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Abstract The outer membrane permeability barrier
is an important resistance factor of bacterial pathogens.
In combination with drug inactivating enzymes,
target alteration and efflux, it can increase resistance
dramatically. A strategy to overcome this membrane-
mediated resistance is the misuse of bacterial transport
systems. Most promising are those for iron transport.
They are vital for virulence and survival of bacteria in
the infected host, where iron depletion is a defense
mechanism against invading pathogens. We synthe-
sized biomimetic siderophores as shuttle vectors for
active transport of antibiotics through the bacterial
membrane. Structure activity relationship studies
resulted in siderophore aminopenicillin conjugates
that were highly active against Gram-negative patho-
gens which play a crucial role in destructive lung
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infections in cystic fibrosis patients and in severe
nosocomial infections. The mechanism of action and
the uptake of the compounds via specific iron sidero-
phore transport routes were demonstrated. The novel
conjugates were active against systemic Pseudomonas
aeruginosa infections in mice with EDsy values
comparable to the quinolone ofloxacin and show low
toxicity.
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Introduction and background

The continuous increase in resistance of bacterial
pathogens against the available anti-infective drugs
urgently demands new efficient therapeutics (Shlaes
et al. 2004). The outer membrane permeability barrier
of Gram-negative pathogens is a crucial resistance
factor. Reduced permeability of the cell envelope to
antibiotics potentiates other resistance mechanisms
like inactivating enzymes, efflux pumps, and target
modification, and it reduces the final drug concen-
tration at the target site. The outer membrane
permeability barrier is particularly strong in increas-
ingly problematic Gram-negative bacterial pathogens
like Pseudomonas aeruginosa, Burkholderia cepacia,
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and Stenotrophomonas maltophilia. These species are
the major pathogens associated with pneumonia and
bacteremia in immunocompromized hosts, with
destructive lung infections in cystic fibrosis (CF)
patients, and with severe nosocomial infections in
ventilated patients, the latter of which is accompanied
with a high mortality rate. P. aeruginosa is well
known for its intrinsic resistance to a wide range of
antimicrobial agents and its ability to develop mul-
tidrug resistance following antibiotic therapy. For an
effective treatment of these human pathogens which
are of great concern, new classes of antimicrobials
with novel mechanisms of action and new approaches
to increase the efficacy of traditional anti-bacterials
are urgently needed (Talbot 2008; Talbot et al. 2006).

There are several approaches to circumvent per-
meability mediated resistance; one of them is the
combination of drugs with elements destabilizing the
bacterial outer membrane. Another opportunity is to
use facilitated transport by bacteria itself, i.e., to
misuse essential bacterial nutrient uptake systems by
a Trojan Horse strategy. Several natural antibiotics
mimic substrates for peptide, for sugar phosphate, for
nucleoside, for polyamine and for iron siderophore
uptake routes (Zdhner et al. 1977).

However, the bacterial iron transport system is the
most appropriate for the Trojan Horse approach due
to the delicate balance of iron homeostasis in all
organisms. Iron is essential for nearly all living
organisms and plays a central role in diverse enzymes
and biological functions. However, it is rarely
available in the environment as well as in the infected
host. Under aerobic conditions and at physiological
pH, iron exists as hydroxide polymer. The solubility
product is 107>® M. The concentration in serum and
tissues is 107>* M. But the concentration required for
bacterial growth by passive diffusion of the iron is at
least 107°®*M (Braun and Killmann 1999). In the
infected host, iron withholding is an important
defense mechanism (Weinberg 1995). Constitutive
elements are the iron binding, trafficking and recy-
cling proteins transferrin (in blood) and lactoferrin (in
body fluids), and ferritin as the intracellular storage
protein. Additionally, a lot of processes are induced
directly by the invading pathogens to reduce the free
available iron. It starts with reduced assimilation of
dietary iron, includes increased synthesis of the iron
binding proteins, trafficking and scavenging by
neutrophiles, and even immunoglobulins to iron

@ Springer

repressible cell surface proteins are synthesized
(Weinberg 1995).

