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inhibitory associated pathways of
xenometal–siderophore antibiotic conjugates in S.
aureus†

Axia Marlin,*ab Minhua Cao,ab Joelle El Hamouche,a Owen Glaserab

and Eszter Boros *ab

Pathogenic Staphylococcus aureus causes most infectious disease related deaths in the developed world.

Continuously evolving resistance to clinically approved antibiotics and combination therapies limits

treatment efficacy; new strategies that evade and slow resistance or produce resistant mutants with

reduced fitness are needed. We employ antibiotics conjugated to bacterially recognized siderophores to

potentiate their efficacy. Acting as a Trojan horse, the siderophore antibiotic conjugates efficiently deliver

the antibiotic inside the bacterial cytoplasm by hijacking the iron transport system pathways which are

crucial for bacterial survival. Here, we investigated the mechanism of action of gallium

xenometallomycins (siderophore antibiotic conjugates incorporating non-endogenous metal ions), Ga–

DFO–Cip and Ga–LDFC–Cip, which have demonstrated high potency compared to the parent

antibiotic's efficacy in vitro in S. aureus infection. Employing physicochemical, synthetic and

transcriptomic analysis studies, this work reveals that kinetically inert, gallium-containing

xenometallomycins targeting cytoplasmic bacterial targets impart differential resistance and gene

expression profiles when compared to their parent antibiotic in S. aureus bacterial strains. Both Ga–

DFO–Cip and Ga–LDFC–Cip effectively disrupt iron–siderophore biosynthesis and uptake machinery.

We affirm our results with the radioactive surrogate 67/68Ga–DFO–Cip and demonstrate that the

bacterial uptake in Ga–DFO–Cip-resistant S. aureus strains is impaired, leading to diminished compound

accumulation in vitro and in vivo.
Introduction

S. aureus (SA) is a Gram-positive pathogen that causes most of
the severe and lethal hospital acquired infections in the devel-
oped world. This pathogen is responsible for fatal pathologies
such as pneumonia, meningitis and toxic shock syndrome.1–4 S.
aureus infections remain challenging to treat because of the
bacterium's ability to persist and adapt. Antibiotic overuse,
rapid replication and evolution have promoted the emergence
of drug resistant strains of S. aureus worldwide.5,6 Therefore,
new antibiotic treatment strategies represent an urgent clinical
need.

Bacterial virulence is closely associated with the acquisition
of essential nutrients such as iron. In human hosts, iron is
tightly controlled when sequestered, transported, and stored.
Thus, pathogenic bacteria must mobilize iron from their host
environment for survival. To do so, most bacterial pathogens
ersity, Stony Brook, New York 11790, USA

isconsin-Madison, Madison, Wisconsin
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tion (ESI) available. See DOI:

the Royal Society of Chemistry
produce siderophores, iron-scavenging small molecules for iron
sequestration and internalization.7,8 The corresponding iron
complexes are internalized via selective and active membrane
transport. The siderophore uptake machinery of bacteria is
complex and not yet fully understood; a growing number of
membrane translocators have been characterized.9–15

The iron–siderophore mediated uptake pathway can provide
selective delivery of antimicrobial agents. Antibiotics conju-
gated to siderophores take advantage of the bacterial iron
assimilation pathway, enhancing uptake to potentiate the
antibiotic's antibacterial effect (Fig. 1). Potent metal-free (apo-)
and pro-drug versions of such siderophore–antibiotic conju-
gates were introduced by Miller and Nolan.16,17 Cederocol,
a bidentate catechol–cephalosporin conjugate, was approved by
the Federal Drug Administration (FDA) in 2019 (for structures,
see Fig. 2).18–21

The recognition and import of siderophore–antibiotic
conjugates via selective transmembrane transport requires
binding and transposition of a metal-bound species that closely
mimics the iron complex. However, an increase in iron
concentration in the bacterial growth media results in dimin-
ished potency of siderophore–antibiotic conjugates in in vitro
assays.22,23 Our group and others have shown that the
Chem. Sci., 2025, 16, 7039–7050 | 7039
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Fig. 1 Transport internalization pathway for gallium hydroxamate-
type siderophore–ciprofloxacin conjugate in wt S. aureus using active
uptake machinery. Gallium-mediated mode of action as well as
ciprofloxacin-induced toxicity at the molecular level remains
unknown and is the subject of this work.
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displacement of Fe(III) by the non-endogenous xenometal Ga(III)
not only recovers the growth inhibitory effect but can also
signicantly potentiate the corresponding siderophore–antibi-
otic drug conjugate.24–29 Among xenometals of interest, Ga(III)
represents the best Fe(III) mimic due to its comparable ionic
radius (Ga: 0.76 A; Fe: 0.78 A) and chemical hardness h (Ga: 17;
Fe: 12).30 Lack of redox activity under physiological conditions
renders Ga(III) unable to recapitulate the biological function of
Fe(II/III).

