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In brief

Chen et al. report a phylogenomics-
guided strategy to devise a sideromycin-
bismuth metalloantibiotic that overcomes
ciprofloxacin resistance in P. aeruginosa.
The self-assembled complex enters
bacteria via iron uptake pathways and
exerts three-pronged lethality by
disrupting DNA integrity, ATP production,
and potassium transport, demonstrating
potent in vivo efficacy with favorable
safety.
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SUMMARY

Antimicrobial resistance exacerbates the difficulty of clinical bacterial infection treatment, as single-target
antibiotics rapidly lose efficacy shortly post-clinical use. Such resistance highlights an urgent need for multi-
targeted therapeutics. Metalloantibiotics, combining metal ions with antimicrobials to disrupt diverse bacte-
rial pathways, represent a promising strategy to circumvent resistance. Here, we engineer a sideromycin-bis-
muth molecular nanoassembly for treating ciprofloxacin-resistant Pseudomonas aeruginosa. Using
phylogenomics-driven methods, we identify four hydroxamate siderophores from Streptomyces fradiae
and rationally design sideromycin 7 by a structure-based strategy. Sideromycin 7 forms a 7-Bi** coordination
complex with bismuth citrate, exerting a three-pronged antibacterial mode of action: direct DNA binding to
induce damage and arrest replication, suppression of KdpC synthesis to block KdpFABC-mediated potas-
sium transport, and inhibition of ATP production. In murine models, this combination therapy exhibits potent
efficacy against ciprofloxacin-resistant P. aeruginosa with a considerable safety index. Our findings highlight

the potential of phylogenomics-guided metalloantibiotic engineering for overcoming drug resistance.

INTRODUCTION

Antibiotic-resistant bacterial infections pose a growing threat to
global health. The stagnation of new antibiotic approvals in
recent decades, combined with the widespread misuse and
overuse of existing antibiotics, has accelerated the emergence
of resistant bacteria.'** The COVID-19 pandemic further strained
healthcare systems, impeding efforts to combat antimicrobial
resistance effectively.® This situation underscores the urgent
need for new antimicrobial drugs or innovative strategies to
broaden the range of treatment options.

Siderophores are multidentate Fe(lll)-binding agents.*> Owing
to their ability to bind iron and be readily taken up by microbes,
these high-affinity Fe ligands offer a promising strategy to com-
bat antibiotic-resistant pathogenic bacteria. In this approach,
siderophores, acting as targeting molecules, can facilitate the
delivery of drugs into bacterial cells via active transport path-
ways, circumventing the membrane barrier.® An example of
this approach is cefiderocol (Fetroja), a clinically utilized sidero-
phore-antibiotic conjugate (sideromycin) comprising a biscate-
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chol moiety derived from natural siderophores and ceftazidime.”
Initially approved for the treatment of complicated urinary tract
infections in 2019, cefiderocol has shown efficacy in combating
challenging infections; however, its reliance on a single mecha-
nism of action presents a vulnerability, which is readily exploited
by efflux pumps and target mutations. The emergence of
cefiderocol-resistant strains, such as those of Pseudomonas
aeruginosa and other Gram-negative pathogens, highlights the
ongoing challenges associated with antimicrobial resistance.®°

To address this vulnerability, we implement a phylogenomics-
guided strategy to mine siderophores for the rational design of
next-generation sideromycins. Bioinformatics and omics tools
allow us to analyze large datasets, reveal hidden biosynthetic
pathways, and identify potential drug candidates that can be
missed by traditional methods. This approach highlights the
transformative power of gene mining in drug discovery, enabling
the identification and optimization of promising compounds.
More critically, we propose engineering sideromycins as “met-
allo-warheads” —dual-function conjugates that integrate iron
transport with a cytotoxic metal payload. Bismuth, a “forgotten
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Figure 1. Global analysis of BGCs in Streptomyces strains
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(A) Construction of a phylogenetic tree for 1,640 Streptomyces strains downloaded from NCBI, along with the genomic distribution of all BGCs within these
strains. The data representation moves from the outer layer to the inner layer. The outer layers depict the number of unknown BGCs (<15% similarity) and different
BGC classes (with circle sizes corresponding to their frequencies). The inner layers indicate the BGC count, genome size, GC content, contamination, and

completeness of the genomes.
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warrior” due to its historical use in antimicrobial therapies
(e.g., bismuth subsalicylate for Helicobacter pylori infections)
and subsequent underutilization in modern medicine, has shown
promise as an ideal partner for sideromycins.'®'" However, the
lack of precise delivery systems has hindered its clinical app-
lication. We hypothesize that coupling sideromycin to bismuth
could enable multimechanistic lethality: the siderophore compo-
nent facilitates targeted delivery, while bismuth exerts comple-
mentary bactericidal effects.

In this study, we designed a sideromycin 7-bismuth conjugate
based on a phylogenomics-driven method and a metallo-war-
heads strategy; it exhibited remarkable efficacy against cipro-
floxacin-resistant P. aeruginosa infections both in vitro and
in vivo, while maintaining a favorable safety profile. Sideromycin
7-bismuth exhibited a three-pronged mechanism: it directly
binds to DNA to induce bacterial DNA damage; inhibits K* trans-
port by interfering with the formation of KdpFABC complex and
high-affinity, ATP-driven K* transport; and reduces ATP produc-
tion. This approach offers valuable perspectives for developing
new antibiotics to address the growing challenge posed by
drug-resistant pathogens.

RESULTS

Biosynthetic potential of the global Streptomyces
siderophore biosynthetic gene clusters

To develop an appropriate metalloantibiotic, we initially aimed to
identify siderophore biosynthetic gene clusters (BGCs) using a
phylogenomic approach. The genome sequences of 3,013 Strep-
tomyces strains were downloaded from the National Center for
Biotechnology Information (NCBI) (Data S1). We used dRep to re-
move 1,273 redundant genomes, which resulted in a nonredun-
dant dataset.'” We then used CheckM'® to remove 99 strains
because of either low completeness of the genome sequence
(below 95%) or high contamination (exceeding 5%) (Data S2).
The genome sizes ranged from 2.67 to 12.67 Mb, with an average
size of 8.19 Mb. We initiated the analysis by employing anti-
SMASH'* to predict and annotate the secondary metabolite
BGCs in the 1,640 Streptomyces strains. A total of 58,090
BGCs were identified and categorized into six classes, exhibiting
high diversity (Figure 1A). Type I/II/lll polyketide synthases (T1/2/
3 PKSs) constituted the most abundant BGC class, accounting
for 27.3% of all the BGCs. Nonribosomal peptide synthetases
(NRPSs) represented the second largest class, comprising
24.4% of the total BGCs. The abundances of PKS and NRPS
BGCs suggest that their products play essential ecological roles.
Ribosomally synthesized and post-translationally modified pep-
tides, siderophores, and terpenes accounted for 6.7%, 7.7%,
and 16.8% of the total BGCs, respectively, among the Strepto-
myces strains. The “Others” group of BGCs comprised various
minor classes and hybrid clusters. In the antiSMASH database
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for gene cluster family (GCF) mining, 57.7 % of the Streptomyces
BGCs were not annotated and had unknown functions (Figure 1A;
Data S8, S4, and S5). Hence, Streptomyces species hold poten-
tial as a valuable source for natural product discovery.

