by Pseudomonas aeruginosa

from other pseudomonads, enterobactin4,>® cepabactin’
mycobactin and carboxymycobactf, ferrichrome 3,%°
deferrioxamines®®° desferrichrysin, desferricrocin, copro§en
and naturally occurring chelators such as cittafé. The
importance of these xenosiderophore uptake systéms
infection has yet to be established. They may beled in
polymicrobial infections, withP. aeruginosa making use of the
siderophores produced by other microorganisms. presence
of these xenosiderophores induces the expressionthef
corresponding uptake transportersPinaeruginosa.®* All these

. o ) siderophore-dependent iron uptake pathways aregeftive,
Pseudomonas aeruginosa excretes two principal &derophoresbossime gates for Trojan horse strategies basesidenophore-
pyoverdine (PVD)1 and pyochelin (PCHZ (Figure 1). PVDs apiibiotic conjugates.

constitute a family of chromopeptide siderophorased on a
common chromophore connected to an oligopeptidé tof 14
amino acids produced by all Pseudomonads. More fit#n
pyoverdines have been characterized to date, amdeth
molecules differ mostly in the number, compositiamd
configuration of the amino acids of the oligopeptidaction?*
46 Three structurally different PVDs (with differepeptide
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The plug domain occludes the lumen of fivarrel, thereby
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21 OH 3 NLO Figure 2. FpvA structure in complex with PVDI-Fe (PDB: 2IAH). Left : General
22 6H description of the complex. The view is perpendicular to the barrel axis. Those
23 strands, which form the front of the barrel, have been removed to provide an

) i i . unobstructed view of the cork domain. Right : The PVDI-Fe binding site as viewed
24 Figure 1. Strlfctures of the two siderophores of P aeruginosa, pyo.verdlne (Pch) 1 from the external environment. In both panels, the barrel domain and the plug

and pyochelin (Pch) 2 and of the two xenosiderophores ferrichrome 3 and . . . L
25 X i domain are colored in grey and green, respectively. The PVDI-Fe complex in its
26 enterobactin 4 used by P. aeruginosa. binding site on FpvA is shown in red. FpvA has in addition to the plug domain a

signaling domain (in purple) at the N-terminal end. This signaling domain is not

27 L. ) present in all TonB-dependent transporters and is for example not present in
28 Uptake of fel’rISIderOphOI’e ComplexeS INtO  Fpta, it is involved in a signaling cascade regulating the expression of genes
29 Pseudomonas aerugi nosa involved in iron metabolism.
30 . . .
31 Once iron(lll) has been chelated by siderophoresttia  kerrisiderophore binding sites are highly sideraphepecific,
32 environment of the bacterium, the ferrisiderophooenplexes g\ways located on the extracellular face of the TBand are
33 are recognized at the bacterial cell surface byifipeTonB- composed of residues of both the plug and fbarrel
34  Dependent Transporters (TBD)® TonB being the inner gomains®® In P. aeruginosa, only FpvA (PVDI-Fe TBDT) and
35 membrane activator of these transporters. TBGDTS BtA (PCH-Fe TBDT) have been crystallized and their
36 characterized by very stringent siderophore sefiegfi° and structures solveff Determinations of the structure of FpvA in
37 the number .Of siderophores a bacterium can userasgly complex with different PVD-Fe complexes purifiedorn
38 correlated with the number of genes encoding TBPT&sent gifferent Pseudomonads have shown that the spiegitié the
39 in its genomeln silico analysis of theP. aeruginosa genome  pFpvA binding site is conferred by the structurakreénts
42 iron uptake?al FpvA and FpvB are th% outer membrangst few amino-acid residues of the PVD peptid@iofi® The
43 transpor(t)ers involved in PVD-Fe Uptfﬁ&?- FptA transports c-terminal portion of the PVDs, which is often dgcldoes not
44 ?CH'Fé and FecA ferricitraté: For heterologous appear to make a major contribution to the intéoacbetween
45 siderophores, two transporters, PfeA and PirA, mtedithe the siderophore and its transpof®eMoreover, investigation of
47 the transport of ferrioxamine B and ferrichrofé? FemA is he synthesis of various analogues of this sidesaphand
48 responsible  for the transport of mycobactin  angeterminations of their affinity for FpvAn vitro andin vivo
49 carboxymycobactifn® ChtA transports rhizobactin, aerobactiyng their ability to transport iron, has demonsulathat the
22 and schiz.olgieneﬁ? and FvbA is responsible for the uptake ofyccinyl moiety linked to the chromophore of PVDidathe
5> vibriobactin. . first amino acid of the peptide moiety can be scitgé to steric

