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ABSTRACT: Many pathogenic bacteria biosynthesize and excrete
small molecule metallophores, known as siderophores, that are used to
extract ferric iron from host sources to satisfy nutritional need. Native
siderophores are often structurally complex multidentate chelators
that selectively form high-affinity octahedral ferric iron complexes with
defined chirality recognizable by cognate protein receptors displayed
on the bacterial cell surface. Simplified achiral analogues can serve as
synthetically tractable siderophore mimics with potential utility as
chemical probes and therapeutic agents to better understand and treat
bacterial infections, respectively. Here, we demonstrate that synthetic
spermidine-derived mixed ligand bis-catecholate monohydroxamate
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siderophores (compounds 1—3) are versatile structural and biomimetic analogues of two native siderophores, acinetobactin and
fimsbactin, produced by Acinetobacter baumannii, a multidrug-resistant Gram-negative human pathogen. The metal-free and ferric
iron complexes of the synthetic siderophores are growth-promoting agents of A. baumannii, while the Ga(III)-complexes are potent
growth inhibitors of A. baumannii with MIC values <1 M. The synthetic siderophores compete with native siderophores for uptake
in A. baumannii and maintain comparable apparent binding affinities for ferric iron (Kg,.) and the siderophore-binding protein BauB
(Ky). Our findings provide new insight to guide the structural fine-tuning of these compounds as siderophore-based therapeutics

targeting pathogenic strains of A. baumannii.
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acterial infections caused by multidrug-resistant (MDR)

Gram-negative pathogens are on the rise."”” This alarming
trend is further complicated by the difficulty of discovering
new antibiotic scaffolds active against Gram-negative bacteria
due primarily to the restricted permeability of the cell envelope
toward small molecules.”* Siderophore-based therapeutics
overcome this inherent permeability barrier by gaining cell
entry via TonB-dependent receptor-mediated uptake pathways
required for bacterial iron acquisition.” Bacterial pathogens
including MDR Gram-negatives often rely on siderophores,”’
small molecule ferric iron chelators, and cell-associated
receptor proteins to extract iron from host sources.® Hence,
siderophores are considered virulence factors required for
Gram-negative pathogens to establish, maintain, and propagate
the infection.”"”

Pathogen-produced siderophores represent attractive small
molecule scaffolds that can serve as chassis for pathogen-
targeted siderophore-based therapeutics.” Four general ap-
proaches for siderophore-based therapeutics have been
reported: (1) siderophore—antibiotic conjugates (sideromy-
cins) for targeted drug delivery;”'' (2) siderophore—metal
chelates for delivery of toxic or radioactive metals;'>"” (3)
small molecule inhibitors of siderophore biosynthetic
enzymes;14_16 and (4) competitive agonists and antagonists
of siderophore receptors, transporters, and binding pro-
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teins.'’~'” These approaches often rely on the use of a
siderophore-like compound or a siderophore-derived fragment
to gain cell entry against a target pathogen that utilizes and
likely possesses innate biosynthetic capacity for the parent
siderophore. Hence, the in vivo efficacy of siderophore-based
therapeutics depends on the ability of the modified side-
rophore to outcompete a pathogen’s native siderophore(s) for
cell entry via a conditionally essential siderophore system that
is not easily compensated by other pathways or deleted
entirely.

Natural siderophores are chiral and often structurally
complex molecules.” The total chemical synthesis or semisyn-
thesis of natural siderophores and analogues suitable for
functionalization, while an incredibly valuable exercise, can be
time-consuming and mass limiting.”"~>* The use of simplified
siderophore structural mimics that are synthetically accessible
and scalable is an attractive alternative that can still leverage
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the benefits (increased potency and selectivity) of siderophore-
based therapeutics.'' Many multidentate ferric iron chelators
containing catechol, hydroxamate, and carboxylate ligands
(common to most siderophores) have been reported in the
literature, and some have proven to be useful as sideromycin
antibiotic delivery vectors.”

In 1996, the Miller group reported a mixed ligand
biscatecholate monohydroxamate siderophore 1 synthesized
from a spermidine backbone (Figure 1).”* In this synthetic
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Figure 1. Chemical structures of natural A. baumannii siderophores
fimsbactin A (Fim)/acinetobactin (Acb), synthetic mixed ligand
siderophores 1—3, and synthetic mixed ligand sideromycin 1-BL.

siderophore, N| and Ny, are acylated with 2,3-dihydroxyben-
zoic acid (DHB) and N is succinylated to provide a branch
point. Branching was achieved by amide bond formation
between the free carboxylate of the succinyl group and the
primary amino group of N,-hyroxy-N-succinyl-cadaverine.
This completed the mixed ligand siderophore scaffold and
provided an additional site for functionalization in the succinyl
group of the cadaverine hydroxamate unit. The beta-lactam
antibiotic loracarbef, a carbacephalosporin, was covalently
linked to the mixed ligand siderophore via a stable amide bond
between the cadaverine succinyl group and the free amino
group of loracarbef’s 2-amino-phenylacetic acid side chain to
provide mixed ligand beta-lactam sideromycin 1-BL (Figure
1).

Broad antimicrobial testing of mixed ligand sideromycin 1-
BL serendipitously revealed incredible potency (MICy, = 0.03

ug/mL) against MDR Acinetobacter baumannii with only
moderate potency (16—128 ug/mL) against other Gram-
negative and Gram-positive pathogens.”” The origins of this
impressive potency and selectivity toward A. baumannii was
not entirely clear, although it was proposed that sideromcyin 1-
BL was utilizing siderophore uptake pathways unique to A.
baumannii. This was later confirmed in 2013 when the Miller
group revisited these compounds in siderophore—sideromycin
competition assays that revealed the parent siderophore was
controlling translocation of the sideromycin to the periplasm
where the target penicillin-binding proteins could be inhibited
by the loracarbef moiety."" Since 2013, the Miller group has
shown that mixed ligand siderophore 1, containing either a
succinyl or glutaryl N-acyl-hydroxamate linker, is a versatile
antibiotic,”* biosensor,** and drug delivery vector for targeting
A. baumannii with a wide variety of antibiotics that act on
periplasmic targets including beta-lactams,""** lipodepsipep-
tides,”**” and glycopeptides.”**’ Attempts to utilize side-
rophore 1 to deliver antibiotics with cytoplasmic targets, such
as fluoroquinolones, have failed, implying that this siderophore
scaffold is transported to the periplasm but not the
cytoplasm.'"  Several groups, including the Miller,’**
Nolan,” ™ and Seiple®® groups, have made recent advance-
ments in developing cleavable linker systems for siderophore—
antibiotic conjugates enabling pathogen-triggered drug release
to expand this dru§ delivery technology to antibiotics with
cytoplasmic targets.”’

