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ABSTRACT: Acinetobactin is a major siderophore utilized by
the human pathogen Acinetobacter baumannii. The rapid
acquisition of drug resistance by A. baumannii has garnered
concern globally. Herein, acinetobactin and systematically
generated analogues were prepared and characterized; the
binding and cellular delivery of Fe(III) by the analogues were
evaluated. This investigation not only led to the clarification of
the physiologically relevant acinetobactin structure but also
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revealed several key structural elements for its functionality as a siderophore.

he rapid and global dissemination of drug-resistant strains

of Acinetobacter baumannii has garnered considerable
concern, particularly in nosocomial settings.' Currently,
polymyxins are considered the sole effective means to treat
this deadly pathogen, but their nephrotoxicity limits their
therapeutic usage.' Thus, the development of a novel and safe
treatment option to address this medical challenge is urgently
needed.

The siderophore—antibiotic conjugate (SAC) strategy is a
targeted drug delivery approach in which siderophores are
utilized as delivery vectors, thus allowing the uptake of
conjugated antibiotic molecules into bacterial cells through
dedicated siderophore receptors.” The distinctive cellular
uptake mechanism of SACs, which is independent of the
conventional porin-mediated pathway, renders this strategy an
effective means to overcome the drug resistance of A.
baumannii because reduced porin expression is a significant
contributor to the resistance of A. baumannii.”

Three siderophores have been identified from A. baumannii.*
Among them, acinetobactin (Figure 1, 1 and 2) is the major
siderophore found in most clinical A. baumannii isolates, and
the cellular machinery associated with its utilization has been
shown to be an essential virulence factor.’ Thus, acinetobactin
appears to be the ideal choice as a delivery vector for A.
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Figure 1. Structures of siderophores used by A. baumannii. Potential
iron chelating motifs are shown red.
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baumannii-targeting SACs. The structure of acinetobactin was
originally proposed as 1, but Walsh et al. subsequently
proposed an alternative structure, 2, whose biosynthetic
formation involves the spontaneous rearrangement of the
oxazolinyl hydroxamate core of 1 to isoxazolidinone.® While the
more physiologically relevant form has yet to be elucidated,
Wencewicz et al. recently proposed an intriguing “pH-triggered
swapping” mechanism, where the pH of the medium is the key
determinant of the utilized form of acinetobactin.” For the
design of optimal SAC structures targeting A. baumannii, it is
crucial to clarify the siderophore form and to understand how it
interacts with the relevant cellular uptake machineries. Toward
this end, we herein describe the systematic generation and
characterization of acinetobactin analogues to elucidate key
structural elements of acinetobactin to function as a side-
rophore.

First, the acinetobactins (1 and 2)° were characterized.
Kinetic experiments on the conversion from 1 to 2 showed that
the rearrangement is pH-dependent, indicating that the
protonation state of the hydroxamate in 1 is critical (k =
0.024 min™" at pH 7.5 vs no conversion at pH 4.2) (Figure S1).
The modest reaction rate at a neutral pH (t;,, = 29 min)
suggests that the formation of 2 under physiological settings is
marginally feasible.

To function as a siderophore, a molecule must be capable of
not only binding Fe(III) but also delivering Fe(III) inside the
cell.” The Fe(IlI)-binding properties of 1 and 2 were assessed
on the basis of the chrome azurol S (CAS) assay, as depicted in
Figure 2A. Both compounds are capable of binding Fe(III)
based on the color change of the dye from deep blue to orange.
The oxazoline form (1) appears to form a slightly tighter
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Figure 2. Characterization of two forms of acinetobactin, 1 and 2. (A)
Concentration-dependent chrome azurol S (CAS) assay. (B) Plots of
the fluorescence titration results for 1 (10 gM) and 2 (10 uM) with
Fe(acac); in methanol. (C) A. baumannii ATCC 19606 AbasD and
AbauA growth promotion assays employing 1 (red) and 2 (blue)
(Luria—Bertani media, 200 zM 2,2'-bipyridyl, 12 h culture at 37 °C).

Fe(1II) complex than 2 because it has induced a color change at
a lower concentration (50 pM). To determine the binding
stoichiometry of the resulting Fe(III)—acinetobactin com-
plexes, the fluorescence of 1 and 2 alone and in the presence
of Fe(Ill) was evaluated. As shown in Figure 2B, the
fluorescence of both compounds was completely quenched
upon addition of 0.5 equiv of Fe(Ill), which indicates the
formation of 2:1 complexes between 1 or 2 and Fe(III) and
suggests that the binding mode of these compounds with
Fe(IIl) was similar. Both forms of acinetobactin are likely to
utilize common ligating motifs, namely the catechol dihydroxyl
groups and one of the imidazole amines, to fulfill the optimal
hexacoordinate octahedral geometry of the corresponding
Fe(III) complexes. This suggests that the hydroxamate moiety
of 1, another potential metal binding motif, is not directly
involved in the complexation with Fe(III).