Our group has recently demonstrated that gallium–side-
rophore–ciprooxacin (Cip) conjugates Ga–DFO–Cip and Ga–
LDFC–Cip (Fig. 2) can outperform the parent antibiotic cipro-
oxacin in inhibiting growth of S. aureus in vitro and in vivo.31,32

While this nding is encouraging and motivates further struc-
ture–activity relationship (SAR) campaigns, the mechanism of
action and source for potentiation of those xenosideromycins in
S. aureus are not known (Fig. 1). Previous literature reports
Fig. 2 Chemical structure of cefiderocol, an FDA approved sideroph
siderophore–antibiotic conjugates, and gallium-based compounds sho
siderophore, green: linker, and blue: ciprofloxacin or ampicillin.

7040 | Chem. Sci., 2025, 16, 7039–7050
hypothesized that the therapeutic effect of Ga(III) compounds
arises from Fe(III) substitution in iron-dependent cofactors
involved in electron transport cascades and redox-dependent
Fe(III) enzymes,24,26,33 while others suggest that Ga(III) selec-
tively alters cellular respiration processes.34

To further improve the in vitro potency and in vivo efficacy for
S. aureus infection, a better understanding of the mechanism of
action of this unique compound class is required. Specically,
(1) what role do complex inertness and thermodynamic stability
play? (2) Is cytoplasmic delivery of Ga(III) required to enhance
potency? (3) Does resistance to the parent antibiotic also confer
resistance to xenometallomycins? (4) Does the presence of Ga
produce unique transcriptomic proles? (5) How do
xenometallomycin-induced mutations impact compound
internalization? In this study, we have compiled an extensive set
of characterization data to address these questions within the
context of S. aureus infection.

Results and discussion
Compound library – design and synthesis

To date, our group has focused on hydroxamate-based side-
rophores as they confer potency against S. aureus bacterial
strains.31,32,35 We selected deferoxamine (DFO) and desferri-
chrome (DFC) siderophore structures inspired by the natural
product sideromycins, salmycin and albomycin; we previously
hypothesized that these siderophores retain good affinity for
Ga(III) when compared to Fe(III) and are comparatively
straightforward to functionalize, using the natural product
precedent as a molecular design road map. These conjugates
have been shown to effectively retain and enhance the antibiotic
potency of Cip in S. aureus. Chemical synthesis of DFO–Cip and
LDFC–Cip (Fig. 2), two conjugates incorporating the uo-
roquinolone antibiotic ciprooxacin, was achieved in accor-
dance with previously reported procedures.31,32 Ciprooxacin
and other uoroquinolone antibiotics rely on cytoplasmic
delivery as they target the DNA-gyrase.36–39 To probe the role of
ore–antibiotic conjugate, ciprofloxacin (Cip), previously investigated
wing growth inhibitory effects on bacteria studied in this work. Red:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the antibiotic, we synthesized the b-lactam containing,
deferoxamine-linked ampicillin conjugate DFO–Amp (Fig. 2, for
synthesis and characterization, see the ESI†). The chemical
synthesis was conducted using sequential, solution-phase
amide bond conjugations of building blocks. In our hands,
incorporation of the siderophore building block was signi-
cantly improved by pre-chelation of Fe(III) or Ga(III), which effi-
ciently masks the otherwise hydrolytically sensitive
hydroxamate functional groups and reduces the number of
steps to generate the nal target construct.

Relative stability of Ga(III) and Fe(III) complexes

To form sufficiently inert metal coordination complexes, the
chelator must be carefully matched and selected according to
the coordinative binding preferences, thermodynamic stability
and pH dependent speciation of the corresponding metal ion.
In contrast to non-metallated Trojan horse antibiotics such as
cederocol, which relies on local Fe(III) pools at the site of
infection to translocate to the bacterial periplasm,40 xenometal
cargos must be pre-chelated and form in vivo compatible,
thermodynamically stable complexes. In this regard, hex-
adentate motifs are preferred over 4- or 2-dentate systems.
Deferoxamine (DFO) and desferrichrome (DFC) form thermo-
dynamically stable Fe(III) complexes as evidenced by reported
log K values of 31.3 and 29.07 with DFO and DFC respectively.
The gallium complexes have log K values of 28.65 and 27,
respectively.41–44 In addition to thermodynamic stability, high
relative kinetic inertness is also desirable; as such, rapid
dechelation to reach equilibrium would result in immediate
loss of the metal payload in vitro and in vivo. To probe the effect
of functionalization on the thermodynamic stability and kinetic
inertness of the corresponding constructs, we conducted ligand
exchange experiments with a 1000-fold excess of ethylenedi-
aminetetraacetate (EDTA). Relative complex half-lives (t1/2),
rates of transchelation (k1) and KFe/KGa values are shown in
Table 1, as determined by these transchelation experiments and
derived from the thermodynamic stability constants for
Fe(EDTA) and Ga(EDTA).43