Growing evidence from biological testing data suggests that
sideromycins derived from mixed ligand siderophore 1 are
transported via a siderophore pathway that is unique to
pathogenic A. baumannii strains, explaining the unique and
potent selectivity of these antibiotics toward this pathogen.""**
Human pathogenic A. baumannii can produce up to three
siderophores, including fimsbactins (Fim),”® acinetobactin
(Acb),” and baumannoferrin.”’ In 2013, the Bode group
disclosed the structure of the novel mixed ligand siderophore
Fim isolated from an environmental strain of A. baylyi (Figure
1).>® In 2019, our group isolated Fim from two pathogenic
strains of A. baumannii."' Genome mining and in vivo studies
revealed that the fimsbactins may have been functionally
replaced in the Acinetobacter genome by the strictly conserved
NRPS siderophore Acb which shares some structural and
biosynthetic similarity to the fimsbactins.*' =" Acb is derived
from the pH-dependent isomerization of the NRPS product
preacinetobactin and has been shown to be the exclusive
siderophore needed to enhance virulence in A. baumannii
mouse infection models."”** Our group has developed
synthetic structural mimics of Acb and preacinetobactin that
can disrupt siderophore-mediated iron acquisition in A.
baumannii as an antivirulence strategy.'”*> Subsequently, we
demonstrated that Fim effectively outcompetes native
preacinetobactin and Acb for receptor-mediated transport to
the periplasm, making this an attractive siderophore chassis for
the development of siderophore-based therapeutics against A.
baumannii.*'

The native A. baumannii siderophore Fim is derived from a
nonribosomal peptide synthetase (NRPS) biosynthetic assem-
bly line and utilizes L-Ser as the central tetrahedral branching
unit for two catecholates and one hydroxamate.’® This shows
structural similarities with the biscatecholate monohydrox-
amate ligand pattern of the synthetic siderophore analogue 1,
which is built on a central spermidine tetrahedral branching
unit providing the first clue on the origins of the impressive
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Scheme 1. Synthesis of Mixed Ligand Siderophores 1, 2, and 3 and the Corresponding 1:1 Chelation Complexes with Fe(III)

(1-Fe, 2-Fe, and 3-Fe) and Ga(III) (1-Ga, 2-Ga, and 3-Ga)
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selectivity of this compound for A. baumannii as a potential
Fim mimic.'"*® In this work, we provide the first direct
evidence that mixed ligand siderophore 1 is in fact a true Fim
mimic. Siderophore 1 can outcompete native siderophores Acb
and Fim for translocation to the periplasm in MDR A.
baumannii where it binds to the siderophore-binding protein
BauB. Additionally, we reveal the structural basis for ferric iron
chelation and receptor recognition leading to active transport
across the outer membrane. Our findings validate and guide
the utility and design, respectively, of mixed ligand siderophore
1 and hydroxamate N-acyl analogues 2 and 3 (Figure 1) as
effective chassis for pathogen-targeted siderophore-based
therapeutics against infections caused by MDR A. baumannii
pathogens.

B RESULTS AND DISCUSSION

Design and Synthesis of Mixed Ligand Siderophores.
The fimsbactin siderophores are produced as a mixture of
NRPS products known as fimsbactin A—F.>® Our group and
others have shown that fimsbactin A (referred to simply as Fim
from this point forward) is the primary mass component of the
fimsbactin mixture and seems to be the dominant biologically
active siderophore metabolite.*' The mixed ligand siderophore
1 mimics the structure of fimsbactin A with two catecholate
and one hydroxamate ferric iron chelating groups yet lacks the

two chiral centers present in Fim, including the chiral
branching point created by L-Ser. Spermidine serves as the
structural backbone of siderophore 1 and is found in naturally
occurring siderophores such as vibrobactin produced by Vibrio
cholerae.”® The triamine functionality of spermidine provides
useful synthetic handles for the synthesis of tripodal side-
rophore mimics containing different iron chelating functional
groups including catecholates and hydroxamates with control
of ligand orientations with respect to iron chelation. The free
carboxylate of the N-succinoyl-hydroxamate serves as a useful
attachment site for molecular cargo, including antibiotics, and
does not seem to interfere with iron binding or receptor-
mediated transport."'

The free carboxylate of compound 1 ensures that the net
charge of the metal-free and the ferric iron complex are anionic
at physiological pH. Our group has previously shown that the
net charge of siderophores influences their uptake through
siderophore pathways presumably through electrostatic effects.
For the Gram-positive pathogen Staphylococcus aureus and the
ferric hydroxamate siderophore-binding lipoprotein FhuD2 we
found that neutral and cationic hydroxamate siderophores
were the most efficient growth promoters and displayed the
highest apparent affinity for binding to protein receptors.”” We
sought to probe electrostatic effects of compound 1 by
preparing two additional N-acyl-hydroxamate analogues 2 and
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3 containing a charge neutral acetyl group and a cationic 3-
amino-propanoyl group, respectively (Figure 1).

To prepare mixed ligand siderophores 1, 2, and 3, we
adapted a synthetic route based on the convergent strategy
originally reported by the Miller group utilizing fully protected
intermediate 13 that can readily be functionalized with
different N-acyl-hydroxamate groups through selective removal
of the 2,2,2,-trichloroethoxycarbonyl (Troc) protecting group
(Scheme 1).""**** Compound 13 was synthesized from four
commercially available starting materials: (1) DHB (4), (2)
spermidine (6), (3) S-amino-1-pentanol (9), and (4) O-
benzylhydroxylamine. Universal benzyl protection of 4 with
benzyl bromide followed by saponification of the benzyl ester
provided carboxylate 5 that can be coupled directly with
spermidine 6 via amide bond formation with the two primary
amines facilitated by carbonyldiimidazole (CDI) to give
compound 7. Acylation of the secondary amine with succinic
anhydride in the presence of a 4-dimethylaminopyridine
(DMAP) catalyst provided the first major fragment, compound
8. The second major fragment 12 facilitating convergent
synthesis of compound 13 was synthesized starting from S-
amino-1-pentanol 9. Tertbutyloxycarbonyl (Boc) protection of
the primary amine provided compound 10, and subsequent
Mitsunobu reaction with N-Troc-O-benzylhydroxylamine 11
(available in one-step from commercially available O-
benzylhydroxylamine) provided compound 12. Boc depro-
tection of 12 and amide bond coupling with the free succinoyl
carboxyl group of 8 provided compound 13. All reactions can
be performed on gram scale to provide gram quantities of 13 in
good overall yield (53% for LLS).

With gram quantities of compound 13 in hand, we
performed a series of one-pot Troc-deprotection and acyl
group transfers to prepare compounds 14—16."* Treatment of
13 with activated Zn in the presence of succinic anhydride and
acetic acid provided N-succinoyl intermediate 14. Treatment
of 13 with activated Zn, acetic anhydride, and acetic acid
provided N-acetyl intermediate 15. Treatment of 13 with
activated Zn and the N-hydroxysuccinimide (NHS)-ester of
benzyloxycarbonyl (Cbz)-protected 3-aminopropionic acid in
the presence of acetic acid provided N-propanoyl derivative 16.
Compounds 14—16 were rigorously purified by prep-HPLC
prior to global benzyl/Cbz deprotection using Pd-catalyzed
hydrogenolysis to provide the final metal-free siderophores 1—
3 in high enough purity (>90%) to facilitate complete
characterization and biological testing. For context, the first
total synthesis of Fim was completed by Kim and co-workers
in 2020, providing an elegant route completed in 16 steps and
5% overall yield that is somewhat limited by epimerization of
the oxazoline stereocenter.””*® Mixed ligand Fim mimics 1-3
can be prepared in fewer steps, higher yield, and greater mass
with no concern of chirality (Scheme 1).