In response to the restricted access to soluble iron,
bacteria evolved high-affinity iron uptake pathways
comprized of ferric iron specific carriers, termed
siderophores, and the cognate membrane receptors.
The pathway is activated under iron depletion by
derepression of the fur repressor, which needs ferrous
iron as a corepressor. Siderophores are excreted and
sequester ferric ions. The complex is recognized by
the relevant membrane receptors and is translocated
into the cell. Iron is released by esterase activity,
reduced to ferrous iron, then included in the different
proteins and the fur repressor (Neilands 1982).

The main structural types of siderophores are
catecholates, hydroxamates, and citrate based poly-
carboxylates (Fig. 1). Enterobactin (Fig. 2; O’Brien
et al. 1970, 1971; Pollack and Neilands 1970) is one
of the best described and strongest representatives of
the catecholate siderophores (Raymond et al. 2003).
It is produced by enterobacteria like Escherichia coli
and Salmonella. Enterobactin is a triscatechol deriv-
ative of a cyclic triserine lactone. It consists of three
2,3-dihydroxy benzoic acid metal binding units
attached via amide linkage to a trilactone backbone.
Breakdown product is 2,3-dihydroxy benzoyl serine
(2,3-DHBS) as linear monomer, dimer, and trimer
(Raymond et al. 2003).
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Fig. 1 Main structural types of siderophores as iron complexes

(0] OH
OH
lﬁ .
[¢]
OH
OH
Enterobactin N-(2,3-Dihydroxybenzoyl)-L-serine

Fig. 2 Enterobactin and its breakdown product 2,3 DHBS
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Bacteria express multiple siderophore uptake sys-
tems to assure access to the essential rare iron. E. coli
has uptake routes for hydroxamates, citrate, catech-
olates, for endogenous and exogenous siderophores
(Guerinot 1994). Out of the three catecholate recep-
tors one, FepA, recognizes the cyclic trimer
enterobactin, the two others, Cir and Fiu, the linear
breakdown product 2,3-DHBS. While the receptors in
the outer membrane are specific for individual
siderophores and the transfer proteins in the cyto-
plasmic membrane are specific for the siderophore
class, the TonB protein complex is universal and
essential for all Fe’" siderophore uptake routes by
providing the energy for the transport process from
the cytoplasm via ATPase activity.

In the infected host the siderophores have to
compete for the rare iron with the host protein
transferrin and lactoferrin. Bacteria can survive in the
host only if the siderophores have a stronger affinity
to ferric iron than the host proteins. For a lot of
bacterial pathogens it was shown, that they can
employ siderophores to obtain iron from transferrin
or lactoferrin (Weinberg 1995) and that loss of
siderophore biosynthesis is associated with loss of
virulence (Wright et al. 1981).

In summary, bacterial iron uptake mechanisms are
essential, multiple, very efficient and important
virulence factors which are expressed in the infected
host. Therefore, the iron uptake mechanisms are ideal
targets to circumvent membrane associated drug
resistance by the Trojan Horse approach. This means
that a drug, which is unable to cross the bacterial
membrane barrier, is linked to a siderophore. The
Fe**-siderophore complex is recognized by the
cognate receptor as a substrate providing the essential
iron, and is actively transported across the outer
membrane with the drug attached.

Examples of natural siderophore drug conjugates
(SDC) are the sideromycins albomycin, produced by
Actinomyces subtropicus (Gause 1955; Benz et al.
1982; Fiedler et al. 1985), ferrimycins, produced by
Streptomyces griseoflavus (Bickel et al. 1960, 1965;
Sackmann et al. 1962) and salmycin, produced by
Streptomyces violaceus (Vertesy et al. 1995; Pramanik
and Braun 2006). Albomycins are composed of
ferrichrome, a tris(N-acetyl, N°-hydroxyornithine)
peptide, and a nucleoside-analogous thioribosyl
pyrimidine moiety linked by a serine spacer (Benz
et al. 1982; Bickel et al. 1965). Ferrimycins are

hybrids of ferrioxamine B and an antibiotically active
group. Salmycin consists of an amino disaccharide
linked by a dicarboxylic spacer to the ferrioxamine
B-type siderophore danoxamine (Pramanik and
Braun 2006). The first artificial SDCs were synthe-
sized in the group of Zihner in 1977. Ferricrocin and
ferrioxamin B were attached to sulfonamides. How-
ever, antibacterial activity was lost, particularly when
the sulfonamide was linked without a spacer directly
to the siderophore. With increasing knowledge about
siderophore transport mechanisms, the concept devel-
oped towards synthetic siderophores and f-lactams as
drug moiety. In the following years several SDC were
published. These were mainly cephalosporins, carba-
cephalosporins, carbapenems or monobactams with
one or two catecholate or mixed catecholate hy-
droxamate moieties. (Arisawa et al. 1991; Ghosh
et al. 1996; Chang et al. 1997; Roosenberg et al.
2000). Antibacterial activity of the SDCs was
increased when compared to those of the non-
modified drugs under conditions of iron starvation,
preferentially against P. aeruginosa strains.