Many TBDT structures have been solved in the laSt hindrance, with no effect on binding or on the iraptake
53 years®®® They all consist of a 22-stranded antiparallgfroperties of PVDI-F&
2‘51 tran.smem'branB-barrfeI with large extracellular Ioops. an.d smapcH, the second siderophore producedPbyaeruginosa, has
56 periplasmic loops (Figure 2). The lumen of the &is filled  three chiral centers, in positions C4, C2" and ,Cdid its
57 W'.th the N-terminal globular domain (known as thiei, a pinding site on FptA is therefore highly stereosfiec This
58 mixed four-strande-sheet surrounded by loops and hellceginding site consists mostly of hydrophobic and naatic
59
60
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residues from the plug and the barrel, consisteith \the

of the ferric siderophore complex depends on tkdersphore

hydrophobicity of PCH!® In the crystal structure, PCHpathway and the bacterium concerned. In most sidene-

provided tetradendate coordination of iron, the aimimg
bidentate coordination being provided by the ethglglycol
used for crystallization. This suggested that aglseinPCH
molecule was sufficient for recognition by FptAln addition,
the crystal structure of FptA and FetA (enantioPE&HTBDT

based iron uptake systems, the ferricomplex isspraried
across the periplasm and inner membrane by ABGpamters
or proton motive force-dependent permeases. Irorthén
released from the chelator by either a combinaténiron
reduction and degradation or chemical modificatioh the

in P. fluorescens), binding assays and docking experimensiderophoré’ The fate of ferrisiderophore complexes after

with synthetic PCH analogues have all shown thatsghecific
recognition of PCH-Fe by FptA was due to the camfagion of

transport across the outer membran®@.imeruginosa has been
investigated only for the PVDI, PCH and ferrichropathways

the C4"and C2"chiral centers and was only weakly depende(figure 3).

on the configuration of the C4arbon atoni®®In addition,
studies of FptA-PCH-Fe structure and binding stsidiarried
out with PCH analogues have shown that this sidevapcould
experience steric hindrance on the nitrogen N3'itiooswith
no effect on the recognition of the siderophore iy

For the iron uptake cycle involving PVDI, ferri-PVi¥ transported
across the outer membrane by its specific TBDT, AFgFigure
3).%888 |ron is then released from PVDI in the periplasoy, a
mechanism involving iron reduction and no chemicaldification
of the siderophor® The apo-PVDI is then recycled to the

transporte?’ This high level of siderophore specificity orextracellular medium by the efflux pump PvdRT-Opm@here it

stereospecificity of TBDTs is a key aspect to bketainto
account when designing antibiotic-siderophore cgajeas: it is
essential to take the structure of the corresp@n@®DT into
account, to determine where on the siderophorengugate the
antibiotic moiety.

The protonmotive force of the inner membrane presidhe
energy required for the translocation of the fédesophore
through the TBDT. This energy is transferred to théer

can initiate a new iron uptake cyéf&®? Iron is further transported,
across the inner membrane, by the ABC transporteiICBRF,
which consists of two periplasmic proteins (FpvC dfmvF), a
permease (FpvD) and an ATPase (FpVEMore precisely, it is
currently suggested but not proved that the twapfsesmic binding
proteins are involved somehow in the PVDI-Fe diggan and the
permease FpvD with the ATPase FpvE in the tranSmtaof
siderophore-free iron across the inner membrane itite
cytoplasn®® In this iron uptake pathway, the siderophore PVDI

membrane TBDTsia the TonB machinery, which consists off€ver reaches the cytoplasm.

three different inner membrane proteins: TonB, Exaid

In the PCH pathway (Figure 3), ferri-PCH is transpdracross the

ExbD. 8 This TonB complex is required for the formationeof Outer membrane by its specific TBDT, Fpthand across the inner

channel in the TBDT, to allow the uptake of fewiiophore

membrane by the permease FpfMron is released from PCH into

complexes across the outer membrane. Several misoign € cytoplasm by an unknown mechanism.

have been proposed for channel formation
including: (i) a major change in the conformationtloe plug
domain, (ii) the movement of this domain out of fhwarrel,
and (i) a combination of these two mechanigif€. Many
different experimental approaches have been usegsolve

in TBDTShe xenosiderophore ferrichrome is transportedszctioe outer

membrane iP. aeruginosa by the TBDTs FiuA and FoxA, and
across the inner membrane by the permease FiuBur@=ig
3)%%" Jron is released from the siderophore by a medmani
involving the acetylation of desferrichrome by Fiughd,

this issue, but without real succd®8€® The data obtained with Probably, iron reductiof! The acetylated desferrichrome is

different approaches are often contradictory, mgkiit
impossible to draw any firm conclusions about thechanism
involved. Once transported across the outer menebthe fate