Ferric Iron Chelation by Mixed Ligand Siderophores.
The ability to form stable high-affinity chelation complexes
with ferric iron under physiological conditions is a critical
property for all siderophores.” We prepared the Fe(III)
complexes (1-Fe, 2-Fe, and 3-Fe) and Ga(Ill) complexes
(1-Ga, 2-Ga, and 3-Ga) of siderophores 1—3 by treatment
with stoichiometric Fe(acac); or Ga(acac)s, respectively, in a
methanolic solution followed by trituration with diethyl ether
to remove excess acac ligand (Scheme 1). The compounds
formed stable complexes with both Ga(IlI) and Fe(III)
consistent with previous reports utilizing Ga(Ill) as a redox
stable Fe(III) surrogate.”"> Compound 1 was shown

previously to form a stable 1:1 ligand:Fe(III) complex with
apparent log Kg, = 27.0.""°" Thus, assuming 1:1 ligand:Fe(III)
stoichiometry, we utilized a competition experiment with
excess EDTA (1.2 equiv) to determine the apparent ferric iron
binding affinity values (Kg,) of siderophores 1-Fe, 2-Fe, and 3-
Fe based on the known apparent K, value of 10*" for EDTA-
Fe determined at pH 7.4 (Table 1).>* On the basis of data

Table 1. Apparent Ferric Iron Binding Properties and BauB
Dissociation Constants for Siderophores and Mimics

app. Bau}g Ky

compound ligand:Fe(III)* A, (nm) app. log Kg, (nM)
Acb 2:1° 255,330, 262 +0.1° 300 + 100
(Acb-Fe) 570" (160 + 80)"
Fim 1:1° 255,335, 282+ 02" 360 + 140
(Fim-Fe) 445, 510° (240 + 90)”
1 (1-Fe) 1:1° 320,455, 279 + 0.1 390 =+ 60
510 (350 + 140)
2 (2-Fe) 1:1 320,455, 282+ 02 260 + 60
510 (220 + 30)
3 (3-Fe) 1:1 325,455,  27.1 £ 02 240 + 100
510 (290 + 110)

“Siderophore:Fe stoichiometry was measured by titration of side-
rophores with Fe(acac); monitored by measuring fluorescence and/or
optical absorbance. bLiterature values reported previously by our
group.*"**>% “Values in parentheses are for the ferric holo-siderophore
complexes. Data is reported as mean =+ standard deviation from the
mean for at least two independent trials. All values were determined

experimentally at a working pH of 7.4.

collected from the EDTA competition studies, we calculated
apparent log K, values of 27.9 + 0.1, 282 + 0.1, and 27.1 +
0.1 for siderophores 1-Fe, 2-Fe, and 3-Fe, respectively. While
the N-acetyl derivative 2-Fe did show slightly improved
thermodynamic stability, the results indicate that the relative
stability of the ferric iron chelation complexes is insensitive to
functionalization of the N-acyl-hydroxamate moiety. The
apparent log Kg, values for 1-Fe, 2-Fe, and 3-Fe are
comparable to the reported values for Acb-Fe (26.2 + 0.1)
and Fim-Fe (28.2 + 0.1), indicating that these siderophore
analogues will be able to thermodynamically compete with
native A. baumannii siderophores, most importantly with Acb
the most critical virulence factor, in the sequestration of ferric
iron under physiological conditions.”"** It is noteworthy that
compounds 1-Fe and 3-Fe, both of which can freely form salts
with the free carboxyl and amino groups, respectively, are more
soluble in buffered aqueous media than acetylated compound
2-Fe.

BauB Receptor Binding to Mixed Ligand Side-
rophores. The ability of outer membrane receptors
(OMRs) and periplasmic siderophore-binding proteins
(SBPs) to recognize siderophore ligands through high-affinity
reversible binding interactions is critical for siderophore import
and function.” A. baumannii pathogens strictly require the
OMR BauA and SBP BauB for virulence associated with Acb-
mediated iron acquisition.”> BauA has been shown to
recognize a novel mixed ferric iron chelation complex with
one molecule of preacinetobactin bound to the receptor
surface and one molecule of Acb exposed to solvent.”* BauB
displays broader ligand plasticity and binds to preacinetobac-
tin, Acb, Fim, and analogues in both metal-free and ferric
complex forms at nanomolar concentrations.'”*"*> Acb forms
a 2:1 ligand:Fe(III) complex, referred to here as Acb-Fe, where
the octahedral ferric iron atom forms coordinate bonds with
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the phenolate-oxazoline and hydroxamate N-hydroxyl group of
each molecule.” The crystal structure of Acb-Fe bound to the
A. baumannii SBP BauB shows that residues in the binding
calyx make hydrophobic interactions with the Acb ligand
scaffold while the phenolate-oxazoline moiety of one Acb
ligand is accommodated within a deep cleft; there are no direct
interactions between BauB and the ferric iron center. This
binding mode rationalizes the ability of BauB to accommodate
both metal-free and metal bound siderophores. The bio-
synthetic operon for Fim does not include a dedicated
periplasmic SBP.***' This is consistent with the hypothesis
that Fim does not reach the cytoplasm of A. baumannii."' Our
group used competition studies to show that Fim-Fe directly
competes with Acb-Fe for binding to BauB.*' Although Fim
forms a 1:1 ligand:Fe(IIl) complex, the structure of Fim-Fe is
predicted to be similar to that of Acb-Fe where the shared
phenolate-oxazoline moiety can occupy the same cleft in the
BauB binding calyx.

If siderophores 1—3 are true structural mimics of Fim, we
hypothesized that these molecules must be recognized by BauB
through a high-affinity binding interaction. We tested this
hypothesis using an intrinsic Trp fluorescence quenching
binding assay with recombinant BauB protein (Table 1). We
observed dose-dependent fluorescence quenching (Aeycitation =
280 nm; Aemision = 320 nm) when titrating BauB with
siderophores 1—3 and the corresponding ferric complexes, 1-
Fe, 2-Fe, and 3-Fe (Figure S1). The apparent dissociation
constants (Ky) were calculated using a one-site binding model
according to the experimentally validated X-ray crystal
structure of the 1:1 Acb-Fe:BauB complex (PDB 6mfl). The
apparent Ky values for all three synthetic siderophore
analogues were similar to the values measured for the natural
siderophores, Acb and Fim, with all compounds falling within
the range of 80—500 nM. Acb and Fim appeared to give lower
apparent Ky values compared to compounds 1-3. Addition-
ally, the ferric complexes all appeared to bind with greater
affinity than the metal-free compounds; however, there was no
significant difference when considering experimental error
(Table 1). BauB binding to compounds 1-3 and the
corresponding ferric complexes is not influenced significantly
by the variable N-acyl-hydroxamate groups or electrostatics,
indicating this might be a good position for attachment of
linkers and antibiotics as done for the synthetic sideromycin 1-
BL (Figure 1).""*® The results from these SBP binding studies
support the hypothesis that siderophores 1—3 are structural
mimics of Fim and are consistent with previous observations
that BauB and homologous periplasmic SBPs display broad
ligand plasticity.

Mixed Ligand Siderophore Mimics Display Side-
rophore-like Activity. To further test the hypothesis that
compounds 1—3 are recognized and utilized as siderophore
substrates by A. baumannii pathogens, we performed growth
promotion studies using A. baumannii ATCC 17978 under
restricted iron conditions in M9-succinate minimal medium
containing 2,2'-dipyridyl (Table 2; Figure 2). It is noteworthy
that A. baumannii ATCC 17978 naturally produces and utilizes
both Acb and Fim."' We measured full bacterial growth curves
by monitoring the optical density of cultures at 600 nm
(ODgq) over a 48 h interval to evaluate the growth-stimulating
effects of the siderophore compounds during all phases of
growth (Figure S2). Comparison of the final ODg, values after
48 h revealed that in all cases the efficacy of ferric complexes
outperformed the metal-free siderophores in promoting A.