There are clear benefits of S-lactam antibiotics as
drug moiety in SDCs. First, the targeted penicillin
binding proteins (PBPs) are located in the periplasm.
Only the outer membrane has to be crossed by the
SDC to get access. Second, in contrast to most other
types of antibiotics, the attachment site of the /-
lactam drug to the target is different to the linkage
site for the siderophore moiety. The conjugate can
become active as a whole, without splitting off the
siderophore moiety. Here we review the results of in
vitro and in vivo studies that have examined the
antimicrobial characteristics of new SDCs with
aminopenicillins as drug moieties (rather than ceph-
alosporins, carbapenems, and monobactams).

Synthesis and analysis of siderophore analogs
and their drug conjugates

As a first step, siderophore moieties were synthesized
as described (Schnabelrauch et al. 2000; Heinisch
et al. 2002a). To identify and to optimize their
siderophore-like properties, the siderophore ana-
logues were analyzed for their iron-complexing
capacity using the chrome azurol S (CAS) assay
(Schwynn and Neilands 1987). Growth promotion
assays under iron depletion, using a panel of
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siderophore indicator strains, were applied to dem-
onstrate the recognition of the iron complexes by
outer membrane siderophore receptors with a sub-
sequent translocation across the membrane and a
release of the iron. (Schumann and Mo6llmann 2001;
Mies et al. 2008) The most active siderophore
analogues were selected as vectors for the synthesis
of drug conjugates.

A substantial number of different siderophore
aminopenicillin conjugates have been synthesized
(Heinisch et al. 2002b, 2003; Wittmann et al. 2002).
A correlation between siderophore structure and in
vitro antibacterial efficacy was found, and lead
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Fig. 3 Structures of siderophore aminopenicllin conjugates
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structures were optimized with respect to optimum
spacer length and number of catechol moieties. The
continuous structure activity relationship (SAR)
studies led to siderophore moieties with biscatecho-
late, triscatecholate, and substituted hydroxamate
groups based on secondary di- or tri-aminoacids
and on the diaminoacids L-ornithine and L-lysine.
Drug moieties were the aminopenicillins ampicillin
in compounds 9924067, 9924109, 9924129, 9924154,
and 10024013, and amoxycillin in compound 9924155
(Fig. 3). A special feature of the conjugates is the
acylation of the catecholate groups forming acetoxy
groups (9924154, 9924155, 10024013), acetoxy- and
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substituted hydroxamate groups (9924129), methoxy-
carbonyloxy groups (9924109), methoxycarbonyloxy
and cyclic dioxobenzoxazinyl groups (9924067)
(Wittmann et al. 2000). Thus they can operate like a
prodrug preventing negative side effects of the cate-
chol groups. The conjugates were studied for their
mode of action, for their antimicrobial profile and in
vitro activity, for their in vivo activity in a mouse
infection model, and for toxicological side effects.

Mode of action

The mode of action was studied related to the
influence of iron, of permeability, of porin usage, of
TonB, of siderophore receptor selectivity, and of
efflux sensitivity on antibacterial activity. Influence
of iron, demonstrated by assays in iron-repleted and
iron-depleted media confirmed the concept. Under
iron-depleted conditions, e.g., when the siderophore
pathways are activated, and which reflects the
situation in vivo in the infected host, antibacterial
activity of the conjugates is significantly increased
(Fig. 4).