‘I’ w Fe I rdine-Fe
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Fe Fe
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Figure 3. Pyoverdine, pyochelin and ferrichrome-dependent uptake pathways in  E492 (MccE492), produced byKlebsiella pneumoniae
P. aeruginosa. For details and explanations, refer to the text. RYC492. This natural Compound is a Conjugate of 8dn
amino-acids antibacterial peptide and a linearigeterobactin

Sideromycins. antibiotic Trojan horse compounds analogue, connected by BrD-glucose spacéf’ MccE492
developed by microor ganisms displays strong antibiotic activity against sevetacterial
species . coli, Salmonella enteritidis andS. typhimurium).%°2

Sderomycins are antibiotics covalently linked to siderophoresshe effectiveness of MccE492 has been shown tohelated
produced by various microorganisifi¢® The two chemical with the expression of the FepA, Cir and Fiu outembrane
entities are generally connected by a spacer arever8@l transporters in E. coli.!® MccE492 uses the catechol
families of sideromycins have been discovered aRgierophore-dependent iron uptake systems as avaateo
characterized in the last decades. They have bkmssifted cross the bacterial outer membradffeOnce inside the bacterial
according to the siderophore moiety, the targehefantibiotic periplasm, the ester group connecting the sugtretpeptide is

fraction and the microorganism producing them.  Thgeaved by intracellular hydrolases. The releasegptige
S|deromycms identified tg date |nchude albomycihs,induces depolarization of the inner membrane, andrfiere
ferrimycins?’  danomycins®  salmycin§® and  certain wjth the bacterial mannose metabolism (Figur&4j%®

microcins'® These natural siderophore-antibiotic conjugates
can chelate iron(lll) and are then transported ihi targeted MccE492 demonstrates that the antibiotic moietiasied by
bacterium via siderophore-dependent iron uptakewpays. sideromycins can be more bulky than the sideroplpare of
This energy-coupled transport across the bactemhbranes the molecule, suggesting that the channel formed@BDTs
greatly increases the antibiotic efficacy of sideyzins: their during the process of uptake across the outer mamebhas a
minimal inhibitory concentration is often at leas orders of large diameter and does not seem to interact irpexific
magnitude lower than that of the antibiotic moietyhout the manner with the compounds transported. The crititep in the
siderophore, entering the cells by diffusfBhiAlbomycins5 to transport of sideromycins by TBDT thus appears ¢o the
7 and microcin E492 (MccE493) are representative examplesecognition of the siderophore moiety by the higkjyecific
of this family of natural Trojan horse antibiotig&igure 4)°*'® pinding site of the TBDT. Following this recognitiostep,
TonB activates the formation of a channel, fadilitg the

Albomycins were among the first sideromycins to bgiffusion whatever is bound to the binding sitee Siderophore
characterized® These molecules, excreted I§reptomyces or a bulkier sideromycin.

strains, are the biosynthetic results of the coaljiogn of a
0--=9, .-Q

ferrichrome siderophore analogue and a thioribpgyimidine e J//F\ \)/

antibiotic mediated by an amide grot’p.These conjugates o )k
display highly potent antibiotic activity againstveral Gram- i j:b\ )k _ ~
negative bacteria, with a reported minimum inhikjto el NTN N\)J\ coom COOH
concentration (MIC) of 5 ng/ml for albomycid 6 against o "

Escherichia coli (MIC of 256 pg/ml for the antibiotic moiety 5:R= NCONHz HO
alone)'? for example. These conjugates are transported dy th ?:R<0 o Oﬁ/\©
ferrichrome-dependent iron uptake mechanism in drict HM@\WH OJK(NH
expressing this systeff?1% After their transfer into the GETDPNTQLLNDLGNNMAWGAAL- HO o r oH

. . . -GAPGGLGSAALGAAGGALQTVGQ- S)LO fo]
bacteria, an endogenous peptidase in the targedeterium -CLIDHGPVNVPIPVLIGPSWNGSGSGYNSATSSSGSG

promotes the cleavage of the amide linker and é¢lemase of the
antibiotic1®* Neither the enzyme involved in this hydrolysis,
nor the compartment in which the reaction takesellaas yet Meceaszs L OH

been clearly identified. The antibiotic releasedenitified as

SB-2174529, is a potent inhibitor of bacterial Seryl'tRNA'Figure 4 : Structures of albomycins 5,6 and 7 produced by Streptomyces species

synthetase (SerRS), a key enzyme involved in tAestation and of the antibiotic SB-217452 8. The structure of the microcin E492 9 produced
pl’ocessl_o5 by K. pneumonia is also given.