Siderophores were associated with GCFs exhibiting broad phy-
logenomic distributions and high prevalence, present in 99.7%
(1,635/1,640) of the Streptomyces strains. This near-universal
conservation underscores the critical role of siderophores in mi-
crobial adaptation to iron-limited niches across diverse ecosys-
tems. Siderophores are capable of capturing iron from the sur-
rounding environment for the survival of microorganisms. Given
the substantial frequency of unidentified BGCs, we investigated
the novelty and diversity of siderophore BGCs in all Streptomyces
strains. To achieve this, we initially compared Streptomyces BGCs
with the reference BGCs from the Minimum Information about
a Biosynthetic Gene Cluster (MIBiG)'® database, utilizing the
Biosynthetic Gene Similarity Clustering and Prospecting Engine
(BiG-SCAPE)."® This approach enabled rapid and interactive anal-
ysis of the sequence similarity network among BGCs and GCFs.
Among the 2,502 reference BGCs from MIBIG, 248 were identified
within the gene cluster network of Streptomyces and organized
into 146 GCFs. Using antiSMASH, we subsequently attempted
to gauge the novelty of siderophore BGCs by comparing each
with the most similar known cluster. We established four distinct
intervals to evaluate this novelty (Figure 1B). Approximately
29.3% of the siderophore BGCs, highlighted in orange, exhibited
>60% similarity, and had been previously identified. However, a
majority of the nodes (blue or purple) presented a similarity of
less than 30%, indicating that a significant proportion of the side-
rophore BGCs were underexplored. This finding suggests
substantial untapped potential for Streptomyces in siderophore
biosynthesis, warranting further research.

We selected Streptomyces fradiae FIMYZ-003 from laboratory
collection and performed antiSMASH analysis, which revealed
the presence of two siderophore BGCs in its genome. These
two BGCs were subsequently integrated into our in-house
siderophore BGC database (Figure 1B) and analyzed using
BiG-SCAPE. The results showed that one of the BGCs was iden-
tical to the desferrioxamine B/E BGCs (100% similarity) and
formed a GCF with other BGCs exhibiting 60%-100% similarity.
The other BGC clustered into a GCF with 21 siderophore BGCs
but displayed low similarity (<15%), suggesting its potential
involvement in the synthesis of previously unreported sidero-
phores (Figure 1C). Phylogenetic tree analysis revealed that
these 22 siderophore BGCs were clustered into three clades
indicating evolutionary relationships and varying rates of genetic
changes (Figure 1C). Each of the core synthetases encoding
siderophores was further compared via multiple sequence align-
ment software,'’ revealing that each synthetase presented
greater than 70% identity with the other corresponding proteins
from the homologous clusters, indicating a high degree of

(B) BiG-SCAPE analysis of 4,497 siderophore BGCs detected by antiSMASH 6.0 in 1,640 Streptomyces strains and comparison with the MIBiG database of
reference BGCs. Each node represents a siderophore BGC. Different colors indicate the similarity between siderophore BGCs and the most similar known

clusters.

(C) Phylogeny and gene organization of the 22 siderophore BGCs. The construction of the phylogenetic tree is based on the amino acid sequence alignment for

the siderophore BGCs.

(D) Each fra gene encodes a protein that is more than 70% identical to the corresponding proteins in all 22 clusters.
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conservation of siderophore gene clusters in all 22 clusters
(Figure 1D; Data S6). Although core genes are usually highly
conserved, accessory genes are significantly different, possibly
as a result of ecological adaptation to different environments. In
microorganisms, every existing BGC is the result of evolution
and is tailored to meet microbial growth requirements. These
gene clusters and the siderophores they biosynthesize are highly
conserved and likely important to the growth and fitness of
Streptomyces spp. Despite the core genes being widespread
and highly conserved among Streptomyces spp., the chemical
structures of the siderophores produced by the encoded bio-
synthetic pathways remain to be investigated.

Discovery and putative biosynthetic pathways of
siderophores from S. fradiae

To validate the chemical novelty predicted by phylogenomics, we
further explored as-yet-unknown siderophores from S. fradiae
FIMYZ-003 by using a building block-based molecular
network.'®° To activate the expression of siderophore bio-
synthetic genes, we utilized both solid- and liquid-state fer-
mentation methods. Analysis of ultrahigh-performance liquid
chromatography-tandem mass spectrometry (UPLC-MS?)
data led to the detection of 9,054 features. We further correlated
these features with the building blocks of siderophores
(m/z 144.1 £ 14.02, corresponding to the hydroxamate-type side-
rophore substructure). This strategy (Figure 2A) resulted in the dis-
covery of 4 unreported siderophores (1-4) and 12 known sidero-
phores (Figures 2A and S1), the structures of which were
characterized by high-resolution electrospray ionization tandem
mass spectrometry (HRESI-MS?) (Figure S2). Fraberin (1) repre-
sents a previously unreported class of hydroxamate siderophores.
Fraberin (1) was isolated and confirmed by extensive physico-
chemical and spectroscopic analyses (Figures 2B, S1A, and
S3A-S3I; Table S1). Fraberin (1) was identified as a siderophore
on the basis of its Chrome azurol S activity (Figure S3J).

We conducted further analysis on the functions of enzymes
encoded by the siderophore BGC located at positions
4,206,736-4,222,138 on the genome. Among these enzymes,
three putative core enzymes—FraA (decarboxylase), FraB (N-
monooxygenase), and FraD (acyl transferase) —may play crucial
roles in the biosynthesis of 1 (Figure 2C). FraA facilitates the
decarboxylation reaction from lysine to diaminopentane (DP),
FraB catalyzes the conversion of DP to N-hydroxy-1,5-diamino-
pentane (HDP), and FraD facilitates the acetylation reaction from
HDP to N-acetyl-N-hydroxy-1,5-diaminopentane (AHDP). On
the basis of the chemical structure, we hypothesize that the con-
version from AHDP to fraberin (1) occurs spontaneously. To test
this hypothesis, we conducted in vitro assays, which revealed
that the biosynthesis of fraberin from AHDP occurs spontane-
ously in the presence of acetyl-CoA at 37°C (Figure S4A).
Although two siderophore synthetases, FraC and FraE, are not
directly involved in the biosynthesis of 1, fraberin (1) is an integral
component of the siderophores 2—4. Therefore, we propose that
FraC and FraE catalyze the transformation of 1 to 2—4.