Table 2. Apparent EC, and IC,, Values for Siderophores
and Mimics against Growth of A. baumannii ATCC 17978

apparent EC5,  apparent ICy, with apparent ICg, with

cmpd (uM)"? Acb-Fe (uM) FimA-Fe (uM)
Acb 30 + 20 N/A® N/A
Acb-Fe 0.6 + 0.2 N/A N/A
Fim poor fit N/A N/A
Fim-Fe 0.2 + 0.1 N/A N/A

1 4+ 1 N/A N/A
1-Fe 14 £ 0.1 N/A N/A
1-Ga N/A 3+1 50 + 20
2 8+3 N/A N/A
2-Fe 09 + 0.2 N/A N/A
2-Ga N/A 6+1 40 + 10
3 25+9 N/A N/A
3-Fe 12 + 02 N/A N/A
3-Ga N/A 7+1 30 + 10

“The apparent ECg, and ICg, values were derived from ODy, values
at the 48 h time point (except for 1-Fe/2-Fe and 3-Fe taken at 37 and
31 h, respectively) collected during continuous analysis of growth
curves. bApparent ECy, values for Acb, Acb-Fe, Fim, and Fim-Fe
were derived similarly from growth curves reported previously by our
group.”’ °N//A = not applicable. Data is reported as mean + standard
deviation for at least two independent trials.

baumannii growth (Figure 2a). Presumably the extra iron
nutrient provided by the ferric complexes fueled greater
cellular respiration and enable more biomass accumulation
during the growth window. Comparison of the apparent ECy,
values of the compounds during the stationary phase of
bacterial growth revealed that the ferric complexes have
improved potency relative to metal-free compounds. The
metal-free siderophores 1—3 produced a dose-dependent
growth response with apparent ECg, values comparable to
the native siderophore Acb, all within the range of 3—50 uM
covering both the low and high ends of the experimental error
(Table 2; Figure 2B—F). The native siderophore Fim did not
provide a sufficient dose response curve to calculate an
apparent ECs,, which is consistent with previous reports that
this compound becomes growth inhibitory at higher
concentrations (also see bar graphs in Figure 2a for end-
point analysis of bacterial growth where Fim sup}iJlementation
does not recover growth above the control). The ferric
complexes 1-Fe, 2-Fe, and 3-Fe produced apparent ECj,
values of potency comparable to that of Acb-Fe and Fim-Fe,
all within the range of 0.1—1.5 yM covering both the low and
high ends of the experimental error (Table 2; Figure 2B—F).
The ability of siderophore analogues 1—3 and the correspond-
ing ferric complexes to promote the growth of A. baumannii
ATCC 17978 under restrictive iron conditions is not
influenced significantly by electrostatics or sterics of the
variable N-acyl-hydroxamate groups. This result is consistent
with our findings for binding to the A. baumannii SBP BauB
and further supports the conclusion that the N-acyl-
hydroxamate group is a good site of functionalization to
maintain siderophore-like activity of siderophore analogues.
Mixed Ligand Siderophore Mimics Compete with
Native Siderophores for Cell Entry. The effective use of
siderophore-based small molecules as antimicrobial agents
hinges on the ability of these molecules to outcompete native
siderophores utilized by the target pathogen that are readily
available in the infection environment.” To test the ability of
siderophore analogues 1—3 to compete with native A.
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Figure 2. Mixed ligand siderophores 1—3 promote the growth of A. baumannii ATCC 17978 in iron-deficient M9-succinate minimal medium. (A)
Bar graphs represent the mean ODy, values measured after 40 h for each test compound at a final concentration of 15.6 uM. (B—F) Apparent ECs,
curves for Acb, Fim, compounds 1—3 and the corresponding ferric complexes. See Table 1 and the experimental section for apparent ECs values
and details on the source of ODgy, values used for ECy, data plots. Error bars represent standard deviation for three independent biological

replicates; **** p < 0.0001.

baumannii siderophores Acb-Fe and Fim-Fe for receptor-
mediated uptake we performed competition studies with the
Ga(IIl) complexes, 1-Ga, 2-Ga, and 3-Ga (Table 2; Figures 3
and S3—S5). We first measured MICy, values for compounds
1-Ga, 2-Ga, and 3-Ga alone against A. baumannii ATCC
17978 in M9-succinate minimal medium containing sufficient
2,2'-dipyridyl to create an iron-starved growth phenotype.
Under these restrictive iron conditions, the Ga(IIl) side-
rophores complexes 1-Ga, 2-Ga, and 3-Ga alone are potent
growth inhibitors of A. baumannii ATCC 17978 with apparent
MIC,, values <1 uM under the iron-restrictive M9 conditions.
Redox stable Ga(III) salts can enter cells and metalate proteins
and cofactors with Ga(IIl) instead of Fe(III)/Fe(1l) through
redox neutral ligand exchanges resulting in disruption of
biological redox processes.'” While we did not directly test this
possibility for 1-Ga, 2-Ga, and 3-Ga, we did investigate the
possibility that these compounds can antagonize uptake and
utilization of native siderophores under iron-restrictive growth
conditions where these siderophores are essential growth
factors. Given strain ATCC 17978 is a known producer of Acb
and Fim in M9-succinate medium, we designed competitive
studies to test the hypothesis that synthetic siderophores 1-Ga,
2-Ga, and 3-Ga can outcompete native A. baumannii
siderophores for cell entry and utilization.""

In some infection environments there might be an
established titer of native siderophores that is not fully
captured by the standard methods for MICy, determination
via the broth microdilution assay where growth is initiated
from a small number of cells in the inoculum.>® Therefore, we
performed direct competition studies using compounds 1-Ga,

2-Ga, and 3-Ga individually paired with either Acb-Fe or Fim-
Fe supplemented to the growth medium. We used the
apparent ECy, values in Table 2 as a guide to select
appropriate concentrations of Acb-Fe (3.9 yM) and Fim-Fe
(3.9 uM) above the apparent ECs, values to provide complete
growth recovery of A. baumannii ATCC 17978 and represent a
meaningful challenge for the synthetic siderophore Ga(III)
complexes. Both Acb-Fe and Fim-Fe added to the M9
medium attenuated the growth inhibitory effects of 1-Ga, 2-
Ga, and 3-Ga (Table 2; Figure 3). Comparing “end point”
ODyy values after 48 h of bacterial growth in the presence of
31.25 uM 1-Ga, 2-Ga, or 3-Ga reveals that Fim-Fe more
strongly antagonizes the growth inhibitory effects of the
Ga(IlI) complexes compared to Acb-Fe (Figure 3). This trend
is also captured by the apparent ICg, values for 1-Ga, 2-Ga,
and 3-Ga ranging from 2 to 8 M in the presence of 3.9 uM
Acb-Fe and 20 to 70 yM in the presence of 3.9 uM Fim-Fe
(both ranges account for the high and low ends of
experimental error) (Table 2; Figure 3). These data are
consistent with the hypothesis that siderophores 1-3 are
synthetic mimics of Fim. Because Fim has been shown to
outcompete Acb for cell entry,*" it follows that siderophores
1-3 and the corresponding Ga(Ill) complexes also out-
compete Acb, as supported by these competition studies.
Therefore, synthetic antimicrobial agents based on the
common siderophore scaffold of compounds 1—3 are attractive
because Acb is the only conserved and strictly required
siderophore virulence factor for pathogenic A. baumannii
strains, %7
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Figure 3. Gallium(III) complexes of mixed ligand siderophores 1—3 antagonize growth promotion of A. baumannii ATCC 17978 by native
siderophores in iron-deficient M9-succinate minimal medium. Bar graphs represent the mean ODyg, values measured after 48 h for representative
low (0.975 uM) and high (31.25 uM) concentrations of (A) 1-Ga, (B) 2-Ga, and (C) 3-Ga in the presence of 3.9 uM Acb-Fe or Fim-Fe. ICy,
curves are shown to highlight full dose-dependence of (A) 1-Ga, (B) 2-Ga, and (C) 3-Ga in the presence of 3.9 uM Acb-Fe or Fim-Fe. See Table
1 and the experimental section for apparent IC, values and details on source of ODy, values used for ICy, data plots. Error bars represent standard

deviation for three independent biological replicates; **** p < 0.0001.

