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Artificial Siderophores with a Trihydroxamate-DOTAM
Scaffold Deliver Iron and Antibiotic Cargo into the Bacterial

Pathogen Escherichia coli

Isabell Schneider,™ Verena Fetz,'” Hans-Peter Prochnow,®

Abstract: Infections with multidrug-resistant Gram-negative
bacteria constitute a silent pandemic threat that is increasing
globally. A major technical and scientific hurdle hampering
the development of efficient antibiotics against Gram-
negative species is the low permeability of their outer
membrane that prevents the entry of most small molecules
into the cells. This can be overcome by targeting active iron
transport systems of the pathogens in a Trojan-Horse
strategy that makes use of drug-loaded artificial side-
rophores. While we utilized catechols as iron-binding motifs
in previous work, this study reports the design, synthesis and
characterization of siderophores with a DOTAM scaffold that
was substituted with three hydroxamate arms allowing for a
hexacoordination of iron. Their iron-chelating capabilities

'and Mark Brénstrup*!™ <!

were shown colorimetrically, and the ability of compound 1
to deliver iron into Escherichia coli in a chelation-specific
manner was proven by a growth recovery assay. A covalent
siderophore-ciprofloxacin conjugate exerted antibiotic effects
against E. coli, albeit it was less potent than the free drug.
The study qualifies artificial DOTAM siderophores with
hydroxamate binders as scaffolds for bacterial Trojan Horses.
This contribution for honoring my mentor Helmut Schwarz
echoes two motifs of my work with him: Hydroxylamin, the
topic of my first paper ever, and the fascinating properties of
iron ions, studied in the gas phase during my Ph.D. Thesis,
became a core subject of our current chemical biology
research on antiinfectives.
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Introduction

Infections with multidrug-resistant bacteria are a growing
health care concern, recently coined as a ‘silent pandemic’.["
Antimicrobial resistance does not only impair chances of a
successful cure of patients with community-acquired infec-
tions, but also puts achievements of modern medicine such as
chemotherapy, organ transplantations or other procedures
associated with increased infection susceptibility at risk. The
problem is exacerbated by a thin, overall insufficient pipeline
of novel, resistance-breaking antibiotics.”? This is particularly
true for Gram-negative pathogens, which have an asymmetric
outer membrane with a distinct chemical composition that is
impermeable for most small ‘drug-like’ molecules. To gain a
more profound scientific understanding of bacterial trans-
location has been the subject of intense research efforts, as a
prerequisite to find treatment solutions.”) One rational
approach deals with targeting one of the entrance gates for
nutrients of Gram-negative bacteria in a Trojan-Horse strategy
(Figure 1):™ Ferric iron is essential for bacterial growth, but
notoriously scarce in vivo due to the low solubility of the
metal and competing iron storage systems of the host.”!
Therefore, bacteria biosynthesize siderophores, low molecular
weight ligands with a high affinity for iron that are secreted
into the environment, and actively re-imported into bacteria as
holo-complexes.!) By conjugating an antibiotic to the side-
rophore, a toxic cargo can be smuggled into the pathogen. The
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success and clinical relevance of this strategy has been
recently proven with the launch of cefiderocol (mind the
tradename: ‘FeTroja’), a catechol-conjugated cephalosporin.

We have embarked on designing artificial siderophores as
Trojan Horses, which are featured by advantages such as
tunable iron binding motifs, which translates in altered
bacterial selectivity, a scalable and efficient synthetic access,
and high stability.™ In particular, the 1,4,7,10-tetraazacyclodo-
decane core, further functionalized to a DOTAM binder
(Figure 1), has turned out to be a versatile scaffold for the
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Figure 1. Iron uptake into Gram-negative bacteria and Trojan horse strategy. A) Mechanism of siderophore-mediated iron uptake and its use in
Trojan horse conjugates. The siderophore is depicted as a black closed or open circle, and the drug as a grey-red ellipse. B) Structures of 1, 2,
and 3. lron-binding hydroxamates are shown in red, the DOTAM core in blue, and the antibiotic moiety in green.