Cheminformatics-guided chemical synthesis

We created a virtual database of ciprofloxacin-siderophore
conjugates based on 1-4 to evaluate the druggability of the
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sideromycins. In accordance with Lipinski’s rule of five,”" the
molecular weights of conjugates based on siderophores 2-4
exceeded 750. For conjugates based on siderophore 1, the
molecular weight, number of hydrogen bond acceptors, lipid-
water partition coefficient, and number of rotatable bonds
were 573, 8, 2.13, and 12, respectively (Tables S2 and S3),
thereby exhibiting promising drug-like properties.

To evaluate the effective binding of siderophore 1 to outer
membrane proteins of P. aeruginosa and to facilitate iron trans-
port, we performed molecular docking studies of 1-Fe** and
three known Fe‘°’+-containing siderophores (ferrioxamine B, no-
cardamine, and enterobactin) with 12 outer membrane proteins
of P. aeruginosa. The optimal conformations of FoxA gave bind-
ing affinities of —3.5 kcal/mol with 1-Fe**, —11.1 kcal/mol with
ferrioxamine B-Fe®*, and —10.9 kcal/mol with nocardamine-
Fe®*, while the binding affinity of enterobactin-Fe* with PfeA
was —9.0 kcal/mol (Figures 2D and S5). These results are consis-
tent with previously reported crystal structures of the ferriox-
amine B-Fe®*-FoxA,?? nocardamine-Fe®*-FoxA,?® and entero-
bactin-Fe3*-PfeA complexes.?”

Following the molecular docking studies, molecular dy-
namics (MD) simulations of the 1-Fe®*-FoxA complex were per-
formed by using GROMACS with the amber99sb force
field.”>° The root-mean-square deviation (RMSD) values of
the 1-Fe®*-FoxA complex remained within the range of 0.15-
0.3 nm, which indicates stable binding within the complex
(Figure 2E). Analysis of the root-mean-square fluctuation
(RMSF) results, illustrated in Figure 2F, revealed peaks for res-
idues 773-778, 684-685, 614-615, 518-519, and 385-387, with
values ranging from 0.31 to 0.40 A. These amino acid residues
may be located in flexible regions of the protein. However, the
generally low magnitude of these fluctuations, however, dem-
onstrates the global stability of the protein structure. Analysis
of the radius of gyration (Rg) revealed marginal contraction of
the 1-Fe®*"-FoxA complex, as evidenced by a slight decrease
in the Rg over the time course of the simulations (Figure 2G).
The negligible magnitude of this decrease (~0.05 nm) signifies
a highly stable overall conformation throughout the dynamics.
The Gibbs free energy landscape provides insights into protein
conformational changes by mapping the RMSD and Rg,
thereby revealing the energetic features and transition path-
ways involved in ligand-receptor interactions.®’ The energy sur-
face displayed a well-defined single-well structure, reflecting a
highly concentrated energy distribution. The low-energy region
was predominantly localized within PC1(RMSD) = 0.15-0.20 nm
and PC2 (Rg) = 2.53-2.56 nm, which corresponded to the
global energy minimum. This region represented the most sta-
ble conformational state of the system. As PC1 and PC2 devi-
ated from this zone, the energy increased sharply, indicating
that substantial energy barriers must be overcome for the sys-
tem to transition away from the global minimum. The two-
dimensional contour projection further illustrated the smooth
variation in energy distribution and the existence of local energy
barriers (Figure 2H). The RMSD, RMSF, Rg, and Gibbs free en-
ergy trajectories of the complexes collectively corroborate the
high stability of the 1-Fe®**-FoxA complex and its ability to
mediate Fe®* transport into P. aeruginosa cells. Consequently,
we selected siderophore 1 and its analogs, together with
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Figure 2. Discovery of fraberin and chemical synthesis of sideromycins 5-9

(A) Diagrammatic workflow for the building block-based molecular network.
B) Elucidation of the fraberin (1) structure.

C) Detailed and annotated information about the fra gene cluster responsible for the biosynthesis of fraberin (1).

(

(

(D) Predicted binding model for fraberin (1)-Fe** with the FoxA receptor (PDB:
(E) RMSD of the 1-Fe®*-FoxA complex (n = 2 technical replicates).

(F) RMSF of the 1-Fe®*-FoxA complex (n = 2 technical replicates).

(G) Radius of gyration (Rg) curve of the 1-Fe3*-
(H) Gibbs free energy landscape of the 1-Fe3*-

(I) Chemical structures of sideromycins 5-9.

ciprofloxacin, to synthesize a series of sideromycins 5-9
(Figures 21 and S6-S8).

Sideromycins act synergistically with bismuth citrate
against ciprofloxacin-resistant P. aeruginosa

Building on the rational design of metalloantibiotics, we hypoth-
esized that pairing sideromycins with bismuth citrate could
exploit iron uptake pathways to enhance antibacterial efficacy.
Historically, metal compounds have served as effective antimi-
crobial agents, with Bi®* exhibiting cellular uptake similar to

6Z8A).

FoxA complex (n = 2 technical replicates).

FoxA complex. The red and blue regions of the free energy landscape indicate high and low free energy states,
respectively, with the global minimum marked with a red sphere (3D) and a pentagram (2D) (n =

2 technical replicates).

that of Fe3*.%"~°° Ranitidine bismuth citrate (Tritec), a combina-
tion of ranitidine and bismuth citrate, is a clinically used
drug for the treatment of gastric and duodenal ulcers. Its bismuth
salts possess anti-Helicobacter pylori activity.>” We tested the
effects of cotreatment with sideromycins 5-9 with bismuth
citrate. Initially, we evaluated the interaction between 5-9 and
bismuth citrate against ciprofloxacin-resistant P. aeruginosa
using the standard microdilution checkerboard method. The
fractional inhibitory concentration indices (FICls) were deter-
mined to be 0.27-0.5, suggesting the occurrence of a synergistic
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Figure 3. Combination therapy with ciprofloxacin-fraberin conjugates and bismuth citrate against antibiotic-resistant P. aeruginosa

(A) Bar chart showing the microdilution checkerboard assay for the combination of bismuth citrate and 5-9 against P. aeruginosa (n = 3 biological replicates).
(B) MICs of the combination of bismuth citrate and 7 against ciprofloxacin-resistant P. aeruginosa. CIP, LVFX, NFL, BC, and 7 were used as controls. The red bar
chart (top) shows the FICI values for the combination therapy. CIP, ciprofloxacin; LVFX, levofloxacin; NFL, norfloxacin (n = 3 biological replicates).