In accordance with reported literature values for the corre-
sponding thermodynamic stabilities of DFO and DFC
complexes, we observe enhanced thermodynamic stability and
kinetic inertness for Fe(III) complexes over Ga(III) complexes.
However, functionalization of DFO complexes appears to
reduce thermodynamic stability by 4 and 1 orders of magnitude
for DFO–Cip and LDFC–Cip respectively. Our data set also
demonstrates that kinetic inertness and thermodynamic
stability are not correlated, with the Fe–LDFC–Cip complex
Table 1 Kinetic and thermodynamic stability values of the Fe(III) and
Ga(III) complexes with DFO–Cip and LDFC–Cip

t1/2 (min) k1 (min−1) log KLM

Fe–DFO–Cip 82.66 8.39 × 10−3 26.89
Ga–DFO–Cip 60.81 1.14 × 10−2 26.86
Fe–LDFC–Cip 10.34 6.70 × 10−2 28.10
Ga–LDFC–Cip 57.96 1.20 × 10−2 27.10

© 2025 The Author(s). Published by the Royal Society of Chemistry
showing rapid dechelation with half-lives of 10 minutes and
below, whereas the M–DFO–Cip series exhibits improved
inertness with 60–82 min half-lives. This corroborates previous
kinetic inertness and metabolite analysis data obtained with
radiochemically tagged analogues and metabolite analyses
conducted previously.31,32
Growth inhibition in wt and resistance induced S. aureus

The in vitro potency of the conjugates and their metal complexes
was assessed by a conventional microbroth dilution assay,
which quanties the Minimum Inhibitory Concentration
(MIC98). The MIC98 was recorded as the lowest compound
concentration required to inhibit at least 98% of bacterial
growth (OD600 < 0.02) at 16 hours of incubation in comparison
to the OD600 of the negative control wells (ESI eqn (1) and
Section 3.2†).

To determine the impact of the metal chelator and ion
separately from the conjugate constructs, we measured the
growth inhibitory action of the metal ion citrate salts and
siderophore complexes separately (ESI Fig. S23†). In accordance
with our previous work on Ga–LDFC and Ga–DFO, Ga–DFC
complexes also do not show any signicant growth inhibitory
activity, indicating that incorporation of an antibiotic small
molecule drug is required to harness metal-complex mediated
potentiation of growth inhibitory action. Indeed, both Ga–DFO–
Cip and Ga–LDFC–Cip show improved MIC98 when compared
with the parent antibiotic Cip targeting the cytoplasmic topo-
isomerase in S. aureus (Fig. 3, Table 2). The corresponding apo-
and Fe(III) complexes show comparable or diminished potency,
respectively. The DFO–Amp series, which incorporates the cell-
wall targeting b-lactam ampicillin, recapitulated previous
trends: Ga–DFO–Amp shows a signicantly enhanced MIC98

when compared to the corresponding Fe–DFO–Amp complex;
however, both compounds remain orders of magnitude less
potent when compared to the parent antibiotic.

To demonstrate that the co-delivery of both molecular
components must occur via covalent linkage, we also probed
the growth inhibitory activity of mixtures of non-functionalized
complexes with the native drug. Under these conditions,
mixtures of Ga–DFO/Cip and Ga–LDFC/Cip showed no
enhanced growth inhibition but reproduced the growth inhib-
itory capacity of ciprooxacin (ESI, Fig. S29, and S30†). It is
plausible that the siderophore-mediated uptake of the construct
increases the total accumulation of ciprooxacin, resulting in
a net increase in delivered antibiotics.

As a rst approach to probe if ciprooxacin and our synthetic
constructs exerted growth inhibition using the same mecha-
nisms, we generated Cip, Ga–DFO–Cip, and Ga–LDFC–Cip
resistant S. aureus bacterial strains. This was achieved by
culturing and repetitive passaging of wt S. aureus in the pres-
ence of increasing, sub-MIC amounts of the corresponding
antibiotic agent under iron-limiting conditions.45,46 Using this
approach, we achieved an increase in the MIC98 of each
compound by at least two orders of magnitude within 2–10
passages (ESI Fig. S24–S26†). Ciprooxacin resistance was
established at a MIC98 of 75 mM, compared to a MIC98 of 0.94
Chem. Sci., 2025, 16, 7039–7050 | 7041
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Fig. 3 Top panel: MIC assay plots of (A) DFO–Cip series, (B) LDFC–Cip series, and (C)M–DFO–Amp in wt SA. Bottom panel: MIC assay plots of
(D) DFO–Cip series, (E) LDFC–Cip series and (F) DFO–Amp series in Cip-Res SA.