Permeability of the compounds was determined
using a wild-type strain and a mutant with alterations
in the outer membrane barrier. The minimal inhibition
concentration (MIC) of the f-lactam moiety ampicil-
lin for the permeability mutant P. aeruginosa K799/
61 differs drastically from the MIC for the respective
wild type strain P. aeruginosa K799/WT (Zimmer-
mann 1980), in strong contrast to the conjugates,
indicating that the conjugates enter the bacterial cell
independently from a functional outer membrane

Fig. 4 Influence of Fe** on
antibacterial activity.
Inhibition zones of
azlocillin and siderophore
ampicillin conjugate
9925129 (SDC) on Mueller-
Hinton agar plates
inoculated with P.
aeruginosa SG 137, left
plate iron repleted, right
plate iron depleted

+ 100 uM FeCl;

permeability barrier. The permeation of the f-lactam
drugs and the SDC was also expressed by the MIC
ratio of P. aeruginosa wild type strain K799/WT and
permeability mutant K799/61. It was 500 for ampi-
cillin and below ten for most conjugates, while the
MIC of the conjugates were generally much lower
than those of the f-lactam antibiotics (Table 1).
Usually f-lactams like azlocillin and ampicillin
diffuse through the water-filled porin channels OmpF
and OmpC in E. coli. Using mutants with deletions in
these porins and an OmpC-overexpressing mutant, it
could be demonstrated that the activity of the f-lactam
antibiotic depends on the presence of these porins,
according to the difference in the diameters of the
inhibition zones. This was almost not visible for the
conjugates. The moderate increase in activity against
the OmpF-overexpressing mutant showed that still
some diffusion of the SDCs was possible. In contrast
to the f-lactams, inhibition zone diameters of the
conjugates for the porin mutants did not differ
crucially if porins were deleted (—) or overexpressed
(++4++), but decreased essentially if TonB was
deleted, which provides the energy and is essential
for all active siderophore iron uptake routes (Table 2).
These results confirmed, that the activity of the SDCs
depends on active Fe®-siderophore uptake routes.
Defined siderophore deletion mutants were used
in an agar diffusion assay to investigate the specific
iron transport pathway misused by the conjugates
(Table 3). There was no influence of the enterobactin
receptor FepA on activity, neither of the f-lactams
nor of the conjugates, demonstrated by the deletion
mutant H873. Activity of the conjugates against
the siderophore receptor mutants, where either cir

+ 50 uM 2,2'Dipyridyl
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Table 1 Activity against P. aeruginosa wild-type strain and permeability mutant

Compounds Pseudomonas aeruginosa MIC ratio
- K799/WT:K799/61
K799/WT wild type K799/61 impaired outer membrane
representing permeability representing target activity
Benzylpenicillin 100 0.4 250
Ampicillin 100 0.2 500
Carbenicillin 25 0.2 125
Mezlocillin 6.25 0.1 62.5
Azlocillin 3.12 0.1 32
9924067 0.32 0.08 4
9924109 0.16 0.02 8
9924129 0.64 0.04 16
9924154 0.08 0.02 4
9924155 0.16 0.08 2
MIC in mg/l

Table 2 Influence of outer membrane porins OmpF and
OmpC and of TonB on antibacterial activity against relevant E.
coli wild type and mutant strains in the agar diffusion assay

Table 3 Influence of siderophore receptors on antibacterial
activity against relevant E. coli wild type and mutant strains in
the agar diffusion assay

Mutant E. coli Mutant/receptor  H1443 H1876 H873 HI877 HI8TS
KB4 KB5 PLB268 AB2847 BRISS FepA 4 _ _ _ _

ompF - + + + + Cir + N + + B

ompC - 4+ o+ + Fiu + - + - +

tonB + + + + _ Compound

Compound 9924067 30 125 30 2715 26
9924067 295 31 35 30.5 15.5 9924109 31 1553 295 28
9924109 31 32 35 315 15.5 9924129 27 12 26 22 25
0024120 26 23 7 - . 9924154 34 12 33 305 27
9924154 315 31 34 29.5 12,5 9924155 32 1 2 2 26
9924155 315 295 33 30 115 10024013 45 13 5 2 225
10024013 24 21 275 Jo 135 Ampicillin 205 20 195 20 20.5
Adocillin 16 15 30 20 20 Azlocillin 16 16 17 16 16
Ampicillin 105 17 25 24 24 Concentration of SDC: 5 pg per agar well of 9 mm in

Concentration of SDC: 5 pg per agar well of 9 mm in
diameter. Inhibition zones in mm