For some sideromycins the antibiotic moieties aptiges and The subtlemodus operandi of natural sideromycins is often
the most fascinating example of such a moleculedsnicrocin compared to the Trojan horse strategy describedidyer in

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 5
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1 the Odyssey. The bactericidial activity of sider@m js Figure 5 : Structures of PaTSebAmp 10 and Pv9446SebAmp 11, two conjugates
2 . e - .- . between pyoverdines and ampicillin.
3 driven by the specificity of recognition betweersiderophore
and its corresponding TBDT. Unfortunately, the mnalu ) ) . o .
4 . . P . 9 y These conjugates had high levels of antibacteatwvigy, with
sideromycins described to date have generally lfieend to ) .
5 . - . . 2095 MICs of 0.04 pg/ml and 0.67 pg/ml, respectively aiagt
6 have only weak bactericidal activity agaifstaeruginosa.“™ : ) ) A
. . . . sftralns described as resistant to free ampicillihese PVD-
7 However, the impressive efficacy and selectivity ob ta-lact ) ¢ like the PVDI d d B
8 sideromycins against other Gram-negative bacteras h € a-.ac am conjugates, 1 e, e, produce Y
aeruginosa PAO1, probably dissociated from the transported
9 encouraged several groups around the world to dpvbio- . S ; g L
o . . iron ion in the periplasm, with the apo-chelatocwoulating in
10 inspired Trojan horse approaches targefngeruginosa more i )
o . . . this cell compartment before recycling to the ecathular
11 specifically. The principal strategies describedduate forP. s o .
) . S medium.~ In this iron uptake cycle, the beta-lactam antibio
12 aeruginosa are based on the vectorization of antibiotics oy t . . )
. linked to the PVD seems to be able to reach itgetam the
13 two endogenous siderophores, PVD and PCH. ) s .
14 periplasm and to inhibit the synthesis of the migmlycan.
15 Antibiotic Trojan horses based on pyoverdine In a second approach, the same group purified th® P
16 Many siderophores can be readily generated by setinth produced byP. aeruginosa ATCC 15692, for the preparation of
17
18 chemistry from commercially available starting mmatls. conjugates with cephalexin, another beta-lactanibiatic.
19 However, a few, such as PVD, still constitute alleige to For this purpose, the arginine side chain of theriopeptide
20 organic chemists, as they have complex structumgehiing was crosslinked with N-4,6-dioxoheptanoyl-cephalexin in
21 polycylic moiety, asymmetric centers or unnaturahireo buffered conditions. The resulting pyrimidine limkevas
29 acids'®!9|n the specific case of PVDs, the development described as stable in biological medium. The P\éphalexin
antibiotic Trojan horse strategies has been eneisamnly by conjugatel2 (PDPyrCeph) was tested against bacteria and was
23
24 hemisynthesis, starting from chromopeptides extchdtomP. found to have no activity againBt aeruginosa ATCC 15692
25 aeruginosa culture broth. The amount of PVD produced byFigure 6)**® However, compound2 induced bacterial growth,
26 fluorescent Pseudomonas is highly strain-dependent but isdemonstrating that the conjugate promoted iron kepta the
27 generally between 200 and 500 mg per liter in depleted targeted bacteria. The absence of antibiotic dgtiviay be due
28 culture conditiong!*'*?Higher productivity has been achievedo an inability of the antibiotic to interact wiits target in the
29 in the presence of certain metal idh%'!* In a pioneering periplasm, due to steric hindrance caused by liekag the
30 approach, Budzikiewicz and coworkers purified th€DRB siderophore. Indeed, the presence of an antibiotiiety on the
31 produced byP. aeruginosa ATCC 27853 andPseudomonas siderophore can affect vector recognition by theDTBand
32 fluorescens ATCC 13525° The peptide fractions of these twaherefore transport. Conversely, conjugation to dtikerophore
33 PVDs each contain one amino acid bearing a terngnielary moiety can markedly decrease the interaction ofathigbiotic
34 amino group (ornithine and lysine, respectivelyhie$e amine with its biological targets.
35 groups were connected to ampicillin, a beta-lactantibiotic,
36 via a sebacic spacer arfii. The activity of the resulting Abdallah and coworkers developed conjugates betwien
37 conjugates,10 (PaTSebAmp) andl (Pv9446SebAmp), was PVD extracted from ATCC 15692 and fluoroquinolonestent
38 tested againsP. aeruginosa ATCC 27853 and ATCC 15692 inhibitors of bacterial DNA gyrasg’ These compounds were
39 (Figure 5). developed long before the molecular mechanismshmedoin
40 iron uptake by PVD were known, accounting for tiheice of
41 E antibiotics with cytoplasmic targets. Two conjugai@3 and
42 o s Q 0 /Q”NH 14) of PVD and norfloxacin have been synthesized. In
NH I« a 0 '
43 >§:,C\l: I N“u\/\/\/\gN\/\O/\ﬁLu/\g’N N °0 NF\ compound13 (NPS), the siderophore and the antibiotic are
44 wood  © HO\I o P)L o connected by a succinate linker that is stableHysjplogical
45 (\ﬁo oj'\H O conditions. In compound4 (NPL), PVD and norfloxacin are
jg OHNgC;*@:w =0 connected by a linker bearing a methylenedioxy grthat is
H X 10 readily hydrolyzedn vivo (Figure 6).
48 O\g/\)j\NH OH
49 (/ 3
Orn o)
50 H)—N\ o NHTI/\/\/\)LNH NH,
51 ¢ W EPROS