accommodation of various antibiotics or imaging moieties,
that have also been combined to full theranostics.”) DOTAM-
based siderophores proved their functionality in vivo by the
imaging of infections in mice by optical as well as positron
emission tomography (PET) readouts.”*'” So far, we have
employed only catechol motifs as iron binders due to their
high affinity for the metal; however, they proved to be inferior
to linear hydroxamates for the detection of bacteria-triggered
chemiluminescent signals due to quenching effects of the
catechols.®™ Furthermore, mechanisms of the innate immune
system to inactivate natural catecholate siderophores have
been reported,”™'"! and their potentially unspecific binding
capabilities towards off-targets constitute further, albeit theo-
retical concerns. Hydroxamates, on the other hand, have been
applied successfully in a variety of siderophore
conjugates.**'?! For these reasons, the present study aimed at
introducing hydroxamates instead of catechols at the estab-
lished DOTAM core. The synthesis and the biological
characterization of a [3 + 1]-substituted DOTAM, substituted
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with three hydroxamate arms for iron binding and a fourth for
the attachment of an antibiotic, is described in the following.

Results and Discussion

In order to assure a tight iron binding, a trihydroxamate ligand
that can achieve a hexacoordination of iron was selected. The
use of the cyclen scaffold, further functionalized to a DOTAM
moiety, allowed the attachment of four substituents. Three of
them were used to accommodate three identical, N-acetylated
hydroxamates, while the fourth substituent served to attach an
antibiotic cargo via a linker of appropriate length. We chose to
target one siderophore with a relatively short y-aminobutyric
acid linker, i.e. compound 1, and a second one with a longer
triple-PEG-succinate linker, i.e. compound 2 (Figure 1). To
obtain a first DOTAM-based trihydroxamate-antibiotic con-
jugate, a simple covalent connection to the gyrase inhibitor
ciprofloxacin to give conjugate 3 was attempted. Although
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ciprofloxacin is a potent antibiotic with Gram-negative activity
that does not require uptake enhancement in sensitive strains,
it is a good test case to probe whether the conjugates are able
to deliver cargo to the cytoplasm, which turned out to be
challenging in the past.

The longer triple-PEG-succinate linker was chosen to
solubilize the compound and to provide a spacer of 14 A,
because the two quinolone-binding sites in the target, the
bacterial gyrase, are centered within a tetrameric protein
complex of the enzyme,'*! and might interfere with a directly
attached, bulky siderophore. Moreover, there was precedence
for the successful use in other ciprofloxacin conjugates."!

Retrosynthetically, the target compound 3 should be
obtained via amide coupling of ciprofloxacin to 4 (Scheme 1).
The linker-extended, protected siderophores 4 and 5 can be
traced back to the central intermediate 6, which is accessible
by a threefold alkylation of 1,4,7,10-tetraazacyclododecane
(also called cyclen) with the benzyl-protected monohydrox-
amate 7. The latter should be obtained from N-Boc-ethanol-
amine 8.

In the forward direction, 8 was oxidized by freshly
prepared IBX to the corresponding aldehyde (Scheme 2). The
crude oil was immediately used in the subsequent oxime
formation and reductive amination without an intermediate
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work-up to avoid by-product formation.!'! For the introduction
of the acetyl group, the amine was highly concentrated in
pyridine and acetic anhydride to reduce the volume of these
reagents. Acetic acid was removed through a basic aqueous
work-up, and pyridine was extracted washing the organic
phase with CuSO, solution. Starting from 8, the first
intermediate 9 was obtained with a yield of 64%. The
presence of 20% TFA in DCM was sufficient to remove the
Boc protection group. Finally, the simultaneous addition of an
aqueous solution of K,CO; and a solution of bromoacetyl
bromide in DCM to the TFA-salt 10 gave the desired product
7 in 38% yield after purification. We observed 11 as a major
by-product that probably resulted from a nucleophilic attack of
10 to a mixed anhydride, formed by the attack of TFA to
bromoacetyl bromide.