(H1875) or fiu (H1877) were deleted, slightly
decreased. However, inhibition zone diameters of
the conjugates, but not of the f-lactams, decreased
drastically in the siderophore receptor mutant H1876
where both genes, cir and fiu, were deleted. These are
the receptors also used by the linear enterobactin
breakdown products of 2,3-DHBS (Hantke 1990).
These results finally confirmed, that the catecholate-
SDC can misuse bacterial iron uptake routes,
particularly those via the catecholate receptors for
2,3-DHBS, Cir and Fiu, but not for enterobactin.
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diameter. Inhibition zones in mm

Thus reduced permeability can be circumvented
efficiently by misuse of the essential iron uptake
pathways and siderophore receptors as specific
transporters for the SDCs.

In vitro proof of principle

The in vitro antibacterial activity profile of the
conjugates was studied in comparison to the individ-
ual drug moiety ampicillin as well as to the
antibiotics currently accepted as “gold standard”
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for the therapy of infections with problematic Gram-
negative enteric bacteria and especially Gram-nega-
tive glucose non-fermenting rods like P. aeruginosa
and S. maltophilia.

The compounds showed an excellent activity
against reference laboratory strains applied for basic
evaluation (Table 4). Compared to ampicillin there
was a more than 1,000-fold increase in activity against
difficult-to-treat strains like P. aeruginosa and
S. maltophilia. There was at least a 100-fold increase
in activity against enterobacteria. Activity against
enterobacteria is comparable to meropenem. Against
P. aeruginosa and S. maltophilia activity was clearly
better than meropenem. As previously reported
(Chang et al. 1997), SDCs showed reduced activity
against Gram-positive bacteria, like Staphylococcus
aureus, which exhibit a different cell wall structure.

An exception and a first example of a different
structural type of SDCs is compound 10024013
(Fig. 3), demonstrating reasonable activity against
both, Gram-negative and Gram-positive bacteria.
The results against the laboratory reference strains
could be confirmed against extended numbers of
clinically isolated strains by determination of MICsy
(Table 5). Due to the crucial role of Gram-negative
non-fermenting bacteria, for a broad collection of
clinical isolates of P. aeruginosa, S. maltophilia and
B. cepacia the distribution of MICs was investigated
(Table 6). A considerable number of aminopenicillin
non-susceptible strains was highly susceptible to the
respective SDC compounds. The conjugates were
active even against carbapenem-resistant clinical
strains of P. aeruginosa and S. maltophilia. The
majority of strains were inhibited at MICs below

Table 4 In vitro antibacterial activity against a set of laboratory reference strains

Compound MIC (mg/l)
Pseudomonas aeruginosa S. maltophilia  Klebsiella E. coli Serratia Stapylococcus
pneumoniae marcescens — aureus
SG 137 ATCC 27853 GN 12873 ATCC 10031  ATCC 25922  SG 621 SG 511
9924067 0.04 0.31 0.08 0.005 0.02 0.02 5
9924109 <0.005 0.05 0.02 <0.005 <0.005 0.02 6.25
9924129 0.01 0.2 0.04 0.01 0.1 0.05 12.5
9924154 <0.005 0.05 0.005 <0.005 <0.005 <0.005 3.12
9924155 0.01 0.1 0.005 <0.005 0.01 <0.005 3.12
10024013 <0.05 0.2 <0.05 0.1 0.78 0.4 0.78
Meropenem 0.2 0.4 >100 0.06 0.04 0.06 0.1
Azlocillin 6.25 6.25 12.5 3.125 6.25 50 0.4
Ampicillin >100 >100 >100 6.25 6.25 25 0.4
Tabe S I i O oo M g
clinical isolates S. maltophilia Burkholderia  Acinetobacter E. coli  Enterobacter cloacae
n=>52 spp- Spp- n =27 Serratia marcescens
n =38 n=49 Citrobacter freundii
n=2_§