Table 2 Summary of MIC98 (mM) determined in wt and resistant S. aureus strains for parent antibiotics and sideromycin complexes evaluated in
this study. N/D = not determined; GP = growth promoting

S. aureus wt S. aureus Cip res S. aureus Ga–DFO–Cip res S. aureus Ga–LDFC–Cip res

Ciprooxacin (Cip) 0.94 75 3.8 3.8
Ampicillin (Amp) 1.9 1.9 1.9 1.9
DFO–Cip 3.8 15 >30 15
Fe–DFO–Cip 30 15 >30 30
Ga–DFO–Cip 0.94 0.094 38 1.9
LDFC–Cip 15 7.5 GP N/D
Fe–LDFC–Cip 7.5 GP GP N/D
Ga–LDFC–Cip 0.094 3.8 30 150
Fe–DFO–Amp 30 GP >30 GP
Ga–DFO–Amp 15 15 15 15
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mM in the wt S. aureus strain (Table 2 and Fig. S24†). Similarly,
the MIC98 increased from 0.94 to 38 mM and 0.094 to 150 mM for
Ga–DFO–Cip and Ga–LDFC–Cip, respectively (Table 2, Fig. S25
and S26†). These three strains subsequently provided the basis
for the cross-resistance studies. Ciprooxacin-resistant S.
aureus (S. aureus-Cip-res) confers decreased efficacy of Ga–
LDFC–Cip (MIC98 = 3.8 mM), when compared to the wt strain,
whereas the strain becomes sensitized toGa–DFO–Cip (MIC98=

94 nM), indicating non-ciprooxacin associated mechanisms of
growth inhibition. The lack of cross-resistance indicates that
resistance mechanisms that inhibit parent drug uptake do not
correlate with those of the Ga–DFO–Cip conjugate. Control
experiments with DFO–Cip and Fe–DFO–Cip indicate that
Ga(III) is required to observe the enhanced potency, while
ampicillin and Ga–DFO–Amp show no difference in efficacy.
Conversely, the inverse relationship is not observed in cross-
resistance experiments with the Ga–DFO–Cip resistant strain
(S. aureus GaDFO–Cip-res), with Cip and Ga–LDFC–Cip also
showing diminished potency (3.8 and 30 mM, respectively).
Finally, the MIC98 of Ga–DFO–Cip and Cip only decreases by 2–
4-fold in efficacy in the Ga–LDFC–Cip resistant strain (S. aureus
GaLDFC–Cip-res). Finally, the induced resistance mechanisms
7042 | Chem. Sci., 2025, 16, 7039–7050
did not impact the potency of Amp or Ga–DFO–Amp. This
further points to resistance mechanisms that do not impact
bacterial cell wall composition or emergence of beta-
lactamases.
Transcriptomic analysis via RNA sequencing of wt S. aureus
under iron-limited conditions

While induction of resistance in bacteria can provide insight
into the mechanism of action of novel antibiotic drugs, we also
sought to understand what biochemical signature each
compound induced in treated S. aureus. To this end, we
employed a bottom-up approach via RNA-Sequencing (RNA-
Seq). RNA-Seq has become the gold standard tool to study the
bacterial transcriptome.47–50 Subjected to antibiotics at sub-MIC
concentrations, extensive transcriptional changes can be
detected to determine the impact of antibiotics on the expres-
sion of trans-membrane transport proteins, structural compo-
nents of the bacterial cell envelope, DNA damage/repair
mechanisms and nutrient homeostasis.

One of the challenges in implementing RNA-Seq for our
compound class is introduced by iron-depleted assay condi-
tions. This is employed to provide a more host-representative
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Differential gene expression analysis in non-treated S. aureus (SA) or SA treated with ciprofloxacin. Significantly up- and down-regulated
genes (p < 0.05) are shown in red and blue, respectively. Volcano plot of the genes that were differentially expressed in (A) iron limited versus iron
replete media in non-treated SA or (B) SA treated with Cip under iron-limited conditions.
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growth environment where metal ions, especially Fe(III), are
tightly controlled. Therefore, we rst probed changes in gene
expression of S. aureus under iron-replete and iron-limited
conditions. Differential gene expression analysis plots show
the top signicant differentially expressed genes with p value <
0.05 experiencing up (red) or down (blue) regulation.