Three molecules of 7 were attached to 1,4,7,10- tetraazacy-
clododecane 12 in the presence of the base NaOAc in DMA
via a SN, reaction, (Scheme 3). Using a 3.3:1 ratio of 7 to 12
resulted in highest yields (39%) of the trihydroxamate 6. In
the next steps, either the benzyl-protected GABA linker 13 or
the triple-ethylene glycol succinate linker 14 were introduced
under basic conditions to yield 15 and 16, respectively. In the
substitution reaction with the longer linker, a succinimid was
formed as a by-product, while the formation of a glutarimid

A (N0
E Ho__o
o N/\»(’\o/‘),\k Q
" HN Ny_ ° H/\'(’\M)?L °>_ 3
\(0 /—<HN_/_ o HN._O N >
//\ 2 steps T HN—/_ 0Bn _/_N\
N N_ o —— < HN 0Bn
[ ] N/_\N o /_\/_'Q
N ML ¢, J - e
/ o N N ) [ j
HO, N HN: OH /N q [} N N [o]
n— H NN BnQ _/—NL/ HN— 980 B0 N)L/ NI AN/ oo
o o o N}/— "N—H NN
3 o] o
4 0 6 o
/~\
NHOHN o Ac
[ ] Br\)I\N’\/N‘oan
H

NH HN
7

Scheme 1. Retrosynthetic approach for the synthesis of the trihydroxamate siderophores 1 and 2 and the ciprofloxacin conjugate 3.
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Scheme 2. Synthesis of the brominated and protected hydroxamate 7. Reagents and conditions: (a) I1BX, EtOAc, rflx., 2h 15 min (b) O-
benzylhydroxylamine, pyridine, 0-31°C, 2.5 h (c) NaCNBHs, AcOH, 10-26°C, 3 h (d) Ac,O (10 eq.), pyridine (11 eq.), 26°C, 14.5h (e) 20%
TFA in DCM, 0-27°C, 1 h (f) BrCOCH,Br, K,CO5, 0-22°C, 1.5 h. 02s =over two steps.
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Scheme 3. Synthesis of DOTAM-trihydroxymates 1 and 2. (a) NaOAc, 7 (3.3 eq), DMA, 24°C, 19 h; (b) K,COs, 13, MeCN, 0-26°C, 2 h (c)
NaOH (1 M)/THF (1:3), 0-29°C, 1.5 h; (d) as in (b), with 14, 0-15°C, 1 h; (€) NaOH (1 M)/THF (1:3), 0°C, 1 h; (f) 10% Pd/C, H,, MeOH,

26°C. o2s=over two steps

was not observed for the shorter linker. The carboxylic acids 5
and 4 were obtained by saponification of the benzyl esters
with aqueous NaOH. Overall, 5 and 4 were synthesized in a
four-step procedure from 12 in yields of 51% and 77%,
respectively. The intermediates were not purified, as the
tetrahydroxamate by-product from the first step was difficult
to separate at an earlier stage. The siderophores 1 and 2
carrying free hydroxamates were then afforded by Pd-
catalyzed hydrogenations.

The benzyl-protected ciprofloxacin precursor 17 was
coupled to 4 following a modified procedure from Wencewicz
et al. (Scheme 4).'" Instead of removing TFA from 17 by ion
exchange prior to the coupling, ciprofloxacin was deproto-
nated with DIPEA. The carboxylic acid 4 was activated with
DIPEA, DMAP and EDC hydrochloride, and then reacted with
deprotonated 17, affording the coupling product 18 in 59%
yield. Finally, the benzyl groups from 18 were removed by a
Pd-catalyzed hydrogenation to obtain the ciprofloxacin-con-
jugate 3 in quantitative yield.

We next characterized the physical and biological proper-
ties of the free siderophores and the antibiotic conjugate. Due
to a charge transfer from the ligand to the metal, ferric
siderophore complexes are of intense color.!'” This character-
istic was used to determine whether the DOTAM-based
trihydroxamates 1 and 2 chelated Fe(Ill) in solution. As
negative controls, the benzyl-protected hydroxamates 5 and 4
were used. The absorbance of the four compounds was
measured in aqueous solution (pH 6) at different concentra-
tions of FeCl;. A maximum absorption at a wavelength of
470 nm was found for the ferric complexes of 1 and 2, which
were both of deep orange color, whereas for 5 and 4, no
complex formation was observed (Figure 2). The experiment
demonstrates that 1 and 2 coordinated Fe(IIl). In addition to
the hydroxamates, the DOTAM core represents a second metal
binding site. However, previous studies have demonstrated
that iron coordination proceeds much slower at the core,” and
the fact that the analogous benzyl-protected compounds 5 and
4 did not form such complexes strongly implies that the metal
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Scheme 4. Synthesis of 3. (a) DIPEA, DMAP, EDC-HCI, DCM, 0-26°C, 30 min; then 17 (that was pretreated with DIPEA), DMF, 26°C, 3 h; (b)