(C) Fold increase in the resistance of P. aeruginosa 859 and P. aeruginosa 7034 to the combination of 7 and bismuth citrate or aztreonam after 18 days of serial
passaging with each drug (n = 3 biological replicates).
(D) CLSM images of 3D structures of immature P. aeruginosa 541 biofilms treated with bismuth citrate, 7, or their combination at 4x MIC for 24 h (top, vertical
view; bottom, side view). Control: 2% ammonia +5% DMSO.
(E) Effect of Fe** on the combined bactericidal activity of bismuth citrate and compound 7 against P. aeruginosa 9337 (n = 3 biological replicates).

(F) Intracellular bismuth levels in P. aeruginosa 541 following treatment with a combination of bismuth citrate and compound 7 compared to bismuth citrate alone
(n = 3 biological replicates).
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interaction (FICI<0.5) between 5-9 and bismuth citrate
(Figures 3A, S9A, and S9B). The minimum inhibitory concentra-
tions (MICs) of 5-9 against P. aeruginosa were reduced 4- to
64-fold upon the addition of 16 pg/mL bismuth citrate. The
MICs of 5-9 combined with bismuth citrate were reduced 1.3-
to 7.1-fold compared with those of ciprofloxacin and bismuth cit-
rate alone, with 7 combined with bismuth citrate showing the
greatest antibacterial activity against ciprofloxacin-resistant
P. aeruginosa in vitro. We then examined the efficacy of the
combination of 7 and bismuth citrate against six highly ciproflox-
acin-resistant P. aeruginosa strains (MIC>128 pg/mL), and
synergistic interactions were observed (FICI<0.25). Compared
with those of ciprofloxacin, norfloxacin, and levofloxacin alone,
the MICs of the combination therapy with 7 and bismuth citrate
were 3.2- to 21-fold lower (Figures 3B and S9C). The synergistic
combination of compound 7 with bismuth citrate demonstrated
potent antipseudomonal efficacy against ciprofloxacin-resistant
P. aeruginosa strains in vitro, surpassing the antimicrobial perfor-
mance of conventional quinolone antibiotics. To further assess
the antibiotic potential of the combination therapy, we sought
to determine the frequency at which bacteria develop resistance
to the 7-bismuth citrate combination. Over an 18-day period, the
growth of P. aeruginosa 7034 and P. aeruginosa 859 remained
constant in the presence of the 7-bismuth citrate combination.
In contrast, the MICs of aztreonam for these strains increased
by 32-fold (Figure 3C). Confocal laser scanning microscopy
(CLSM) was employed to assess the antibiofilm activity of the
combination therapy with 7 and bismuth citrate. Our findings re-
vealed that the combined treatment significantly inhibited
P. aeruginosa biofilm formation, achieving 78% reduction at
4x MIC compared with the control. In contrast, bismuth citrate
alone exhibited no discernible antibiofilm activity. While 7 alone
displayed antibiofilm capacity, biofilm formation decreased by
44% in the combined treatment group, indicating a synergistic
interaction. These results underscore the potent antibiofilm
activity of the combination of 7 and bismuth citrate (Figure 3D).

Bi®* chelate of compound 7 targets ATP, DNA, and K*
transport

The combination of sideromycin 7 and bismuth citrate is an
appealing candidate antibiotic; however, elucidating its mecha-
nism of action (MOA) is a significant challenge. To obtain further
mechanistic insight into the synergistic effect of sideromycin
7 and bismuth citrate, we examined whether Fe**can alter the
synergistic bactericidal effect. A checkerboard microdilution
assay revealed a striking Fe®*-dependent attenuation of the
synergistic bactericidal effect between bismuth citrate and
7 against P. aeruginosa. In the absence of Fe3*, a strong synergy
was observed, with a FICI of 0.156. This synergy was progres-
sively diminished by the addition of exogenous Fe®*, as
evidenced by an increased FICI of 0.313 at with 50 pM Fe3*,
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the transition to a merely additive effect at 100 uM Fe®* (FICI of
0.75), and ultimately abrogation of bactericidal effects upon
treatment with 500 pM Fe®" (Figures 3E and S9D). Moreover,
as illustrated in Figure 3F, compared with bismuth citrate alone,
combination treatment resulted in increased intracellular
bismuth levels. These results confirm that the synergistic bacte-
ricidal effect is mediated by iron homeostasis-dependent
bismuth uptake. We further examined whether sideromycin
7 binds to Bi®*. Compared with that in the presence of bismuth
citrate alone, the transport of Bi®* from bismuth citrate into
P. aeruginosa cells increased in the presence of sideromycin
7 and bismuth citrate, as evidenced by inductively coupled
plasma mass spectrometry (ICP-MS) (Figure 3F). In addition,
after incubation of bismuth citrate with 7, a new peak
in the HRESI-MS appeared at 782.2385 and was assigned as
[7-Bi+H]* ( calculated. 782.2403) by HRESI-MS (Figure 3G).
These findings suggested the formation of a 7-Bi®* complex
and a chelation ratio of 1:1 between sideromycin 7 and Bi®*.
We also observed a significant binding affinity between 7 and
bismuth citrate, with a Kp value of 197 nM. 7 exhibited a greater
binding affinity for bismuth citrate than FeCl; (Kp = 676 nM)
(Figure 3H). The binding energy (Eb) calculations indicated
that sideromycin 7 had a substantially stronger affinity for
Bi®* (—4.17 eV) than for Fe®** (—3.17 eV), which was consistent
with the measured binding affinities. Density of states analysis
revealed that the total density of states (TDOS) near the Fermi
level in the 7-Bi complex could be attributed primarily to Bi and
O orbitals, suggesting significant orbital hybridization between
Biand O atoms. In contrast, such hybridization was not observed
in the 7-Fe complex (Figure 3l). Additionally, the band gap of the
7-Bi system was larger than that of the 7-Fe system. These
results indicate that the 7-Bi system has a more stable electronic
structure, making it more difficult for electrons to transition from
the valence band to the conduction band. The charge density
difference (CDD) further confirms that the 7-Bi system has a
greater number of electrons being transferred from Bi®* to side-
romycin 7, resulting in stronger interactions (Figure 3J). These
findings indicate that when sideromycin 7 is mixed with
Bi®* and injected into the body, it preferentially binds Bi** to
form a stable complex, which reduces the opportunity for side-
romycin 7 to bind Fe®*, inhibits the uptake of iron by bacteria,
and promotes bismuth accumulation by P. aeruginosa. This
highlights the promising role of the sideromycin-bismuth com-
plex assembly formed by chelating bismuth ions with sideromy-
cin in the development of novel antimicrobial therapies and
underscores the importance of metal-ligand interactions in
biomedical research.