o
Ogy-NH HN O \ OH COOH
o 5 Gl
54 (\I{Hgo OH HNI\OH
HNS&N OH P NH
56 o N-on
57
58
59

60
6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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o 5 oH NO\H\ approaches based on PVD-dependent iron uptakensysiehe
NH OH

\ﬁ\“‘ f I\)N\ ag il PCH-dependent iron uptake system may therefore bee m
5 N’ EN NN N N N OOOI'\;
H H

promising for the development of more general aotid

o O; NH H O H HN N
HO\iNH HoL,, A on Trojan horse strategies.
-0l

o HWEN oH H,Lo Antibiotic Trojan horsesbased on pyochdin

HOWA/\)I\HN S on PCH is a siderophore produced Byaeruginosa,*® but also by

NH o ¢ 5 NHJ‘\H\OH Burkholderia cepacia,®® both of which cause severe, often
HZNJ\N/\/\HLHJ;(H H/QO?O NH lethal, lung infections. The PCH-dependent ironaiptsystem
OjNH o HN HI( is thus common to both bacterial threats and isetbee an
HO NH HO OH interesting target in the framework of an antiliiofrojan horse
(\K'_%O OAH N-OH approach. The stereocontrolled synthesis of thdersphore,
oHNmC’H w=o described in early 2000 by Abdallah and coworR&tgaved
R\I]/\)LHN S OH NPS 13:R= 01 the way for the synthesis of functionalized anakxyfor use as
© o ' vectors for the delivery of antibiotics to theseotwacterial
HoomF NPL14:R =" species. In this context, a first generation of cfionalized
N N 0 H PCHs was synthesized. In the absence of struatiatal for the
0 ~ k’Nm/\)LN’\/N_ < transporter involved, the C5 position was initiadiglected for

N )

Hoocmp ° modification'® due to its accessibility for synthesis
NK ’[)N o o i PR procedures. Two analogues were synthesized,18nkeearing
\g/ e T y an alkyne extension and the secdr&with a more flexible

Figure 6: Structure of conjugates 12, 13 and 14 between the pyoverdine aliphatic Chair}'lg The terminal amine group of the siderophore

produced by P. aeruginosa ATCC 15692 and two different antibiotics : cephalexin ~ analogues was connected to norfloxacin via the difi@erent

and norfloxacin. spacer arms previously described by the group afa#lah and
coworkers in their approach targeting the PVD-deleat iron

Iron transport experiments showed that this cortpigegomoted uptake systeri® The activity of the four corresponding

iron uptake inP. aeruginosa ATCC 15692.In vitro inhibition conjugatesl7 to 20, was assessed agaiffsteruginosa ATCC
assays on purifiedescherichia coli gyrase showed that the;gggs cultured in iron-depleted medium (succinatdiom).
fluoroquinolone remained fairly active against Wilogical At 5 concentration of 10 UM, conjugats and 19, bearing a

target, even when connected to the Sidemphore_a’ianon-hydrolyzable succinic linker, displayed no hiutic
physiologically stable spacer arm. However, whestein ,qiity. At the same concentration, conjugat@sand 20, in

vivo on bacteria, the MIC for compounti3 and14 were higher | hich the siderophore was connected to the aniibioy a
than the MIC of free fluoroquinolone. Similar resulwere hydrolyzable spacer arm, completely inhibited baaterowth.
obtained whatever the strain Bf aeruginosa or the conditions Neayertheless. the level of activity observed washigher than

tested €g. iron depleted succinate or Muller-Hintony, 4t for free norfloxacin at the same concentragiigure 7):°
medium)!!” These results are not surprising, given that PVD