10% Pd—C, H,, MeOH, 25°C, 17 h. 02s =over two steps
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Figure 2. Compounds 1 and 2 coordinate Fe(lll) by their hydroxamate moieties. Aqueous, 1 mM solutions of 1 and 2 and of their respective
benzyl-protected analogues 5 and 4 were prepared with different concentrations of FeCl; (0-3 mM) at a final pH of 5-6. After T h and 48 h of
incubation at 25 °C in the dark, the absorption of the complexes at 470 nm was measured.

was coordinated through free hydroxamate functionalities. In a
previous study on releated, DOTAM-based tricatecholates, we
have measured a 1:1 stochiometry for Fe:ligand by mass
spectrometry.” Because this composition was also observed
for other, linear iron-binding tri-hydroxamates,*”! we assume
that also 1, 2, and further functionalized DOTAM-trihydrox-
amates reported herein bind iron in a 1: 1 stochiometry.

Next, we probed whether the putative siderophore 1 was
indeed functional, i.e. able to transport iron into bacteria. For
this purpose, growth recovery assays with an E. coli wildtype
(wt) and an E. coli dentA mutant strain were performed. The
gene entd encodes 2,3-dihydro-2,3-dihydroxybenzoate dehy-
drogenase, an essential enzyme for the biosynthesis of
enterobactin."® Being devoid of its only, endogeneous side-
rophore enterobactin, E. coli dent4 does not grow at low iron
concentrations in the medium (c(Fe(Ill) < 10~* M), unless a
potent exogenous siderophore is provided that assumes the
delivery of iron into the cell. We investigated whether the
artificial siderophore 1 could recover growth for this strain
(Figure 3). As positive controls, the trihydroxamate ferri-
chrome and the tricatecholate enterobactin and an analogous
artificial DOTAM tricatecholate® were tested, whereas
DMSO served as a negative control. While E. coli dentA did
not grow when treated with DMSO alone, all three positive
control compounds restored growth of the mutant strain, as
expected (Figure 3). Remarkably, also 1 recovered growth in
the mutant strain, although slightly less than the analogous
DOTAM tricatecholate or the other positive controls. The wild
type strain grew under all conditions, demonstrating that there
were no confounding antibiotic effects under the experimental

Isr. J. Chem. 2023, 63, €202300057 (5 of 8)

conditions. The experiments demonstrate that 1 was accepted
as a siderophore and delivered iron into E. coli.

To test whether the trihydroxamate ciprofloxacin-conjugate
3 possessed antimicrobial activity, the growth of E. coli was
measured at increasing concentrations of 3, and the respective
half-maximal inhibitory concentration (ICs,) was determined.
The free siderophore 2 was tested as a control, in order to
exclude that the carrier itself contributed to an antibiotic
activity. The parent antibiotic ciprofloxacin, known to be
highly active against E. coli, served as a positive control. An
ICs, of 34.5 uM was obtained for the sideromycin 3 (Figure 4).
For the free siderophore 2, an ICy, could not be determined,
thereby verifying that it did not inhibit growth. This
demonstrates that the growth inhibition of 3 is caused by the
payload ciprofloxacin. Because its target is located in the
cytoplasm, it also implies that 3 was able to reach the
cytoplasm. However, the potency of 3 was much lower than
that of free ciprofloxacin (IC5,=0.002 uM).