There is a subtle, but potentially relevant, difference in the
apparent IC, values of analogues 1-Ga, 2-Ga, and 3-Ga in the
presence of competing Fim-Fe. The apparent ICg, value of
compound 1-Ga (50 + 20) is greater than that of 3-Ga (30 +
10) and 2-Ga (40 + 10) (Table 2). While the confidence
ranges are not statistically significant, ranking the apparent
potency of these compounds as growth inhibitors based on the
apparent mean ICg, values gives 3-Ga > 2-Ga > 1-Ga and
suggests a potential trend of cationic > neutral > anionic for
the N-acyl substituent of the hydroxamate group. The apparent
differences in whole cell efficacies between 1-Ga, 2-Ga, and 3-
Ga cannot be attributed to affinity for metal or receptor (Table
2) and must arise from other factors introduced by the A.
baumannii cell. We observed a similar trend in electrostatics
related to preferred siderophore utilization by Staphylococcus

aureus, but not receptor (FhuD2) or metal binding, for a series
of synthetic ferrioxamine siderophores with variable N-acyl-
hydroxamates.”” For S. aureus, we hypothesized that the
preference for cationic siderophores could be explained by
simple electrostatics where the anionic cell envelope coated in
anionic teiochoic acid oligosaccharides repels anionic side-
rophores and attracts cationic siderophores. The same
hypothesis applies to the A. baumannii cell envelope where
the outer membrane coated in lipopolysaccharides carries a net
negative charge. This implies that future applications of this
synthetic mixed ligand siderophore scaffold for the develop-
ment of siderophore-based antimicrobial agents targeting A.
baumannii pathogens should be made to carry a cationic charge
to promote greater intracellular accumulation. This general
preference for cellular uptake of cationic compounds in
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bacterial cells applies to most classes of organic molecules,
including antibiotics.*

Ferric Complexes of Mixed Ligand Siderophores
Mimic Fimsbactin. To date, X-ray crystal structures of A.
baumannii siderophore-receptor complexes have been solved
for Acb-Fe with the SBP BauB (PDB 6mfl) and a mixed
preacinetobactin:Acb ferric complex with the OMR BauA
(PDB 6h7f).”* In both structures, the binding calyx of BauB
and BauA is occupied by only one ligand, Acb and
preacinetobactin, respectively, in the [Fe(ligand),] complexes
while the second ligand, Acb in both structures, is mostly
solvent-exposed. We previously constructed a computational
model of Fim-Fe using density functional theory (DFT) gas-
phase calculations.”" Construction of this DFT model was
informed by experimental data including the known coordina-
tion geometries and chelation modes of preacinetobactin and
Acb from the BauA and BauB crystal structures, respectively.
Additionally, we analyzed the optical absorbance spectra of
Acb-Fe,"* Fim-Fe,"' 1-Fe, 2-Fe, and 3-Fe (Table 1; Figure
S6). The absorbance spectrum of Fim-Fe shows strong
absorbance bands at 255 and 335 nm that are consistent
with similar absorbances at 284 and 336 nm in the absorbance
spectrum of the vibriobactin, a tris-catecholate siderophore
containing one catechol-oxazoline.”® The absorbance bands at
284 and 335 nm in vibriobactin were experimentally correlated
through pH titration to chelation of ferric iron through
phenolate-oxazoline and catecholate chelation modes, respec-
tively.”® Thus, we assign the absorbance bands at 255 and 335
nm to the phenolate-oxazoline and catecholate chelation
modes of Fim-Fe, respectively. This region of the absorbance
spectra for compounds 1-Fe, 2-Fe, and 3-Fe shows a strong
absorbance at 320 nm corresponding to the catecholate
chelation mode. Furthermore, comparing the ligand-to-metal
charge-transfer bands for Fim-Fe (445, 510 nm) and
compounds 1-Fe, 2-Fe, and 3-Fe (455, 510 nm) suggests a
similar ligand field effect around ferric iron. While we cannot
rule out a salicylate binding mode for the synthetic
siderophores,” for modeling purposes we investigated the
bis-catecholate chelation mode of 2-Fe with a high-spin (S =
5/2) octahedral ferric iron center.

Considering the above analyses, we used the DFT-modeled
Fim-Fe structure (anionic [Fe(Fim)]™) as a starting point for
DFT gas-phase calculations to model a high-spin ferric
complex of synthetic siderophore 2-Fe (anionic [Fe(2)]”)
(Figure 4). We aligned the N-acetyl-hydroxamate and two
catecholates to match the analogous groups in the Fim-Fe
DFT model. While 2-Fe will form a racemic mixture, the
enantiomer with stereochemical orientation matching the
predicted biologically relevant enantiomer of Fim-Fe is
shown. Our prediction of Fim-Fe stereochemistry is based
on modeling to fit the BauB binding calyx.*">> The
stereochemistry of the Fim-Fe complex is predicted to be
controlled, in part, by the orientation of the central L-Ser
moiety.”® Both DFT structures align well at the tetrahedral
branching atom, the L-Ser a-carbon for Fim-Fe and the
spermidine central nitrogen for 2-Fe, where the tripodal
branching “arms” can orient the metal chelating groups around
the octahedral ferric iron center to minimize steric clashing and
torsional strain. As shown in Figure 4, each branching “arm” is
labeled by color and number to highlight similarities in the
overall ligand orientation. Counting from the tetrahedral
branching atom down branching “Arm 17, the through-bond
distance to the catchol hydroxyl groups in both compounds is

Tetrahedral Tetrahedral /
Branching Vi Branching ~ >
Atom \
).

O
\ R
K//\O/Fe Ty

I o /O

[Fe(Fim)] = [Fe(2)]~

Figure 4. Comparison of monoanionic high-spin (S = 5/2) octahedral
ferric iron complexes for naturally occurring Fim-Fe ([Fe(Fim)]~)
and synthetic siderophore 2-Fe ([Fe(2)]™) generated using gas-phase
DEFT calculations.

the same; however, the oxazoline heterocycle restricts the
flexibility of “Arm 1” in Fim-Fe, forcing the ligand into the
phenolate-oxazoline chelation mode where the more flexible
linkage in 2-Fe facilitates the necessary geometry for chelation
via the catecholate. In the case of vibriobactin, the phenolate-
oxazoline chelation mode has been shown to be favored at
neutral pH while the catecholate chelation mode can be
populated at higher pH.>® The same type of pH-dependent
equilibrium of chelation modes is theoretically possible for
Fim-Fe. The catecholate and hydroxamate ligands appended
to “Arm 2” and “Arm 37, respectively, are oriented similarly for
both structures. Modeling of Fim-Fe to the crystal structure of
the Acb-Fe:BauB complex suggests that the hydroxamate
group will be solvent-exposed, supporting the observation that
N-acyl-hydroxamate derivatives 1, 2, 3, 1-BL, and other
reported conjugates linked via this position are well tolerated.
Our modeling predicts that the N-acyl-hydroxamate is the
most promising site for derivatization in the development of
siderophore-based therapeutics based on synthetic side-
rophores 1—3 and derivatives thereof. Overall, the structure
of Fim-Fe is more compact than that of 2-Fe with calculated
molecular surface areas of 1577 and 2125 A, respectively.
Incorporation of a catechol-oxazoline in place of the amide-
linked catecholate might enable ferric iron chelation through
the phenolate-oxazoline mode and improve likeness of the
synthetic siderophores to naturally occurring Fim-Fe. Increas-
ing structural likeness to Fim and Fim-Fe will presumably
improve the ability of synthetic siderophore mimics to
compete with the natural A. baumannii siderophores for cell
entry under infection conditions.