OH OH
never reaches the cytoplasm in its iron-uptake /& This \  cooH \  cooH
provides another illustration of the need for ebasl FZ /\’\')_{\'TH /\“‘)_(NTH
knowledge of the iron uptake systems and intratzellfate of NHBoC s S S S
siderophores for the development of active antibiot NHBoc 16
siderophore conjugates. A siderophore, which relkea#s R o
complexed iron in the periplasm and therefore neeaches HN—X'NCN
the cytoplasm, should only be conjugated to antidsowith S%S Y / COoH
targets in this cell compartment. HOOCLN N ﬁ
\ 17:X=SL
HO 18: X =HL
Another important aspect to be taken into accoumtthie R
development of PVD-antibiotic conjugates is thedution by HN—x—N/_\N P
P. aeruginosa strains of three structurally different PVDs (with LS}—CS — W/
different peptide chains) — PVD types I, Il and*t1f®* — with e U C
their corresponding specific outer membrane trarispg HO égiiﬁt
FpvAl, FpvAll and FpvAlll. Each strain oP. aeruginosa
produces one of these three types of PVDs and the o M
corresponding TBDT. Thus, a PVDI-antibiotic conjteyafor o o
example, will not be active against &l aeruginosa strains, HL= )WOVOY
o [¢]

thus limiting the therapeutic potential of antilddoTrojan horse

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7
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Figure 7 : Structures of the C5 functionalized pyochelin analogues 15 and 16, and In 2004, the team of Pattus and coworkers solvedthinee-
structures of pyochelin-norfloxacin conjugates 17 to 20. dimensional structure of the PCH outer membranesparter

FptA2° The receptor was cocrystallized with one moleafle
Based on the structure of FptA, which has sincenbe, P P Y

. 0 " . . ,Ferric-PCH, providing crucial information about thrgeractions
determined? the C5 position on PCH used to link the anthIOtIB . . -
etween the siderophore and its specific transporte

n:?y haffec: S|fdebrolpl)(hore t:’et(?tognlttloq bilh thi:strana?tc.)rlthe Knowledge of this structure led to the design ayatisesis of
attachment o ‘bulky - substituents ‘in_*he POSIIORY e pcH analogue23, with functionalization of the N3"

generate steric clashes.wnh. the .prot"éiLnThls aspect was position!?12% Functionalized PCH23 had binding and iron
illustrated in a recent article, in which Vederaml aoworkers . - .
uptake properties similar to those of the natuidéer®phore.

repgrted .the use. of fur]c.tlo'nallzed PC],:B, to Yec:ltzc;rlze The N3"-functionalized PCH was then conjugated noN&BD
gallidermin, a peptide antibiotic of the antibiof@mily.”=* In

. . . fluorophore as a model for the development of PGidell
conjugates?1 and 22, the squarate linker connects the ami . . . .
rojan horse conjugates (Figure 9). Fluorescencaascopy

group c?f the ',DCH an'alogdﬁ o the anlnr.]e.group O,f one Of_theexperiments showed that fluorescent proBésand 25 were
two lysines side chains from the lantibiotic. TH®ice of this

: "~ recognized by FptA, the outer membrane transpofteCH?3
spacer arm seems to have been based exclusivedyrinetic 9 yFp P

constraints and .no |.nfo.rmat|c.>n was provided abbatdtability The N3"-functionalized PCH analog@é thus appears to be a
of the squarate linken vivo (Figure 8). . L . .
. ) . . .__promising vector for the specific delivery of artibiotic in the
Conjugate21 and22 were tested, in their ferric form, agalnsF . .
. ) . : ramework of a Trojan horse strategy. Conjuga2ésto 31
several bacterial species. These conjugates sligihthanced . .
) j between this PCH analogue and three fluroroquiredon
the growth ofP. aeruginosa ATCC 14207 andB. cepacia . . . .
. . . . (ciprofloxacin, norfloxacin and\-desmethyl-ofloxacin) were
ATCC 25416, whereas neither antibacterial activity growth a1 L .
) . . . synthesized?® For each antibiotic, the conjugate was
promotion was detected f& coli andSalmonella strains. This . . . -
. ; synthesized either with a non-hydrolyzable succiimi&er or
led the authors to suggest that conjugtesnd22 continued " - .
. ) . . . with a spacer arm containing the methylene-dioxyietyo
to behave like siderophores, promoting iron transpa

which is labilein vivo (Figure 10).
bacterial species expressing the PCH-dependent upgiake (Fig )

systent:??> However, in the absence of control experiments on o.