Fig. 4A shows gene expression changes of S. aureus under
iron depletion alone. Our results indicate that the heme efflux
ATPase system (hrtA/hrtB) and ferritin like protein (nA)
(Fig. 4A) are downregulated to conserve iron resources within
the bacterial cytoplasm.51–53 Accordingly, Fe-dependent nitrate
respiration is also downregulated (narGJ). Genes involved in
endogenous siderophore synthesis (sbnC) and iron–siderophore
uptake (yclQ/yhfQ) are upregulated (Fig. 4A). We next probed the
effect of ciprooxacin on gene expression in iron limited media.
Complementary analysis of the differential expression levels
further helps to distinguish effects induced by iron insufficiency
versus those induced by the presence of ciprooxacin, which
binds DNA gyrase and inhibits topoisomerase IV.36,38,39 As a part
of the bacterial SOS responses activated by ciprooxacin expo-
sure, genes involved in pyrimidine biosynthesis (pyrAB, pyrC,
pyrB, pyrF, and pyrP) are upregulated (Fig. 4B),54–56 while hexose
transport via the two-component pathway (uhpABC) that regu-
lates the expression of the hexose phosphate transporter uphT is
downregulated.57–59 Treatment with ciprooxacin decreases the
uhpT gene transcription, suggesting that the bacteria are unable
to maintain survival through hexose phosphate entry. In
summary, these control data sets indicate that under iron-
depleted conditions, ciprooxacin down-regulates genes
involved in nucleotide synthesis, while iron storage and iron
acquisition are up-regulated in the background.

Impact of xenometallomycins on S. aureus transcriptomics
under iron-limiting conditions

Following our analysis of baseline transcriptomic changes in
iron-depleted media, we conducted RNA-Seq analysis of wt S.
aureus when exposed to sub-MIC98 concentrations of the side-
romycins and metal sideromycins. Following exposure to the
DFO–Cip and LDFC–Cip compound series, we observed signif-
icant transcriptional changes that can be grouped into 8 broad
© 2025 The Author(s). Published by the Royal Society of Chemistry
categories including nucleotide metabolism, ribosomal activity,
nitrate and amino acid metabolism, siderophore transport and
biosynthesis, heme and saccharide transport. Fig. 5 summa-
rizes our ndings, with data grouped separately for the DFO–
Cip and LDFC–Cip compound class and in direct comparison
with ciprooxacin. Genes responsible for protein expression
that employ heme or other Fe-complexes as cofactors or
substrates are highlighted in red. All compounds upregulate
genes associated with the mechanism of action of ciprooxacin
under iron-restricted conditions, specically nucleotide
metabolism (pyrB, pyrC, pyrP, pyrAB, and pyrF) including umuC,
a low-delity DNA polymerase as part of the SOS response
commonly observed under uoroquinolone stress.60–62 All
compounds also downregulate NADH-dependent formate
dehydrogenase (Fdh), implicated in biolm formation, and
regulated down-stream by Fur under iron-limiting conditions
(Fig. 5).63

Major differences are found in the presence of Fe–DFO–Cip
and Fe–LDFC–Cip when compared with all other data sets. We
observe decreased expression of siderophore transport,
biosynthesis and heme import genes (feuC, yusV, ylcQ, uD2,
isdD, isdC, and isdE), while iron storage genes, nitrogen
metabolism (narH, narG, nasD, nasF and narI) and heme-
dependent protein expression increase. These changes are
notably absent in the presence of the apo-siderophores DFO–
Cip and LDFC–Cip and diminished in the presence of Ga–DFO–
Cip and Ga–LDFC–Cip. The introduction of the Fe-compounds
mimics Fe-sufficient states, which downregulates endogenous
siderophore production and uptake, rationalizing why we
observe a decrease in efficacy of all Fe-complexes tested to date.

The RNA-Seq data set discussed does not single out differ-
ential up/down regulation of genes that arise uniquely in the
presence of the gallium complexes. Few genes of interest indi-
cate that the SOS response is activated in the presence of Ga–
DFO–Cip (up-regulation of lexA and umuC). Both Ga–DFO–Cip
and Ga–LDFC–Cip downregulate rplS (large ribosomal subunit
protein bL19), which could indicate diminished efficacy in
protein synthesis and thus decreased tness. Diminished heme
import (decrease in expression of isdD, isdC, and isdB), decrease
in staphyloferrin synthesis (sbnBCEH) paired with retained
Chem. Sci., 2025, 16, 7039–7050 | 7043
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Fig. 5 Heat-map representation of differential gene expression in the presence of sub-MIC98 quantities of sideromycins investigated in this
study. Red refers to upregulated genes and blue to down-regulated genes within the heat map. Genes are grouped in accordance with their role
within the bacterial organism. Genes in the red box require Fe-containing cofactors or substrates to execute function, such as Fe-heme, or Fe-
complexed siderophores.
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expression of the siderophore import machinery and iron
storage (fecDC for Ga–DFO–Cip and nA for Ga–LDFC–Cip)
contributes to the relative success of these compounds in
internalization and growth inhibition.
Differentially expressed genes in resistant S. aureus strains