To evaluate whether 1 and 2 are capable of delivering Fe(III)
intracellularly, growth promotion assays were conducted. In
these experiments, each compound was used to treat an iron-
deficient culture of A. baumannii ATCC 19606 AbasD or
AbauA mutant, in which the gene for the productlon or uptake
of acinetobactin was deleted, respectively.'” When the AbasD
mutant was used in the assay, oxazoline 1 appeared to promote
cellular growth more efficiently at lower concentrations (<1.56
uM), while isoxazolidinone 2 prevailed at higher concentrations
(>6.25 uM) (Figure 2C). When the AbauA mutant was used in
the assay, the activity of 1 was completely abolished, indicating
that the cellular uptake of 1 was dependent on the
acinetobactin receptor, BauA. Interestingly, however, the
cultures treated with 2 could grow efficiently and in a
concentration-dependent fashion. The BauA-independent Fe-
(L) delivery by 2 is unexpected. Currently, we speculate that
this event could be porin-mediated, or it might occur via passive
diffusion delivery of the Fe(III)—2 complex; the clarification of
the mechanism would require further analyses."' These
observations strongly indicate that oxazoline 1 is the
physiologically relevant siderophore structure for A. baumannii,
rather than 2, because the specificity of a key acinetobactin
uptake receptor, BauA, appears to have been evolved toward
the former.

To systematically elucidate the key structural elements of 1
and 2 that affect their Fe(III) binding and cellular delivery, 10
novel analogues were generated. These analogues were
designed with a specific focus on the modification of the
iron-binding motifs; the synthetic route for the preparation of
these compounds (9a—j) is presented in Scheme 1.

Scheme 1. Structures of Acinetobactin Analogues and Their
Synthetic Routes
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Briefly, the imidazole fragments (5a—c) were prepared from
N,O-protected N-butenylhydroxylamines (3a,b) via Cu(Il)-
promoted de novo imidazole formation reactions.'” The N°-
methyl group of 5c¢ could be readily introduced by a simple
substitution reaction with methyl iodide (4a — 4c). For the
selective introduction of the methyl group at the N position of
5d, a van Leusen reaction employing toluenesulfonylmethyl
isocyanide (TosMIC) and methylamine was adopted.”
Construction of the oxazoline fragments was initiated by
coupling the O-protected benzoic acid precursors (6a,b) with L-
threonine methyl ester. Then, Ishihara’s dehydrative cyclization
protocol using a Mo(VI) ox1de catalyst was applied to construct
the oxazoline ring system,"* and subsequent mild saponification
using potassium trimethylsilanolate afforded the corresponding
oxazoline fragments (8a,b) as the potassium carboxylate
forms."

Lastly, the unions between the imidazole and oxazoline
fragments were effected using HATU or PyBOP as the amide-
coupling agents; subsequent hydrogenolysis provided the
oxazoline forms of acinetobactin and its analogues (1, 9a—g).
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Compounds 1 and 9c—e were then heated in methanol to
provide the corresponding isoxazolidinone derivatives (2, 9h—
j) via rearrangement reactions.

CAS assays were performed with these analogues in hand
(Figure 3A). First, the role of the hydroxamate group of 1 in

methylated

A hydroxamate
. Imldlazole

bridge phenolic flerivatives

Cone. r VT VT 1
o @) o0
) £ e o

10 pM

9a 9 9 9 9 9g 9 9h 9d O

400

n w
=3 =3
=3 13

Relative growth %
2
=3

9a 9 9 9 O 93 9 OSh 9d 9i
£ 0.10 uM B3 0.39 M B3 1.56 1M B 6.25 «M B 25.0 uM B 100.0 uM
Figure 3. Functional characterization of 10 acinetobactin analogues:

(A) CAS assay results; (B) growth promotion assay results using A.
baumannii AbasD.

iron binding was investigated using 9a and 9b. Although these
analogues possess modifications that disrupt the metal binding
of the hydroxamate (9a: O-methylation, 9b: a simple amide
linkage), both could elicit color changes in the CAS assay,
indicating that they were capable of binding Fe(III). This
observation was consistent with the proposed iron-binding
mode of acinetobactin 1 involving the catechol dihydroxyl and
imidazole groups, not the hydroxamate (vide supra).