. . . . . NN
bacteria with appropriate mutations, the promotidngrowth o \
by iron transfer from conjugates to other endogsnou NHBoc HNMX/ONOZ
siderophores €g. PVD, ornibactin or cepabactin) cannot be §

o)
ruled out. The conjugately to 20 and21 and22, prepared by OH OH
either our group or by Vederas and coworkers, vwdahe use ©;TN & COOH ©;rN \__ COOH
of the same vector, but with different types of cggaarms S/J_—{\ TH /J—‘TH
R . e HHS S = g

connected to antibiotics from two different fanmdliewith HH
markedly different biological targets. The resutibtained 23 24 : X = piperazine
suggested that the weak points of this approacle wesbably 251 X= -NHCZH,OC,H,0C,HaNH-
the vector and the C5 position selected for fumetization. o ) )

. . . Figure 9 : Structures of the N3"-functionalized pyochelin 23 and of the pyochelin-
This example highlights the more general need for g,..qfiyorescent probes 24 and 25.
understanding of the structure and function of gheteins and
mechanisms involved in a siderophore-based Trojarseh
strategy.

NHR?

NHR

21:R'=PS,R?2=H
22:R'=H,R?=PS

O, jo]

HNj;/L =
S, S
/[ _ Z
N N
Hooc” '\
HO

Figure 8 : Structures of pyochelin-gallidermin conjugates 21 and 22.

PS

8| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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R results reported open up new perspectives in tveldement

NH*X*NCN of effective artificial sideromycins for combatingP.
§ W/ aeruginosa.
OH R/
COOH I .
@;FN NTH Criteria necessary for designing successful
S\):,‘_'—HAS S antibiotic-siderophore  conjugates against P.
26 : R = cyclopropyl, X =SL | SL= )W aeruginosa.
%igigﬁ;ﬁp;oﬂthL o) o) A Trojan horse conjugate is a coherent ensemblehofe
29:R=ethyl, X =HL HL = MOVOY components: the siderophore, the linker and thibiatit. Each
o) 0 of these components should first be optimized s#phr and
R selected so as to create the precise conjugate thwithbest
HN*X*N/—\N 9 biological properties in terms of both membrane gbextion
— ,)—COOH and antibiotic activity. The difficulty of optimiag these
OH ? O\_{' aspects simultaneously explains why so many promisi
Q;V/N N CfOH approaches have led to only a very small numbehighly
SJ.._H—HAS successful Trojan horse strategies to date. A wewé the

literature rapidly reveals that most of Trojan lonjugates
30: X=SL bearing an antibiotic with a cytoplasmic target andy poorly
31: X=HL . . . . .

active against Gram-negative bacteria in general &n
aeruginosa particularly?#25-:26.2829.117.12012% g |imjtation

must result principally from a difference in trabnspselectivity

As expected, the unconjugated ciprofloxacin, nowlin and Petween the outer .and inner membrane trangport@istbe
N-desmethyl-ofloxacin strongly inhibited the protii¢ion of P, elease of chelateql iron by some siderophoreseirpériplasm,
aeruginosa strainst?! Conjugates26, 28 and 30 with a non- such that these siderophores never reach the egtop(the
hydrolyzable succinic linker had no antibiotic ait§i against VP! pathway in P. aeruginosa (Flggre 3). .Indeed., as
P. aeruginosa. These results demonstrated that the antibioti§§p|?"n9d above,. .TB.DTS seem to display highly sblec
could not be released from the conjugates by hysi®lof the binding to a specific siderophore, but can transpompounds
succinate linker. The PCH-fluoroquinolone conjuga?@ and larger than the recognized siderophore, resultmgaibroad
29, which have a hydrolyzable spacer arm, displaygibiatic transport selectivity. For siderophores transportetb the
activity againsP. aeruginosa. However, this activity was lower €ytoplasm, less is known about the ABC transporéerd the
than that of unconjugated ciprofloxacin and norflox, by a Permeases involved in the transport of ferri-sigbares across
factor of three to 20. In the case Ntdesmethyl-ofloxacin the inner membran®.However ABC transporters form a large
conjugate31, no antibiotic activity was observed, whatever thfé‘m”Y of proteins mvo!ved in the transport of nyad.|fferent
conditions or the strain used. Nevertheless, th€pvalues cheémical compounds in prokaryotic and eukaryotltts.car.\d
obtained were probably underestimated, because thel ©OUr current knowledge about these transporterscatdi a
e 124,125 . -
conjugates were only weakly soluble in physiologicdamoOW transport  specificity. o Therefore in ferri-
conditions. The progressive precipitation of thenjugates in S|dero.p.hore uptake pathways, binding and especmaih/sport
the medium during bacterial growth may greatly dase the selectivity may be narrower at the level of theemmembrane
amounts of antibiotic available to the bactéffaMoreover, UpPtake .than for transIoF:atlon across .the.outer n“‘*"‘.*b It
conjugates27 and 29 displayed significant activity against a>¢€MS I'k?ly that most siderophore-antibiotic cgapes will be
tonB mutant ofP. aeruginosa that cannot acquire iron(lll) via '€tained in the periplasm because unable to besprated
the PCH-dependent iron uptake system. This observatay further across the inner membrafdis explains why most of
reflect the presence of extracellular hydrolasde @b cleave the successful Trojan horse strategies describedate have