B CONCLUSIONS

Siderophore-based antibiotics hold much promise as future
therapeutics for treating MDR Gram-negative infections. The
siderophore component facilitates passage across the Gram-
negative cell envelope overcoming the permeability barrier that
defines the primary challenge of developing new antibiotics
effective against Gram-negative pathogens. Approval of the first
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siderophore-based antibiotic, cefiderocol, by the FDA in 2019
has brought renewed interest to the clinical viability of this
therapeutic strategy to combat Gram-negative pathogens.éo
The ability of siderophore-based antibiotics to outcompete
native siderophores for essential transporters is critical to
lowering the risk of adaptive resistance by increasing the fitness
cost of such adaptations.’** As demonstrated in this work, the
careful and rational design of synthetic siderophore mimics of
natural siderophores can expedite the development of
siderophore-based therapeutics. Synthetic siderophores can
be structurally tailored to match the native siderophore of a
target pathogen and modified to allow for disruption of native
siderophore trafficking, delivery of toxic metals, or targeting of
traditional antibiotics. This form of siderophore subterfuge
effectively tricks the target pathogen into “eating” a dietary
supplement with no inherent nutritional value, thus starving
the pathogen of the necessary iron nutrients needed for cellular
metabolism. If the siderophore is “laced” with a toxic metal or
antibiotic cargo, then consumption of the tainted siderophore
“food” results in outright poisoning of the victim pathogen.
Here, we have demonstrated that simply loading synthetic
analogues of a native siderophore from A. baumannii with
Ga(III) generates submicromolar growth inhibitory agents that
outcompete native siderophores for receptor binding and cell
entry. Spermidine-based fimsbactin mimics can be further
adapted based on the design principles evaluated in this study
to develop future siderophore-based therapeutic and diagnostic
agents for A. baumannii pathogens.

B METHODS

Strains, Materials, and Instrumentation. All solvents,
chemicals, and reagents were purchased from Millipore Sigma,
unless otherwise stated. Bacterial growth studies were
conducted using A. baumannii ATCC 17978 in filter-sterilized
M9 succinate minimal media containing 2,2’-dipyridyl to
restrict available iron, as reported previously by our
group.17’41’44’45 E. coli strains were grown in sterile Luria
Broth (LB) for standard cultures and protein expression.
Recombinant N-Hisg-BauB was purified via Ni-NTA chroma-
tography after expression from an E. coli BL21 heterologous
host, as described previously.” Precultures and 96-well plate A.
baumannii growth assays were performed in filter-sterilized M9
minimal medium prepared using polished water from a Milli-Q_
system. Fimsbactin A and acinetobactin were purified via prep-
HPLC from cultures of A. baumannii ATCC 17978, as
described previously.*""** Samples for LC-MS were prepared in
0.45 uM PTFE mini-UniPrep vials from Agilent. All prep-
HPLC was performed using a Beckman Coulter SYSTEM
GOLD 127P solvent module and 168 detector with a
Phenomenex Luna 10u C18(2) 100A column, 250 X 21.20
mm, 10 pgm with guard column. Prep-HPLC mobile phases
were buffered with S mM ammonium acetate in (A) water and
(B) acetonitrile, and data was processed using 32 Karat
software, version 7.0. Low-resolution LC-MS was performed
on an Agilent 6130 quadrupole LC-MS with G1313
autosampler, G1315 diode array detector, and 1200 series
solvent module. A Phenomenex Gemini C18 column, 50 X 2
mm, 5 ym with guard column was used for all LC-MS
separations. LC-MS mobile phases were 0.1% formic acid in
(A) water and (B) acetonitrile, and data were processed using
G2710 ChemStation software. NMR spectra were obtained on
a Varian Unity Inova-600 MHz instrument with a cold probe.
Bacterial growth studies were performed using sterile

polystyrene 96-well plates with polystyrene lids, and ODgy,
measurements were obtained at 37 °C using a Molecular
Devices SpectraMax Plus 384 plate reader. BauB binding
studies were conducted using a fluorescence cuvette
(HellmaAnalytics High Precision Cell cuvette made of Quartz
SUPRASIL; light path 10 X 2 mm), and emission spectra were
recorded using a PerkinElmer LS 55 Luminescence Spec-
trometer (slit width 10 nm; scan speed 400 nm/min). Optical
absorbance UV—vis spectra were obtained using a Cary 50 and
disposable 1 cm methacrylate cuvettes.

Synthetic Protocols. The identity of known compounds
was confirmed by 'H NMR and LCMS analysis. All new
compounds were fully characterized by '"H NMR, *C NMR,
and high-res MS. Compound 13 (3.86 g 3.62 mmol) was
synthesized in 9 steps from commercially available 2,3-
dihydroxybenzoic acid, S-amino-1-pentanol, and spermidine
using methods adapted from literature protocols reported by
Wencewicz and Miller as shown in Scheme 1.'"?%%%
Compound 13 was used as the universal precursor to our
final siderophore targets for this study.

Compound 14. Compound 14 is a known compound
previously synthesized by Wencewicz and Miller.""** Briefly,
activated zinc (70 mg, 1.05 mmol) was added to a stirring
solution of compound 13 (73 mg, 0.06 mmol) in a 1:1 mixture
of THF:AcOH (10 mL total volume) at rt under an Ar
atmosphere. Succinic anhydride (59 mg, 0.59 mmol) was
added slowly as a solid. Reaction progress was monitored via
LC-MS and was complete after ~3 h. The mixture was filtered
to remove insoluble zinc salts, and the solvent was removed
under reduced pressure using rotary evaporation. The resulting
crude oil was dissolved in EtOAc and washed with water (2X)
and brine (2x), dried over anhydrous magnesium sulfate,
filtered, and concentrated under reduced pressure using rotary
evaporation. The crude mixture was purified by prep-HPLC
(C18-silica, 0% B to 95% B over 17 min, then 95% B to 100%
B over 8 min) to afford compound 14 in 87% yield (60 mg,
0.06 mmol). 'H NMR, *C NMR, and LC-MS analyses were
consistent with literature reports (Figures S7 and $8).""**

Compound 1. The first siderophore target, compound 1, is
a known compound and was synthesized and characterized as
previously reported.'"””® Briefly, to a stirring solution of
compound 14 (73 mg, 0.06 mmol) dissolved in 1 mL of
MeOH under an Ar atmosphere was added 10% Pd/C (10
mg) as a solid in one portion. The flask was purged with a
balloon of H,, and the resultant solution was stirred under an
H, atmosphere (1 atm). Upon confirmation of reaction
completion by LC-MS (~1 h) the reaction mixture was
filtered, and the solution was concentrated under reduced
pressure via rotary evaporation. The resulting crude mixture
was purified by prep-HPLC (C18-silica, 0% B to 95% B over
17 min, then 95% B to 100% B over 8 min) to afford
compound 1 in 24% yield (10 mg, 0.01 mmol). ESI LC-MS,
HR-MS and NMR analysis of 1 were consistent with previous
reports.'"*® See Figures S9—S12 for characterization data and
purity analysis (>95% by LC-MS).