Four phenolic derivatives (9e,fg,j) were prepared and tested
to investigate the role of the catechol moiety. Notably, these
compounds comprise pseudomonine (9j), another siderophore
produced by some Pseudomonas strains, and its analogues.'®
Prepseudomonine (9e) exhibited a strong CAS signal even at a
low concentration (S0 uM), indicating that the 3”-hydroxyl
group of 1 is not critical for iron binding. This result is not
unexpected because the phenolic oxazoline moiety is often
found in other siderophores, such as mycobactin.17 Mod-
ifications of the hydroxamate bridge in 9f and 9g appeared to
considerably weaken the iron binding, contrary to that for the
catechol siblings (9a,b). Surprisingly, pseudomonine (9j) failed
to elicit a noticeable color change in the CAS assay, even at 1.25
mM, unlike 2. Nevertheless, the fluorescence quenching of 9j
by Fe(III) was observed (Figure S3), which indicates that 9j is
still capable of binding Fe(III), albeit not tightly.

Analogues 9¢/9h and 9d/9i were designed to identify which
amine atom, N' or N°, of the pendant imidazole ring is
responsible for iron binding. Interestingly, the CAS assay
results reveal that N-methylation did not significantly decrease

the iron-binding propensity of any of these analogues,
suggesting that the ethylene linker is flexible and thus well
capable of positioning either amine atom toward the metal
center.

A series of growth promotion assays were conducted with A.
baumannii AbasD to correlate the iron-binding abilities of the
acinetobactin analogues to their iron delivery capabilities
(Figure 3B)."® Strikingly, hydroxamate-modified analogues 9a
and 9b failed to exhibit growth promotion activities despite
their Fe(III) binding capabilities. This observation implicates
that although the hydroxamate bridge of 1 may not function as
an iron chelator, it is a critical element for the recognition of
acinetobactin (1) by the relevant cellular uptake machinery. At
this point, it is uncertain which component (e.g,, BauA, BauD,
or BauF) would directly interact with the hydroxamate moiety;
this will be investigated in due course.

The growth promotion activities of the prepseudomonine
analogues (9e—g) well correlated with their iron-binding
affinities; only prepseudomonine (9e) could act as a side-
rophore, and its activity was analogous to that of 1 at
concentrations below 6.25 pM. Interestingly, pseudomonine
(9§) could promote bacterial growth despite its weak Fe(III)
binding, but this activity was BauA-independent, similar to 2
(Figure SSB). The imidazole-modified analogues exhibited
somewhat complex results. Among the oxazoline analogues
(9¢,d), N'-methylated 9d showed an activity similar to that of
1, while the activity of 9c was much lower. This indicates that
the conformation of the 9d—Fe(Ill) complex is more
compatible with the acinetobactin uptake system, and it also
suggests that the N position of 1 would be a suitable site for
conjugating an antibiotic molecule. Among the isoxazolidinone
analogues (9h,i), N'-methylated 9i was unable to promote
growth of A. baumannii, while 9h exhibited BauA-independent
activities similar to those of 2 (Figure SSB).

Collectively, this study discloses the intriguing structure—
function relationships of various acinetobactin analogues, and
several crucial implications for the successful design of effective
acinetobactin—antibiotic conjugates were derived. First, oxazo-
line 1 is likely the physiologically relevant siderophore structure
for A. baumannii based on the growth-promotion assay results
using mutant strains. This conclusion suggests that 1 would
serve better as the antibiotic delivery vehicle targeting A.
baumannii, as it more appropriately exploits the acinetobactin
uptake machinery than 2, the key requirement for conferring
the anticipated potency and selectivity to the antibiotic
conjugates based on acinetobactin.” As for the conjugate
design, the hydroxamate bridge seems to be critical for cellular
uptake because its modification (9a and 9b) completely
abolished iron delivery. In addition, the N' position of the
pendant imidazole appears to be a promising drug conjugation
site because modification at this site (9d) did not abrogate the
iron delivery function. Notably, modification of N' can be easily
introduced by applying the van Leusen reaction, as
demonstrated herein.

The siderophore-based antibiotic delivery approach provides
an alternative and powerful approach to overcome the
threatening problems of drug resistance of various pathogens.
The insights provided in this study will serve as an
indispensable foundation for the success of ensuing efforts in
this direction and may lead to the discovery of potent
acinetobactin—antibiotic conjugates that will be effective in
treating drug-resistant A. baumannii.
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