the methylene-dioxy linker before the conjugatesssrthe been based on antibiotics with perip:)lasmic targateh as beta-
. . . . a,27,33b,30-32
bacterial envelope. The released antibiotic cam thenetrate !actam derivatives in particulaF?
further into thetonB mutant of P. aeruginosa by diffusion. ] o
Thus, biological evaluations of conjuga@8sto 31 run into two Another obstacle to the development of sideroplaorigbiotic
major problems: the lack of solubility of the cogites in conjugates is the very small number of spacer auntable for
physiological conditions and the hydrolysis of #pacer arm in US€ in Trojan horse strategies. The ideal linkeough be
the extracellular mediuf?* The specific example of pCH_resistant to extracellular conditions, stable dyrirthe
antibiotic conjugates thus highlights more genepedblems translocation promoted by iron uptake systems teéavable in
faced by organic chemists in the development dflersphore- the bacterial inner space. In addition, dependiny tbe
based antibiotic Trojan horse strategy. None of antficial antibiotic vectorized, release must occur preféadigtin either
sideromycins based on PCH or PVD developed to baseyet the periplasm or the cytoplasm. Unfortunately, tivkers
found a promising therapeutic application. Neveese, the described to date are far from ideal, accountingttie failure

Figure 10 : Structures of pyochelin-fluoroquinolone conjugates 26 and 31.

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 9
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of so many Trojan horse approaches, and the preferéor
stable linkers as a model for further developmehte use of a
non-hydrolyzable linker has been identified as blest choice
for the vectorization of beta-lactam antibioticsndéed
transpeptidase, the principal target of beta-lactartibiotics,
seems to be highly permissive to steric hindranoeirad its
substrate. Other biological targets, particulafyse in the
cytoplasm, seem to be more sensitive to stericramze and
the release of the antibiotic from the linker appeto be
necessary for an optimal interaction.

The third component of the siderophore-antibiotojogates to
be considered in Trojan horse approaches is theraptiore
responsible for vectorization. A huge number ofesigphore-
antibiotic conjugates have been described to datethe most
efficient are generally based on catechol or hydnoate

siderophores as vectors remains the best choiceevr, as
pointed out above, eacR. aeruginosa strain excretes and
recognizes its own PVD from the three produced hHesé
species, which differ in terms of their peptide wEuped®
Furthermore, the periplasmic fate of PVDI explaitsy the use
of this siderophore seems to be limited to the arézation of
beta-lactam antibiotic8>'!® These two characteristics restrict
the use of PVDs in the framework of Trojan horsprapches
for therapeutic applications. In this context, Pppears to be
a more promising vector. PCH can reach the cytoplasits
ferric form, and regulates the expression of it:1agr@n uptake
pathway?® This characteristic makes PCH an interesting
candidate for the vectorization of inhibitors ofttvgeriplasmic
and cytoplasmic targets. In this context, the NBietionalized
PCH 23 appears to be the ideal vector for the designuchs
Trojan horse conjugates and for the transport ¢ibetics, at

siderophore analogué$®® The TBDTs targeted by theseleast across the bacterial outer membraaethe TBDT FptA.

strategies are transporters of enterobactin, ottetechol
siderophores or ferrichrome. Homologs of these pees are
present in many Gram-negative bacteria, includiig

aeruginosa.>®%727 |n this context, Miller and coworkersmechanism of interaction with PCH-Fe.

recently reported synthesis of tris-catechol denres 32 and

However, there is currently no evidence to suggleat this
vector can convey antibiotics across the inner nrarmvia the
permease FptX. We know nothing of this transposatied its
Moreover, the

development of dedicated hydrolyzable linkers arte t

33,52 which could be considered as prototypes of a nemhaustive screening of linker-antibiotic combinas are

generation of Trojan horses designed to have trafilgor
described above. These compounds have high lefelstiwity

required to increase the potential of PCH analogBeas a
vector for antibiotic Trojan horse strategies aghir.

against P. aeruginosa and are based on an analogue @&ruginosa.

enterobactin connected to either ampicillin or ayoilkn, two
beta-lactam antibiotics, via a non-hydrolyzablecguate linker
(Figure 11)%%@

o]
AcO
AcO HN COOH
o]
HN HNM NH S
AcO OAc o
AcO HN
AcO. R
o 32:R=H

33:R=0H

Figure 11 : Structures of ampicillin and amoxcillin Trojan horse conjugates 32 and
33.
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Pyoverdine and pyochelin siderophore could be used as vector for the specific delivery of antibiotics to Pseudomonas aeruginosa using the
Trojan horse strategy.
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