We next pursued differential gene expression analysis in the
three-resistance induced S. aureus strains. Fig. 6A displays the
corresponding heat-map representation of differential gene
expression. Purine biosynthesis (pucG) and amino-acid metab-
olism related proteins, such as hisB, glnQ, and gltB, are very
signicantly more down-regulated when compared in the Ga–
DFO–Cip and Ga–LDFC–Cip resistant strains, when compared
to the ciprooxacin-resistant background. While none of these
proteins contain Fe-cofactors or are known to correlate with
iron homeostasis, histidine and glutamate are building blocks
of de novo heme biosynthesis in S. aureus.64–67 Further evidence
for involvement of heme homeostasis is provided by the
strongly upregulated isdG gene in GaDFO–Cip-resistant S.
aureus, which encodes for a heme oxygenase that promotes the
degradation of heme with subsequent release of iron. Simulta-
neous downregulation of bacterial ferritin (n) further indicates
that the organism is using numerous mechanisms to mobilize
cytoplasmic Fe(III).68 Additional analysis of the transcriptional
7044 | Chem. Sci., 2025, 16, 7039–7050
prole indicates that each resistant strain shares <40%
commonly up- and down-regulated genes with the other two
strains (Fig. 6B and C). In addition to well-characterized
proteins, approximately 10% of proteins with unknown func-
tion were signicantly contributing to the compound's unique
transcriptomic signature.
Mutations observed in ciprooxacin, GaDFO–Cip and
GaLDFC–Cip-resistant S. aureus

In addition to up- and downregulation of genes, we analyzed
sequencing data to identify sites of mutations uniquely induced
in each of the resistant strains when compared with the parent
wt S. aureus strain. Using variant analysis, we identied SNPs
(single nucleotide polymorphisms), insertions, deletions or
structural variations (INDEL).69 Fig. 7A–C list select unique and
shared mutations for each resistant strain (for a complete list
see also ESI Tables 5–7†). The mutations detected in the
ciprooxacin-resistant strain show numerous point mutations
to ribosomal RNA (16S and 23S, entries 8 and 15) and a Snf2 like
protein with helicase activity (Fig. 7A, entry 11).70 Additionally,
we also detected a single point mutation in an additional
protein with sequence homology to helicases (Fig. 7A, entry 13).
Of note, we did not observe mutation of topoisomerase which is
a more typically observed resistance mechanism to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 RNA-Seq analysis of the induced resistant strains. (A) Heat-map representation of differential gene expression in the resistant induced
strains (SACip-res, SAGaDFO-res, and SAGaLDFC-res) compared to the wt SA strain. Red refers to upregulated genes and blue to down-
regulated genes within the heatmap. Genes are grouped in accordancewith their role within the bacterial organism. Genes in the red box require
Fe-containing cofactors or substrates to execute their function, such as Fe-heme or Fe-complexed siderophores. (B) Venn diagram and a table
summarizing up-regulated genes in all three colonies that are above the set threshold of the analysis (p-value $ 0.05). (C) Venn diagram and
a table summarizing down-regulated genes in all three colonies that are above the set threshold of the analysis (p-value $ 0.05).

Fig. 7 Variants analysis. Top panel: table showing the unique variant in each resistant strain, (A) Cip-resistant, (B) GaDFO–Cip-resistant and (C)
GaLDFC–Cip-resistant, that have quality above 100 and allele depth > 30. Bottom panel: (D) radiochemical bacterial uptake assay of 67Ga–DFO–
Cip in wt SA and resistant SA under iron deficient conditions. (E) Quantification of radiolabeled 67Ga-DFO-Cip uptake in investigated strains
shows decrease of accumulation sideromycin-resistan strains.

© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2025, 16, 7039–7050 | 7045
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ciprooxacin in S. aureus;71 however, mutations that affect
ribosome assembly have been implicated with exposure to
multiple stressors (e.g. Fe-starvation and non-toxic levels of
antibiotics) and may contribute to the evolution of high-level
multidrug resistance.72 Furthermore, other studies on induced
resistance to ciprooxacin have noted the absence of gyrA or
topBmutations and instead report mutations of rpoB, rpoE, and
parE, parC genes.71 Indeed, the Ga–LDFC–Cip-resistant S.
aureus strain shares a number of mutations with the cipro-
oxacin-resistant strain (Fig. 7C, entries highlighted in pink)
and shows emergence of rpoB (Fig. 7C, entry 26) and rpoE
(Figure7C, entry 38 mutations, underscoring the compound's
ciprooxacin-like character). Other commonly shared mutation
sites between the 3 strains encode for genes regulating lipid
transport (Fig. 7A, entry 3; Fig. 7C, entry 54), brinogen binding
protein (Fig. 7A, entry 16; Fig. 7C, entry 31), DNA binding
(Fig. 7A, entry 5; Fig. 7C, entry 34) and cell wall biosynthesis
(Fig. 7C, entries 29, 35, 39 and 44).

The lack of signicant cross resistance to Cip, Ga–DFO–Cip
and Ga–LDFC–Cip among the resistance-induced strains indi-
cates a signicant contribution from differential resistance
proles. Indeed, we identied several unique mutations in the
Ga–DFO–Cip resistant and Ga–LDFC–Cip resistant strains. For
Ga–DFO–Cip resistant S. aureus, we detected deletion of a 7-
nucleotide fragment in a gene that encodes for FhuB (Fig. 7B,
entry 17), a previously characterized ferrichrome/hydroxamate
siderophore transporter.13 The impaired FhuB transporter
effectively decreases import of Ga–DFO–Cip and therefore
reduces the compound's efficacy. We also observed the
Fig. 8 In vivo biodistribution analysis in an infected model. (A) Workflow
[Ga(DFO–Cip)]3− in the infected model showing predominant accumu
infected muscle. *p value = 0.037; **p value = 0.008.

7046 | Chem. Sci., 2025, 16, 7039–7050
mutation of iron siderophore transport associated genes in the
Ga–LDFC–Cip resistant S. aureus strain; however, instead of
FhuB, which was unaffected, we observed mutations to two ABC
transporter genes (Fig. 7C, entries 32 and 43), both are not yet
well characterized, but are implicated in iron siderophore
import. The absence of matching iron siderophore transporter
mutations in the Ga–DFO–Cip and Ga–LDFC–Cip resistant
strains explains the lack of pronounced cross-resistance of
these compounds (Table 1). To affirm that these genes play
a pivotal role in import of our synthetic sideromycins, we ob-
tained S. aureus strains from the Nebraska Transposon Mutant
Library, which contain transposon insertions into S. aureus
genes of FhuB (SAOUHSC_00653) and the ferric siderophore
uptake transporter (SAOUHSC_01087) to render the corre-
sponding gene non-functional (equivalent to a knock-out
mutation).73 As anticipated, Ga–DFO–Cip and Ga–LDFC–Cip
lost potency in both tested strains, while Cip retained moderate
efficacy. This conrms that siderophore uptake machinery
mutations are the bacteria's front-line resistance mechanism to
xenometallomycins.

Additional single point mutations were also detected for the
gene encoding for cyoE, protoheme IX farnesyltransferase
(Fig. 7C, entry 27),74 which is responsible for the incorporation
of heme into membrane-associated electron transport
cascades.74,75 This mutation is further indicative of the role of
Ga(III) in dysregulation of bacterial heme homeostasis and the
bacteria's acute need for mobile iron sources within the cyto-
plasm. Additionally, we also detected a single point mutation in
the serine protease gene, which prevents enzymatic release of
scheme, (B) urine metabolite analysis and (C) biodistribution of [68Ga]
lation in wt SA infected muscle compared to GaDFO–Cip-resistant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Design criteria for the development of next generation side-
rophore–fluoroquinolone conjugates for inhibition of S. aureus
growth.
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ciprooxacin from Ga–LDFC–Cip within the cytoplasm, further
contributing to the resistance mechanism of Ga–LDFC–Cip
resistant S. aureus. However, we consider neither one of these
mutations as pivotal as transporter mutations to establish
resistance.76,77

We hypothesized that Ga–DFO–Cip and Ga–LDFC–Cip
resistance arise from impeded siderophore transport and
therefore should signicantly limit the uptake of the corre-
sponding conjugates to the mutant bacterial cells. To probe this
hypothesis, we conducted time-dependent radioactive uptake
studies in wt and resistant strains using 67Ga–DFO–Cip
(Fig. 7D). Quantication of 67Ga–DFO–Cip uptake within the
bacterial pellets shows no difference in uptake in wt and Cip-
resistant S. aureus; however, 67Ga–DFO–Cip uptake is repressed
in Ga–DFO–Cip and Ga–LDFC–Cip resistant S. aureus strains
(Fig. 7E). The persistent uptake indicates that the compounds
can take advantage of multiple ports of entry, either by FhuB or
the alternative ferric siderophore ABC transporter cascade
implicated in Ga–LDFC–Cip resistance and mutants may retain
a degree of functionality to translocate the conjugates, albeit
with signicantly reduced efficacy.
In vivo biodistribution in an wt S. aureus infected model