Compound 15. Activated zinc (60 mg, 0.9 mmol) was
added to a stirring solution of compound 13 (80 mg, 0.06
mmol) in a 1:1 mixture of THF:AcOH (10 mL total volume)
at rt under an Ar atmosphere. Acetic anhydride (66 mg, 0.6
mmol) was added slowly with stirring. When the reaction was
complete (as determined by LC-MS, ~3 h), the mixture was
filtered to remove insoluble zinc salts, and the solvent was
removed under reduced pressure using rotary evaporation. The
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resultant crude oil was dissolved in EtOAc, washed with water
(2%) and brine (2x), dried over anhydrous magnesium sulfate,
filtered, and concentrated under reduced pressure using rotary
evaporation. The crude mixture was purified by prep-HPLC
(C18-silica, 0% B to 95% B over 17 min, then 95% B to 100%
B over 8 min) to afford compound 15 in 84% yield (60 mg,
0.05 mmol). 'H NMR (600 MHz, CDCl,): § 8.06—7.53 (m,
SH), 7.42—-7.27 (m, 12H), 7.26—6.99 (m, 13H), 5.11—4.97
(m, 10H), 471 (d, ] = 6.5 Hz, 2H), 3.72—3.64 (m, 1H), 3.59—
3.48 (m, 2H), 3.24—2.99 (m, 11H), 2.58—2.35 (m, SH), 2.01
(s, 3H), 1.50 (m, 4H), 1.43—126 (m, 2H). C NMR (150
MHz, CDCLy): & 177.46, 173.23, 172.72, 172.32, 171.24,
165.68, 165.47, 151.67, 146.81, 146.70, 136.34, 134.29, 129.16,
128.99, 128.77, 128.74, 128.69, 128.60, 128.28, 128.23, 127.63,
127.51, 126.98, 126.88, 124.45, 124.36, 123.19, 123.17, 123.07,
123.00, 117.09, 98.95, 71.27, 68.90, 67.93, 60.42, 53.44, 47.50,
45.51, 45.45, 44.92, 43.49, 39.45, 39.13, 38.98, 37.18, 37.09,
31.92, 31.57, 29.71, 29.36, 29.04, 28.78, 28.71, 28.50, 27.47,
26.58, 26.38, 2591, 25.58, 25.26, 24.76, 23.77, 22.68, 22.16,
21.65, 21.04, 20.36, 18.75, 14.18, 14.11, 11.42. See Figures S13
and S14 for characterization data.

Compound 2. To a stirring solution of compound 15 (60
mg, 0.05 mmol) dissolved in 2 mL of MeOH under an Ar
atmosphere was added 10% Pd/C (10 mg) as a solid in one
portion. The flask was purged with a balloon of H,, and the
resultant solution was stirred under an H, atmosphere (1 atm).
Upon confirmation of reaction completion by LC-MS (~1 h)
the reaction mixture was filtered, and the solution was
concentrated under reduced pressure using rotary evaporation.
The resulting crude mixture was purified by prep-HPLC (C18-
silica, 0% B to 95% B over 17 min, then 95% B to 100% B over
8 min) to afford compound 2 in 24% yield (8.6 mg, 0.01
mmol). "H NMR (600 MHz, CD,0OD): § 7.25—7.18 (m, 2H),
6.95—6.89 (m, 2H), 6.75—6.66 (m, 2H), 3.50—3.43 (m, 6H),
3.13 (d, ] = 6.8 Hz, 2H), 2.68 (dt, ] = 18.4, 6.6 Hz, 2H), 2.54—
245 (m, 2H), 1.98 (q, J = 8.0, 7.5 Hz, 1H), 1.93 (s, 3H),
1.86—1.79 (m, 2H), 1.76—1.57 (m, 6H), 1.51—1.43 (m, 4H).
C NMR (150 MHz, CD,OD): § 173.34, 172.46, 171.77,
170.17, 148.88, 145.95, 118.1§, 117.17, 115.33, 48.42, 45.27,
42.91, 38.93, 38.86, 38.60, 38.39, 36.55, 36.07, 32.66, 31.38,
30.53, 28.60, 28.52, 27.86, 27.04, 26.25, 25.58, 24.61, 23.80,
23.48, 22.67, 22.20, 21.12, 18.79. HR-MS (m/z): [M + H]*
caled. C3,HsN;O,: 660.3166, found 660.3234. See Figures
S15—S18 for characterization data and purity analysis (>95%
by LC-MS).

Compound 16. Activated zinc (60 mg, 0.9 mmol) was
added to a stirring solution of compound 13 (44 mg, 0.04
mmol) in a 1:1 mixture of THF:AcOH (10 mL total volume)
at rt under an Ar atmosphere. Cbz-beta-alanine-N-hydrox-
ysuccinimide ester (113 mg, 0.35 mmol) was added to the
mixture slowly. Upon reaction completion (as determined by
LC-MS, ~ 3 h) the mixture was filtered to remove insoluble
zinc salts and the solvent removed under reduced pressure
using rotary evaporation. The resultant crude oil was dissolved
in EtOAc, washed with water (2X) and brine (2X), dried over
anhydrous magnesium sulfate, filtered, and concentrated under
reduced pressure using rotary evaporation. The crude mixture
was purified by prep-HPLC (C18-silica, 0% B to 95% B over
17 min, then 95% B to 100% B over 8 min) to afford
compound 16 in 19% yield (10 mg, 0.008 mmol). 'H NMR
(600 MHz, CDCl,): 5 8.09-7.88 (m, 3H), 7.75—7.59 (m,
2H), 7.48—7.28 (m, 30H), 7.19—7.06 (m, 4H), 5.18—5.02 (m,
12H), 4.73 (d, ] = 6.7 Hz, 2H), 3.29—3.03 (m, 11H), 2.60 (d, J

= 6.2 Hz, 2H), 2.54—2.36 (m, SH), 1.64—1.31 (m, 8H). C
NMR (150 MHz, CDCly): § 173.36, 172.54, 171.85, 171.54,
165.46, 165.24, 162.38, 156.41, 151.68, 146.79, 146.62, 136.58,
136.37, 134.14, 129.22, 129.03, 128.75, 128.69, 128.55, 128.52,
128.45, 128.28, 128.21, 128.01, 127.99, 127.65, 127.63, 127.11,
124.43, 124.34, 123.22, 123.14, 122.98, 117.11, 116.99, 116.86,
116.73, 76.46, 76.38, 76.24, 71.28, 71.19, 66.49, 47.33, 45.54,
45.38, 45.05, 43.31, 39.30, 39.23, 38.99, 37.08, 36.39, 32.56,
31.64, 29.70, 28.93, 28.71, 28.64, 27.53, 26.74, 26.65, 26.4S,
26.01, 24.98, 23.89, 22.69. See Figures S19 and S20 for
characterization data.

Compound 3. To a stirring solution of compound 16 (10
mg, 0.008 mmol) dissolved in 1 mL MeOH under an Ar
atmosphere was added 10% Pd/C (10 mg) as a solid. The flask
was purged with a balloon of H,, and the resultant solution
stirred under an H, atmosphere (1 atm). Upon confirmation of
reaction completion by LC-MS (~1 h) the reaction mixture
was filtered, and the solution was concentrated under reduced
pressure via rotary evaporation. The resulting crude mixture
was purified by prep-HPLC (C18-silica, 0% B to 95% B over
17 min, then 95% B to 100% B over 8 min) to afford
compound 3 in 78% yield (4.2 mg, 0.006 mmol). '"H NMR
(600 MHz, DMSO): § 7.42—6.56 (m, 6H), 3.38—3.09 (m,
3H), 3.06—2.90 (m, 3H), 2.72—2.64 (m, 1H), 2.42—2.16 (m,
2H), 2.03—1.63 (m, 1H), 1.60—1.10 (m, 16H). C NMR (150
MHz, DMSO): § 17321, 171.71, 163.80, 156.46, 150.05,
146.68, 137.60, 128.80, 128.17, 119.17, 118.53, 118.07, 117.52,
115.36, 65.65, 52.25, 51.81, 38.87, 36.98, 34.62, 32.91, 31.55,
30.99, 29.48, 29.24, 26.63, 25.27, 24.16, 23.24, 22.48, 17.28,
14.45, 12.81. HR-MS (m/z): [M + H]" caled. Cy3H,NgOyo:
689.3432, found 689.3957. See Figures S21—S524 for character-
ization data and purity analysis (>90% by LC-MS).