The binding of bismuth to 7 suggests that bismuth and cipro-
floxacin might use P. aeruginosa’s iron delivery system for inter-
nalization and accumulation. To gain insight into potential tar-
gets, we used scanning electron microscopy (SEM) (Figure 4A)

(G) HRESI-MS spectrum of the bismuth conjugate of compound 7.

(H) SPR showed the dissociation constant (Kp) for the interaction between 7 and FeCls as well as 7 and BC.

() TDOS and partial density of states (PDOS) for 7+Bi®* and 7+Fe®*. The TDOS near the Fermi level reveals a key difference: the TDOS is dominated by Bi-O
orbital hybridization in the 7+Bi* system but shows no such dominance from Fe-O hybridization in the 7+Fe®* system.

(J) CDD maps of the 7+Bi** and 7+Fe>* systems. The red regions indicate charge accumulation, whereas the blue regions indicate charge depletion. BC, bismuth

citrate.
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and transmission electron microscopy (TEM) (Figure 4B) to
observe morphological changes in P. aeruginosa cells subjected
to combined treatment (8 x MIC for 0, 2, or 4 h). We noted time-
dependent deformation (Figures S10A and S10B); at higher con-
centrations, the cells displayed spiky projections or leakage of
the intracellular contents. However, the cell membrane remained
intact, suggesting potential alterations in cell content and ion
channels. To identify the specific cellular components affected
by the combined therapy, we conducted four experiments
including membrane integrity assay, membrane depolarization
assay, ATP detection assay, and DNA damage assay. We did
not observe an increase in fluorescence intensity with the mem-
brane-impermeable probe propidium iodide or the membrane
depolarization-sensitive probe 3,3'-dipropylthiadicarbocyanine
iodide [DiSC5(5)], thereby ruling out membrane disruption as
the MOA (Figures S10C and S10D); this finding is consistent
with the SEM and TEM observations. However, we detected
decreased fluorescence intensity with the DNA disruption probe
4’ ,6-diamidino-2-phenylindole (DAPI) and decreased ATP pro-
duction, indicating that the combination of sideromycin 7 and
bismuth citrate can compromise DNA integrity and replication
and disrupt ATP formation (Figures 4C—4E).

To further elucidate the interplay between the 7-bismuth cit-
rate complex and ATP formation, we measured intracellular
reactive oxygen species (ROS) levels in bacteria. Given that
ROS are often associated with impaired oxidative phosphoryla-
tion and reduced ATP production, we anticipated changes in
ROS levels if the complex affected ATP synthesis through this
pathway. However, the combined treatment with 7 and bismuth
citrate did not induce significant alterations in fluorescence in-
tensity, thereby ruling out a significant role for ROS in the
observed ATP depletion (Figure S10E). Subsequently, differen-
tial proteomics analysis was performed. The results revealed de-
creases in the levels of >10 proteins associated with oxidative
phosphorylation complexes IV and V, directly demonstrating
that the 7-bismuth citrate complex affects the biosynthesis of
complexes IV and V to inhibit ATP production (Figures 4F and
S10F). Unlike ROS-mediated mechanisms, the complex targets
respiratory complexes IV and V, simultaneously reducing ATP
production. This direct blockade of electron transport leads to
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rapid metabolic collapse without inducing oxidative stress.
Moreover, differential proteomics analysis revealed selective
downregulation of KdpC (a subunit of the K*-translocating
KdpFABC complex®®), with log, 5.0- and 4.2-fold decreases
observed in the presence of 8x MIC and 16 x MIC 7-bismuth cit-
rate, respectively (Figure 4G). In contrast, sideromycin 7 alone
induced a minimal change, corresponding to a log, 0.46-fold
increase (Figure S10G). These findings collectively indicate that
the 7-bismuth citrate complex can inhibit the K* transport sys-
tem. This prevented potassium ions from being transported
into the cells, leading to an imbalance in the cellular osmotic
pressure and causing dehydration. This finding was confirmed
by the data presented in Figure 4H, which show that potassium
ion levels were significantly reduced in P. aeruginosa cells
following combined treatment with 7 and bismuth citrate.
Furthermore, this result was consistent with the TEM results
(Figure 4B), indicating that this osmotic shock bypasses tradi-
tional membrane disruption, preserving membrane integrity.
Considering that 7-bismuth citrate can not only disrupt ATP
formation and the K* transport system but also lead to DNA
damage, we further investigated the interaction between 7-bis-
muth citrate and DNA. In the assessment of DNA damage using
the neutral comet assay, 7-bismuth citrate caused more severe
DNA double-strand breaks (tail DNA 63.7 %) than did 7 (tail DNA
2.3%) or bismuth citrate (tail DNA 24.4%) alone (Figure 4l).
Fluorescence spectroscopy showed a regular increase in emis-
sion at 467 nm upon titration with the addition of 7 and bismuth
citrate. This fluorescence signal was significantly more intense
than that induced by compound 7 or bismuth citrate alone,
suggesting compound 7 and bismuth citrate may form a com-
plex in situ, thereby altering their mode of interaction with DNA
(Figure S10H). Subsequently, surface plasmon resonance
(SPR) was used to determine the dissociation constants
(Kp values) between different samples and P. aeruginosa DNA.
The results showed that the DNA had a greater affinity for the
compound 7 and bismuth citrate mixture (Kp = 63.5 nM) than
for compound 7 alone (Kp = 277 nM) or bismuth citrate alone
(Kp = 20.2 pM) (Figure 4J). Collectively, the fluorescence
measurements and SPR results suggest the complex formed
between compound 7 and bismuth citrate may result in

Figure 4. Bactericidal mechanism of the combination of bismuth citrate and 7

(A) SEM image of P. aeruginosa 541 cultures treated with the combination of BC and 7 at 8x MIC for 0, 2, or 4 h.

(B) TEM image of P. aeruginosa 541 cultures treated with the combination of BC and 7 at 8x MIC for 0, 2, or 4 h.

(C) DNA content of P. aeruginosa 541 cultures treated with the combination of BC and 7 at 12, 16, and 20 h. BC and 7 were used alone as controls (n = 3 biological

replicates). Mean + standard error of the mean (error bars) is shown.

(D) DNA fluorescence of P. aeruginosa 541 treated with BC, 7 or their combination at 8x MIC for 12 h. Blue fluorescent dots represent bacterial DNA.
(E) ATP content in P. aeruginosa 541 treated with BC, 7, or their combination at 8 x MIC for 2 h (n = 3 biological replicates). Mean + standard error of the mean (error

bars) is shown.

(F) Proteomic analysis was performed on P. aeruginosa 541 cells grown for 12 h, with or without the combination of 7 and BC (8 x MIC and 16 x MIC). Scatterplot of
the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enriched in the downregulated genes and a heatmap (pink) of various downregulated proteins

involved in oxidative phosphorylation.