9924067 0.06 0.25 1 8 2

9924109 0.25 0.5 0.5 0.25 2

9924129 <0.03 1 >4 16 16

9924154 0.06 0.13 0.5 8 2

9924155 0.06 0.5 0.25 8 4

Ampicillin >128 128 128 32 >128

Meropenem >128 1 0.25 2 16
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Ta!Jle 6 !n V1tr9 . . Compound Strain No. of isolates MICsq MICyq

antibacterial activity against (mg/l) (mg/l)

clinical isolates of & &

P. aeruginosa (including i

imipenem resistant strains), 9924154/155 P. aeruginosa 41 <0.06/<0.06 8/8

Burkholderia, and Ciprofloxacin P. aeruginosa 41 0.25 16

Stenotrogyflon?onas ) 9924154/155 P. aeruginosa (Imi R) 81 0.125/<0.06 172

maltophilia (m(.:ludlng Imipenem P. aeruginosa (Imi R) 81 >128 >128

meropenem resistant

strains) 9924154/155 S. maltophilia 52 0.06/0.06 4/4
Meropenem S. maltophilia 52 >128 >128
9924154/155 Burkholderia spp. 38 0.125/0.5 >4/>4
Meropenem Burkholderia spp. 38 1.0 4

0.25 mg/ml (Schneider et al. 1999; Ankel-Fuchs et al.
2000; Mollmann et al. 2001a).

Resistance against P. aeruginosa is increasingly
influenced by overexpressed efflux pumps (Guinea et al.
2000; Schweizer 2003). In contrast to the S-lactams and
quinolones, the siderophore aminopenicillin conjugates
were no substrates for efflux pumps in P. aeruginosa,
since MICs were similar for wild type (WT) and the
efflux pump overproducing strains MexAB-OprM,
MexCD-Opr] or MexEF-OprN (Kohler et al. 1997,
Mollmann et al. 2001b; Table 7).

In vivo proof of principle
In vivo efficacy of selected SDCs was tested at MDS

Panlabs, Taiwan, in the mouse protection test with
P. aeruginosa ATCC9027. Ofloxacin served as

Table 7 Influence of P. aeruginosa efflux systems on anti-
bacterial activity

Compound P. aeruginosa

PAO1 PAO M1 PAO 11 PAO N1

WT MexAB- MexCD-  MexEF-

OptM++  OprJ++  OprN++

Azlocillin 312 125 3.12 3.12
Meropenem 0.62 2.5 0.62 1.25
Ciprofloxacin ~ <0.05 0.2 04 0.78
9924067 0.31 0.31 0.31 0.16
9924109 0.16 0.16 0.16 0.08
9924129 0.31 0.31 0.31 0.16
9924154 0.08 0.08 0.08 0.04
9924155 0.08 0.08 0.08 0.08
MIC in mg/l
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control substance. Immunocompetent mice (ten ani-
mals per group) were challenged i.p. with a lethal
dose (LDog_jg0) of P. aeruginosa in 5% mucin.
Siderophore aminopenicillin conjugates were admin-
istered i.v. 30 min and 4 h post infection. The
effective doses for 50% survival (EDsy) were
20.4 mg/kg for compound 9924067, 5.6 mg/kg for
9924109, 10.4 mg/kg for 9924129, 7.3 mg/kg for
9924154, 5.0 mg/kg for 9924155, and 4.5 mg/kg
for ofloxacin, respectively, indicating a promising
therapeutic potential of the conjugates.

Toxicological findings

Preliminary mutagenicity and toxicology data of
9924154 and 9924155 were obtained in non-GLP
studies. In vitro assays (Ames test, SOS/umu test and
micronucleus test) were negative. Single doses of
250 mg/kg and 500 mg/kg applied to mice and rats
i.v. were well tolerated. Multiple i.v. dosing of both
compounds to rats (2 weeks, 50-250 mg/kg) was
well tolerated. The NOEL (no effect levels) were
200 mg/kg for 9924154 and 250 mg/kg for 9924155.

Conclusion

The efficacy of traditional antibacterials, in particular
the reduced permeation of aminopenicillins through the
outer membrane of Gram-negative pathogens, can
be increased by conjugation of the antibiotic to a
siderophore moiety allowing facilitated transport
via essential, species specific Fe* " siderophore trans-
port pathways. In addition to the active uptake by
the bacteria itself, the siderophore aminopenicillin
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conjugates are not substrates for efflux pumps in P.
aeruginosa. The preclinical data on the described
conjugates indicate good in vitro activity against
Gram-negative pathogens and good in vivo activity
against P. aeruginosa, no mutagenic potential, and
good tolerance in mice and rats. The activity profile and
the specific active uptake in bacteria under iron
depletion could be beneficial for the treatment of lung
infections in CF patients.
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