Preparation of Fe(lll) and Ga(lll) Siderophore Com-
plexes. The Fe(Ill) complexes of Fim, Acb, and compounds
1—3 were prepared by treatment with Fe(acac); in MeOH,
respectively. Samples were concentrated under reduced
pressure using rotary evaporation, and the resulting residue
was triturated with Et,0 to remove excess acac ligand.
Stoichiometric Fe(acac); was used to prepare 1:1 metal:ligand
complexes with Fim and compounds 1-3.""*' We refer to
these metal complexes as Fim-Fe, 1-Fe, 2-Fe, and 3-Fe. A 2:1
ratio of Acb:Fe(acac); was used to form the corresponding
[Fe(Acb),] complex, referred to simply as Acb-Fe. The
Ga(IlI) complexes of compounds 1-3 (1-Ga, 2-Ga, and 3-
Ga) were prepared analogously using stoichiometric Ga-
(acac);. All siderophore metal chelation complexes were
prepared fresh directly before biological or biochemical studies.

A. baumannii Growth Studies with Metal-free Side-
rophores and Ferric Iron Complexes. Stock solutions of
each test compound (1, 1-Fe, 2, 2-Fe, 3, and 3-Fe) were
prepared in DMSO at a concentration of 10 mM. A 96-well
plate was filled with 50 uL of M9-succinate minimal medium
per well. The DMSO stock solutions were diluted in sterile
M9-succinate minimal medium providing a working concen-
tration of 250 M test compound. A 50 uL aliquot of this M9-
succinate solution was added to the first row of a 96-well plate
preloaded with 50 pL of sterile M9-succinate medium in each
well. Each test compound was serially diluted 2-fold down the
row of each 96-well plate. An inoculum was made by adding
100 uL of 0.5 McFarland standard of A. baumannii ATCC
17978 prepared from a fresh overnight culture to 4.0 mL of
sterile M9-succinate minimal media supplemented with 350
#M 2,2'-dipyridyl. Plates were inoculated by adding 50 uL of
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inoculum to each well giving a final total volume of 100 yL per
well containing a final concentration of 175 uM 2,2'-dipyridyl
and a concentration range of 1.95—62.5 yM test compound.
ODygy measurements were recorded at 37 °C to generate
growth curves over a 48 h window (Figure S2). All
experiments were performed in triplicate as independent trials.
Growth curves for A. baumannii ATCC 17978 treated with
Fim, Fim-Fe, Acb, and Acb-Fe were reported previously by
our group.”" ECs, values were determined by plotting ODgq,
values at the 48 h (Acb, Fim, 1—3, Acb-Fe, and Fim-Fe), 37 h
(1-Fe and 2-Fe), or 31 h (3-Fe) time point versus the log
value of the test compound concentration in GraphPad Prism
v7.0b. The leftmost anchor point (not shown) is the ODgq
value derived from the control growth curves containing no
added siderophores (Figure S2).

A. baumannii Growth Studies with Ga(lll) Complexes.
Stock solutions of each test compound (Fim-Fe, Acb-Fe, 1-
Ga, 2-Ga, and 3-Ga) were prepared in DMSO at a
concentration of 10 mM. A 96-well plate was filled with 50
UL of M9-succinate minimal medium per well. The DMSO
stock solutions were diluted in M9-succinate minimal medium
providing a working concentration of 125 M test compound.
A 50 uL aliquot of this M9-succinate solution was added to the
first row of a 96 well plate preloaded with 50 uL of sterile M9-
succinate medium in each well. Each test compound was
serially diluted 2-fold down the row of each 96-well plate. An
inoculum was made by adding 100 yL of 0.5 McFarland
standard of A. baumannii ATCC 17978 prepared from a fresh
overnight culture to 4.0 mL of sterile M9-succinate minimal
media supplemented with 350 yM 2,2'-dipyridyl. Plates were
inoculated by adding 50 uL of inoculum to each well, giving a
final total volume of 100 uL per well containing a final
concentration of 175 uM 2,2'-dipyridyl and a concentration
range of 0.975—31.25 uM test compound. Wells were then
spiked with 2 uL of either M9-succinate medium (control),
Acb-Fe (195 uM stock in M9), or Fim-Fe (195 uM stock in
M9) resulting in final concentrations of Acb-Fe or Fim-Fe of
3.9 uM in test wells to create a competition scenario with 1-
Ga, 2-Ga, or 3-Ga. ODgy, measurements were recorded at 37
°C to generate growth curves over a 48 h window (Figures
$3—SS5). All experiments were performed in triplicate as
independent trials. ICy, values were determined by plotting
ODygy, values at the 40 h time point versus the log value of the
test compound concentration in GraphPad Prism v7.0b.The
leftmost anchor point (not shown) was generated from ODq
values of control growth curves in the presence of 3.9 yuM Acb-
Fe or 3.9 uM Fim-Fe and no 1-Ga, 2-Ga, or 3-Ga. The
rightmost anchor point (not shown) was generated from
ODyj values of control growth curves with no added Acb-Fe;
Fim-Fe; or 1-Ga, 2-Ga, or 3-Ga (Figures $3-S5).

BauB Binding Studies. BauB fluorescence quenching
studies were performed as previously reported using a soluble
truncated N-Hiss-tagged protein construct.*"”> Briefly, a bead
of purified recombinant N-Hiss-BauB was thawed and diluted
in assay buffer (25 mM Tris-HCI, 8 g/L NaCl, 0.2 g/L KC],
pH 7.4) to provide a 400 nM BauB stock solution. A 300 uL
portion of this 400 nM BauB stock solution was transferred to
a fluorescence cuvette in the presence of variable ligand (1-3,
1-Fe, 2-Fe, or 3-Fe) concentrations (0, 106.8, 212.8, 318,
422.4, 684, 1196, 1688, 2644, and 3536 nM). An emission
spectrum  (Aemission = 300—400 nm) was recorded at each
concentration as an average of 3 scans using Aetation = 280 nm.
All measurements were performed in duplicate as independent

trials. Fluorescence intensity at 320 nm was plotted versus
substrate concentration (nM), and apparent Ky was calculated
using nonlinear regression analysis and a single binding site
model in GraphPad Prism v7.0b (Figure S1). All experiments
were performed in triplicate as independent trials.

Ferric Iron Binding Studies. A competition assay with
EDTA was used to determine the apparent K, of siderophores
1-3 for ferric iron. Stock solutions of siderophore ferric iron
complexes, 1-Fe, 2-Fe, and 3-Fe, were prepared in HEPES
buffer (10 mM HEPES, 600 mM NaCl, 100 mM KCl, pH 7.4)
at 100 M. An optical absorbance spectrum of each compound
was obtained from A = 300—800 nm (Figure S6). EDTA was
added to each compound solution giving a final concentration
of 120 uM, a 20% excess relative to each test compound.
Optical absorbance was monitored continuously at 500 nm for
up to 800 min or until equilibrium was reached. The apparent
Kg, values were calculated using the total change in optical
absorbance at 500 nm using equations previously reported by
our group.41 We assumed a K, value of 10*>! for EDTA-Fe at
pH 7.4 when calculating apparent Kg, values.”” All experiments
were performed in triplicate as independent trials.

DFT Calculations. Relative thermodynamic stabilities for
ferric siderophore complexes Fim-Fe and 2-Fe were calculated
using density functional theory (DFT) in the gas phase
following a protocol previously reported by our group.*”* We
previously optimized a model structure for Fim-Fe using the
monoanionic [Fe(Fim)]™ high-spin (S = 5/2) ferric complex
modeled against a crystal structure of monoanionic [Fe-
(Acb),]” bound to the siderophore-binding protein BauB
(PDB 6fml) as starting geometry. Here, we modeled the high-
spin monoanionic [Fe(2)]” using an analogous workflow.
Molecular surface area was calculated using the functional built
into PyMOL v2.3.2 (Schrodinger LLC). 3D renderings of
molecules were generated using this same software.
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