(G) Volcano map of downregulated proteins upon treatment with the combination of 7 and BC (8x MIC and 16x MIC).

(H) Potassium ion assay in P. aeruginosa 541 (n = 3 biological replicates).

(I) DNA damage was assessed using a bacterial DNA damage comet assay kit. From the top to the bottom, cells were treated with DMSO, 8 pg/mL 7, 128 pg/mL
BC, and 8 pg/mL 7 + 128 pg/mL BC. The fluorescence intensity of the comet tail indicates DNA damage. Red curve, head DNA%; blue curve, tail DNA%.

(J) SPR was used to determine the dissociation constant (Kp) for the interaction in each group. Genomic DNA was obtained from P. aeruginosa 541.

(K) Molecular docking results for the 7-Bi and 7 with P. aeruginosa DNA (PDB: 7XAQ). Green indicates hydrogen bonds, light green indicates C-H bonds, pink
indicates hydrophobic interactions, orange indicates electrostatic interactions, and gray indicates metal-acceptor bonds. BC, bismuth citrate.

Statistical comparisons were performed via one-way ANOVA and Dunnett’s multiple comparison test (C, E, and H). *p < 0.05, **p < 0.01, ****p < 0.0001.
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Figure 5. Bactericidal mechanism of the
combination of 7 and bismuth citrate
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enhanced DNA binding relative to either individual agent alone.
Molecular docking revealed the potential binding mechanism
of the combination of compound 7 and bismuth citrate with
DNA in which Bi®* adopts a pentadentate binding mode, co-
ordinating with one siderophore hydroxamate to form a 7-Bi
complex. Molecular docking revealed that the compound 7-Bi
complex formed five hydrogen bonds, three C-H bonds, three
hydrophobic interactions, and an electrostatic interaction
(—6.8 kcal/mol) with DNA. This complex interaction network
highlights the robust and versatile binding capacity of Bi®* within
the DNA structure. In contrast, the docking results for compound
7 alone with DNA revealed the formation of only four hydrogen
bonds, three C-H bonds, and two hydrophobic interactions
(—=5.7 kcal/mol), indicating a comparatively simpler interaction
pattern (Figure 4K). These findings underscore the superior
binding affinity and intricate coordination chemistry of the Bi®*
complex while also demonstrating the relatively limited interac-
tion capabilities of compound 7 with DNA.

Collectively, our findings demonstrate that sideromycin 7 has
a strong ability to chelate with Bi®* rather than with Fe*, thereby
facilitating the formation of the 7-bismuth complex. This com-
plex effectively restores the susceptibility of ciprofloxacin-resis-
tant P. aeruginosa, which is achieved through a three-pronged
mechanism, involving DNA disruption, interference with the K*
transport system, and inhibition of ATP production (Figure 5).

The combination of sideromycin 7 and bismuth citrate
shows high potency and safety in vivo

Given the strong in vitro effect of the combination of sideromycin
7 and bismuth citrate, we further investigated their therapeutic
potential in vivo. We evaluated the in vivo antibacterial efficacy
of the combination of 7 and bismuth citrate in the mouse model
with implanted P. aeruginosa biofilm (Figure 6A). After 4 days, the
residual P. aeruginosa colonies on the biofilms were evaluated
by removing the implanted polydimethylsiloxane (PDMS) sheets.
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tory infiltrates in skin tissue (Figure 6F)
and muscle tissue (Figure 6G) after treat-
ment with 7 in combination with bismuth
citrate. However, a high degree of inflam-
matory infiltration was observed in vehicle-, bismuth citrate-,
ciprofloxacin-, or tobramycin-treated mice. We also evaluated
the antibacterial potency of the combination therapy in a mouse
lung P. aeruginosa infection model (Figure 7A). Significant
decreases in bacterial abundance in the infected lung tissue
were observed in the mice treated with the combination of 7
and bismuth citrate but not in the groups receiving the mono-
therapies (Figures 7B and 7C). H&E staining demonstrated
that, compared with both the monotherapy and model control
groups, the combination treatment group exhibited a significant
reduction in inflammatory cell infiltration within lung tissues.
Notably, the combination therapy group showed marked patho-
logical improvements that closely paralleled those observed in
healthy control specimens. These findings confirm that the syn-
ergistic interaction between therapeutic agents effectively atten-
uates post-infectious inflammatory responses while facilitating
functional restoration of pulmonary architecture (Figure 7D). In
the P. aeruginosa killing model, the mice treated with the combi-
nation of 7 and bismuth citrate presented strikingly increased
survival rates at 168 h after infection (Figure 7E). These results
showed that sideromycin 7 exhibited significant synergy with
bismuth citrate against ciprofloxacin-resistant P. aeruginosa.
The in vitro activity of the 7-bismuth citrate combination therapy
translated well into efficacy in vivo.

Encouraged by the superior performance of the combination
of 7 with bismuth citrate in terms of in vitro and in vivo efficacy,
we proceeded to examine its in vivo cytotoxicity. The com-
bination appeared to be relatively nontoxic, showing no detect-
able toxicity in the heart, liver, spleen or kidneys of mice at
therapeutic doses (Figures 7F and 7G). Acute toxicity testing in
mice revealed that intraperitoneal injection of 7 at a dose of
781 mg/kg did not result in death. Additionally, continuous
administration of 7 for 28 days at a maximum dose
of 32 mg/kg via intraperitoneal injection resulted in no abnormal-
ites in body weight, blood parameters, or organs
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(Figure S11; Tables S4 and S5). Additionally, analysis of the cecal
contents of the mice revealed no significant differences (o > 0.05)
in the Chao1 index, observed feature index, Shannon index,
Simpson index, principal coordinate analysis results, or species
composition at the phylum level among the treatment groups.
These findings suggest that continuous administration of com-
pound 7 for 28 days did not lead to significant changes in the
structure of the gut microbiota and had no notable effect on its
composition or diversity (Figure S12). Collectively, these results
indicate that the combination of 7 with bismuth citrate is a rela-
tively safe option as an in vivo antibacterial treatment.

DISCUSSION

The emergence and swift dissemination of antimicrobial resis-
tance present a formidable and escalating threat to global public
health. This resistance highlights the urgent need for developing
novel antibiotics with multiple targets that address bacterial
resistance. We propose a phylogenomics-guided design of a
sideromycin-metal complex to overcome bacterial resistance.
The designed sideromycin 7, in combination with bismuth cit-
rate, exhibited a three-pronged antibacterial mode of action
and demonstrated remarkable efficacy against ciprofloxacin-
resistant P. aeruginosa infections both in vitro and in vivo, while
maintaining a favorable safety profile.