We conducted an in vivo biodistribution assay in an infected
mouse model (Fig. 8A) to determine the signicance of side-
rophore transporter mutations in an in vivo environment.
Localized so tissue infections were induced in mice by
injecting 108 CFUs of wt SA into the right triceps and 108 CFUs
of the SAGaDFO-Cip-resistant bacteria into the contralateral le
triceps.31,35,78–81 Aer 5 hours, mice were intravenously injected
with 68Ga–DFO–Cip, and biodistribution was assessed at 1 hour
post-injection (Fig. 8A and B), alongside analysis of the
metabolites in the urine (Fig. 8B). The biodistribution results
revealed approximately 15% uptake of the conjugate in the
lung, consistent with ndings from previous studies on DFO-
based conjugates and the enhanced uptake of ciprooxacin in
pulmonary tissue.32,82 The 68Ga–DFO–Cip complex showed
statistically signicant, enhanced uptake in the wt SA-infected
muscle compared to both the SAGa-DFO-Cip-resistant infected
muscle and the control muscle, as shown in Fig. 8C. This
selective uptake underscores the importance of active
Fig. 9 Schematic representation of gallium–siderophore–cipro-
floxacin conjugate uptake and its downstream effects in S. aureus.

© 2025 The Author(s). Published by the Royal Society of Chemistry
transmembrane transport mediated uptake in live bacteria
within the host. With the construct remaining >70%, the 68Ga–
DFO–Cip probe dominates biological behavior over degradation
and free 68Ga-mediated uptake (Fig. 8B).

Conclusions

Here, we provide an exhaustive analysis and insight for the
mechanism of action of gallium–siderophore conjugates and
their ability to potentiate antibacterial activity of clinically
employed antibiotic ciprooxacin in S. aureus bacteria. Differ-
ential gene expression analysis of bacteria exposed to sub-MIC
concentrations of the gallium–siderophore–ciprooxacin
conjugates reveals signatures characteristic of their parent
antibiotic; compound import is facilitated by the bacteria's
endogenous iron siderophore machinery, while import of
alternative, common iron sources, such as Fe-heme, is
repressed. Introduction of the corresponding iron analogues
neutralizes Fe–siderophore import and rationalizes their low
potency. We affirm the decreased growth inhibitory potency
from Ga- to apo to Fe–siderophore–ampicillin conjugate and
overall diminished potency relative to the parent antibiotic
ampicillin.

S. aureus grown in the presence of sub-toxic, progressively
increasing concentrations of the sideromycins, elicits muta-
tions that confer enhanced tolerance to the corresponding
compounds. Mutations of active, siderophore-complex medi-
ated transport dominate the resistance mechanisms for both
Ga-complexes evaluated, which is further affirmed by loss of
potency in the corresponding, S. aureus knock-out mutants. In
addition to ciprooxacin-typical signatures, iron import and
heme homeostasis become dysregulated; we also uncover that
hydroxamate-based siderophores such as deferoxamine and
desferrichrome use multiple transmembrane iron transport
systems to access the bacterial cytoplasm of S. aureus bacterial
strains (Fig. 9). Corresponding in vitro and in vivo experiments
with the radioactive analogues 67/68Ga–DFO–Cip affirm that
siderophore-specic transmembrane transport is essential to
guarantee the delivery and uptake in S. aureus both outside and
inside the mammalian host environment.

Taken together, our studies also outline design criteria for
the future development of sideromycins as antibacterial agents
for S. aureus (Fig. 10). Considering that Fe-complexes down-
regulate expression of the siderophore uptake machinery, the
use of apo- or Ga(III) complexes is preferable. The complex must
Chem. Sci., 2025, 16, 7039–7050 | 7047
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be sufficiently thermodynamically stable (KML > 25) and kinet-
ically inert (t1/2 > 30 min vs. 1000-fold excess EDTA) to co-deliver
metal ions and antibiotic cargo to the cytoplasm. Antibacterial
cargos targeting the bacterial cell wall do not benet signi-
cantly from co-delivery of a xenometal. Incorporation of side-
rophore antibiotic linkers that do not require degradation by
endogenous bacterial proteases for activity but employ non-
enzymatic release strategies may further prevent or delay
emergence of resistance.
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