In order to probe whether iron limitation changed the
activity of the synthesized sideromycin the experiment was
repeated, but the growth medium was supplemented with 2,2’-
bipyridyl (BP) to chelate Fe(IIl). For the sideromycin 3 and
ciprofloxacin, the ICy, values remained almost constant. We
hypothesize that the wild type strain strongly upregulated the
biosynthesis  of  enterobactin  under  iron-deficient
conditions,***'"! thereby circumventing an increased uptake of
and sensitivity towards 3. To analyze how enterobactin
biosynthesis and transport affected the antimicrobial activity
of 3, the ICs, values for the E. coli mutant strains AdentA and
AentB were measured in the same setting (Figure 5). E. coli
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Figure 3. Growth recovery assay with E. coli wild type (wt) and E. coli AentA. The siderophore concentration was 10 pM, and iron chloride
concentration was 100 pM. An equivalent volume of pure DMSO was added to cultures for the negative control. ODgy, was determined after
48 h of incubation. For every condition, four technical replicates were prepared, error bars indicate standard deviations.
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Figure 4. Antimicrobial activity of 3 against E. coli wild type. The half maximal inhibitory concentration (ICs,) of the 3 was determined using
iron-rich Miiller-Hinton medium without (+ iron) and with addition of 200 uM 2,2’-bipyridyl to chelate iron from the medium (— iron).
Compound 2 was used as a negative control, and the parent antibiotic ciprofloxacin as positive control. Three technical replicates were
prepared. |1Cs-values in yM were determined with GraphPadPrism using 4-parameter logistics and are depicted below the dose-response

plots.

mutants Adent4 and AentB lack two essential genes for the
enterobactin biosynthesis. In the Adent4 and AentB strains,
uptake of 3 should be promoted, as the bacteria rely on
exogenous siderophores upon limited iron in the medium.
Consequently, we expected 3 to be more active in the strains
due to a lack of competition by enterobactin. This hypotheses
was confirmed, because the ICs, values for 3 were 7.5 uM and
10.1 uM under normal conditions and 2.3 uM and 3.9 uM
under iron-limiting conditions in the dent4 and AentB strains,
respectively.

Isr. J. Chem. 2023, 63, €202300057 (6 of 8)

Conclusions

The experiments demonstrate that the artificial hydroxamate
siderophore 2 is suited to transport iron and other cargo into
E. coli. The antibiotic activity of 3 suggests that even the
bacterial cytosol is reached, because the target of ciproflox-
acin, the bacterial gyrase, is located there. While the
compounds validate the concept, they do not represent a
practical solution in terms of an antibiotic lead compound. In
fact, the conjugates were far less potent than free ciproflox-
acin, a gold standard that has no translocation issue. Recent
data we obtained with DOTAM-catecholates imply that while
transport across the outer membrane was efficient, crossing the
inner membrane was not.”™ This finding is in line with reports
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Figure 5. Growth inhibitory activity of 3 in E. coli mutant strains. Strains were deficient in enterobactin biosynthesis (AentA and AentB). The
half maximal inhibitory concentration (ICs,) of 3 was determined using iron-rich Miiller-Hinton medium without (+ iron) and with addition of
200 pM 2,2'-bipyridyl to chelate iron from the medium (— iron). Three technical replicates were prepared. ICsy-values in pM were determined
with GraphPadPrism using 4-parameter logistics and are depicted below the dose-response plots.

on other siderophores with covalently bound ciprofloxacins
that all displayed antibiotic efficacies that could not reach the
level of the free drug overall.™ A promising and viable
solution is to replace the stable covalent linker with a
cleavable, self-immolative moiety, that releases the antibiotic
once translocated across the outer membrane. Cleavable
linkers incorporating P-lactams,”™ the trimethyl lock,!?**"
disulfides,” hydroxamates™™! or protease cleavage sites!'***!]
have been implemented in other conjugates that showed potent
antibacterial activities. Alternatively, the pre-complexation of
gallium ions instead of iron has augmented antibiotic
effects.'* ] While the incorporation of a cleavage site and the
extension to other or additional antibiotic moieties are
attractive next steps for chemistry, an extended microbiolog-
ical characterization across further pathogens, such as those
from the ESKAPE panel, as well as the mass spectrometric
quantification of uptake into the major cell compartments™!
are indicated to further validate DOTAM-based hydroxamate
siderophores as Trojan horses in the fight against bacterial
infections.

On a personal note, this contribution for honoring Helmut
Schwarz echoes two motifs of my work with him: The N-O
bond was the topic of my very first paper,”* and the properties
of iron ions, studied in the gas phase during my Ph.D. Thesis,
were fascinating ever since.”” I am grateful for his profound
education and inspiration that sustained over time, fueling
research that evolved from the gas phase in an unpredictable
manner to studying iron in the chemical biology of anti-
infectives today.
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