The discovery of siderophore 1 and its successful application
in drug design highlights the untapped potential of natural prod-
uct mining in the era of genomics. Our analysis extended beyond
gene identification to include characterization of gene products,
investigation of their interactions with bacterial cells, and exam-
ination of the evolutionary pressures driving their biosynthesis.
For example, we found that the adaptation of Streptomyces to
competitive, resource-scarce environments significantly influ-
enced the evolution of the BGCs responsible for producing high-
ly effective siderophores. Despite evolutionary diversification
within the genus Streptomyces, the function of siderophores
has been consistently preserved, suggesting that siderophores
play a crucial role in the ecological niche of these bacteria.
Analysis of Streptomyces genome evolution, characterized by
gene loss and gain over time, revealed that the BGC content
reflects adaptation through natural selection. Our findings
establish a clear link between specific genes and siderophore
production in Streptomyces and pave the way for the use of
siderophore-mediated interactions as a potential tool for the
design of new antibiotics to combat drug-resistant pathogens.

Unlike sequential target inhibition, the strategy utilized by our
complex is a convergent multimechanistic engagement, inspired

Cell Reports Medicine

by cancer kinase inhibitors.*® Fraberin (1) acts as a “molecular
glue” to link bismuth and ciprofloxacin, enabling simultaneous
DNA binding and ATP and K* transport inhibition. This three-
pronged attack raises the evolutionary barrier for resistance:
compensatory mutations would require concurrent alterations
in DNA, potassium transport, and cytochrome systems—a high-
ly improbable scenario. This result was confirmed by the MIC
fold change over 18 consecutive days (Figure 3C).

Our strategy aligns with the growing interest in bismuth-based
antimicrobials.“® This alignment is rooted in a critical common
mechanism of the facilitated intracellular delivery of Bi%*, which
subsequently imparts potent antibacterial action, particularly in
disrupting biofilms. These collective findings position bismuth
as a pivotal entity for achieving biofilm eradication. Furthermore,
its efficacy can be understood within the context of nutritional
immunity—the host’'s defense by depriving pathogens of
iron.*! To overcome this defense, P. aeruginosa employs sidero-
phores for iron acquisition. Bismuth disrupts this iron homeosta-
sis by interacting with these siderophores and the ferric uptake
regulator (Fur), thereby impairing iron uptake, inducing intracel-
lular iron deprivation, and ultimately causing bacterial death.*?
Consistent with this mechanism, our data demonstrate that the
synergy between sideromycin 7 and bismuth citrate is progres-
sively antagonized by increasing iron levels (Figure 3E), confirm-
ing that restored iron homeostasis can abolish the synergistic
effect of bismuth.

In addition, the mechanism of DNA damage highlights the
crucial role of the five-membered ring formed between bismuth
ions and sideromycin 7. This structural modification dramatically
improved the stability of the sideromycin-bismuth-DNA com-
plex, leading to enhanced biological activity. The ring prevents
premature dissociation of the compound from DNA and pro-
motes stronger intercalation, thereby increasing the ability of
the compound to inhibit P. aeruginosa replication by directly
interacting with its genetic material. This discovery underscores
the effectiveness of incorporating such ring structures in sidero-
mycin design to improve both drug stability and potency. The
strength and duration of drug-target interactions are often critical
limitations in drug development, particularly when complex
molecules such as DNA are targeted. Stabilizing this interaction
not only enhances efficacy but also reduces the likelihood of
resistance development, as bacteria require multiple adaptive
mechanisms to overcome this strengthened binding.

In conclusion, we successfully developed and validated a self-
assembled sideromycin-bismuth chelate and demonstrated its
potent antipseudomonal efficacy in vitro and in vivo. Our
approach integrates evolutionary genomics, rational drug

Figure 6. In vivo potency against an implanted ciprofloxacin-resistant P. aeruginosa 7034 biofilm in an animal model

(A) Scheme of the experimental protocol for the animal model with P. aeruginosa 7034 biofilm implantation.

(B) Colony count for residual P. aeruginosa colonies on the implanted PDMS sheets (n = 6 animals). Mean + standard error of the mean (error bars) is shown.
Statistical comparisons were performed by using one-way ANOVA and Dunnett’s multiple comparisons test. ***p < 0.0001.

(C) Photographs of colonies on agar plates.

(D) The wound areas of the mice were calculated via ImagedJ for 4 days (n = 6 animals). Mean + standard error of the mean (error bars) is shown. Statistical
comparisons were performed via simple survival analysis (Kaplan-Meier). ***p < 0.0001.

(E) Photographs showing the appearance of the wounds at different time points.

(F) H&E staining of the skin of infected mice subjected to different treatments. Scale bars represent 200 um.
(G) H&E staining of the muscle of infected mice subjected to different treatments. Scale bars represent 200 pm. Cip, ciprofloxacin; Tob, tobramycin; BC, bismuth

citrate; vehicle, physiological saline.
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design, and multitarget MOAs to address two critical gaps: (1)
the lack of sideromycins with multimodal mechanisms and (2)
the unmet need for precision delivery systems to harness
bismuth’s antimicrobial potential. By combining active transport
with metalloantibiotic toxicity, this approach not only overcomes
the delivery challenges associated with traditional metal-based
antibiotics but also provides a paradigm for resistance manage-
ment using a multitarget “lockdown” strategy.

Limitations of the study

In this study, a self-adaptive sideromycin-bismuth complex for
treating ciprofloxacin-resistant P. aeruginosa was developed.
Although the complex showed strong antipseudomonal efficacy
in murine pneumonia and skin infection models, further evalua-
tion in different patient-derived P. aeruginosa infection models
would provide a more valuable reference for clinical translation.
Moreover, we are aware that the systematic biosafety evaluation
in the host was limited in this study. In addition, different modes
of administration of sideromycin 7 and bismuth citrate should be
considered to align with clinical scenarios.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Jianwei Chen
(cjw983617@zjut.edu.cn).

Materials availability
All unigue and stable reagents generated in this study are available from the
lead contact with a completed materials transfer agreement.

Data and code availability
® The authors declare that the main data supporting the results of this
study are available within the paper and its supplemental information.
® The mass spectrometry proteomics data generated in this study have
been deposited to the ProteomeXchange Consortium via the PRIDE part-
ner repository with the dataset identifiers PXD070105 and PXD069942
(link: https://www.ebi.ac.uk/pride/archive/projects/PXD070105; https://
www.ebi.ac.uk/pride/archive/projects/PXD069942).
® The authors developed a Python script to automatically extract detailed
information on secondary metabolite gene clusters from antiSMASH
predictions. The related code has been uploaded as a “Source Code”
resource at Zenodo (https://doi.org/10.5281/zenodo.18213340) to
ensure reproducibility.

Cell Reports Medicine

® Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.

o All data reported in this paper will be shared by the lead contact upon
request.

ACKNOWLEDGMENTS

This work was financially supported by the Project of International Cooperation
and Exchanges NSFC-ASRT (no. W2412100) and National Natural Science
Foundation of China (no. 82574317 and 42276137). We gratefully acknowl-
edge platform support from Zhejiang-Egypt Joint Laboratory on Intelligent
Discovery of Marine Drugs, Zhejiang International Sci-Tech Cooperation
Base of Development and Utilization of Nature Products, Zhejiang Key
Laboratory of Green, and Low-carbon and Efficient Development of Marine
Fishery Resources.

AUTHOR CONTRIBUTIONS

Projects design, J.C. and H.W.; genome and biosynthetic gene cluster, MS?2
data, and biosynthetic pathway study, J.P., X.L., and Y. Yue; in vivo and
in vitro experiments and model of action of compounds, L.W., X. L., and
D.Z.; compound isolation and synthesis, L.G., S.W., and K.T.; molecular dock-
ing and DFT calculation, J.P. and J. N.; guidance for writing and experiment
and provided strains, M.C., H.J., Y.P., and Y. Yu. All authors have read and
agreed to the published version of the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

STARxMETHODS

Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE

o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
o Bacterial strains and growth conditions
o Animals

® METHOD DETAILS

Collection of Streptomyces genome sequences

Phylogenetic tree construction

Identification of BGCs

Extraction and isolation

Structure elucidation

UPLC-MS? data analysis

Cheminformatics analysis

Chemical synthesis of 5-9

O O O O O O O O

Figure 7. In vivo potency and safety of the combination of bismuth citrate and 7 against ciprofloxacin-resistant P. aeruginosa

(A) Scheme of the experimental protocol for establishing the mouse lung infection model.

(B) Therapeutic effect of the combination of bismuth citrate and 7 on P. aeruginosa 535 infection in a mouse lung infection model. The bacterial loads (log1o CFU
[colony-forming unit]) in the lungs were determined (n = 6 animals). Mean + standard error of the mean (error bars) is shown.

(C) Therapeutic effect of the combination of bismuth citrate and 7 on P. aeruginosa 541 infection in a mouse lung infection model. The bacterial loads (log;o CFU) in
the lungs were determined (n = 6 animals). Mean + standard error of the mean (error bars) is shown.

(D) H&E staining of mouse lungs at the end of the experiment in the P. aeruginosa 541 infection model. Scale bars represent 50 pm.

(E) Survival curves showing the efficacy of the combined treatment in a mouse acute pneumonia model (n = 10 animals). Increased survival rates of mice
challenged with a lethal dose of P. aeruginosa 541 over 7 days were observed in the mice treated with the combination of bismuth citrate and 7.

(F) Histopathological examination: H&E staining of the heart, liver, spleen, and kidneys at the end of the experiment in the P. aeruginosa 541 infection model. Scale

bars represent 50 pm.

(G) The levels of alanine aminotransferase (ALT), aspartate transaminase (AST), blood urea nitrogen (BUN), creatinine (CR), lactate dehydrogenase (LDH), and
creatine kinase (CK) were measured in the mouse lung P. aeruginosa 541 infection model (n = 6 animals). Blood was collected at the end of the experiment.
Mean + standard error of the mean (error bars) is shown. Cip, ciprofloxacin; BC, bismuth citrate; vehicle, physiological saline.

Statistical comparisons were performed via one-way ANOVA and Dunnett’s multiple comparisons test (B, C, E, and G). No significance (ns) p > 0.05, **p < 0.01,

**p < 0.001, ™*p < 0.0001.
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University School of Medicine, China
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S. fradiae FIMYZ-003 Fujian Institute of Microbiology, China N/A

Software and algorithms

CheckM Parks et al.'® Version 1.2.2

GTDB-TK Chaumeil et al.*® Version 2.3.2

IQTREE Nguyen et al.** Version 2.2.2.7

AntiSMASH Blin et al." Version 6 local

Wiabkit = https://github.com/BioGavin/wlabkit

MAFFT Katoh et al."’ Version 7.520

Chiplot Xie et al.*® https://www.chiplot.online

BiG-SCAPE Navarro et al.'® https://github.com/medema-group/
BiG-SCAPE

Cytoscape Su et al.*® Version 3.10.1

GNPS-FBMN Nothias et al."® https://gnps.ucsd.edu

PyMOL Schrédinger Version 3.1.0

AutoDock The Scripps Research Institute Version 4.2

Rdkit RDKit: Open-source cheminformatics. https://github.com/rdkit/rdkit

Materials studio Accelrys Version 2019

ImageJ National Institutes of Health https://imagej.net/ij/download.html.

dRep Olm et al.’® Version 3.4.5

CB-Dock2 Liu et al.*’; Yang et al.*® https://cadd.labshare.cn/cb-dock2/
php/index.php

GROMACS Abraham et al.” Version 2021.7

ORCA program Neese et al.”’ Version 5.0

Multiwfn Lu et al.?®*° Version 2.1.2

CASP Comet Assay Software Project Lab Version 1.2.3 beat 1

SCIEX OS Software SCIEX Version 2021

Python script to extract detailed information
generated by antiSMASH

This paper

https://doi.org/10.5281/zenodo.18213340

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains and growth conditions

S. fradiae FIMYZ-003 was used for the isolation and purification of siderophores. P. aeruginosa strains 541, 535, 6302, 9337, 859,
7034, 9241 and BHKS396 were used for antipseudomonal assays. S. fradiae FIMYZ-003 was cultured in liquid medium (15 g/L
soluble starch, 5 g/L tryptone, 0.66 g/L K,HPO4-3H,0, 5 g/L yeast extract, 0.25 g/L MgSQO,, 5 g/L glucose, 1 g/L CaCOg3, 0.5 g/L
(NH4)2S0q4, 0.5 g/L NaCl; pH 7.0) at 180 rpm and 28°C. P. aeruginosa was grown in Luria-Bertani (LB) broth or on LB agar plates

at 37°C in an incubator.

Animals

Specific-pathogen-free (SPF) ICR mice (male and female, 4-6 weeks old) and BALB/c mice (female, 4-6 weeks old) were obtained
from Hangzhou Qizhen Experimental Animal Technology Co., Ltd. All the mice were housed on an ad libitum diet in the SPF facility
under the following conditions: dark/light cycle of 12 h, ambient temperature of 22°C-25°C, and humidity of 40-60%. All animal
experimental procedures were conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee
(IACUC) of Zhejiang University of Technology. The experiments were performed in accordance with the relevant ethical guidelines
and regulations. For experiments involving BALB/c mice, only female mice were used to maintain consistency with established
protocols in the literature regarding this specific experimental model; therefore, the influence of sex on the results was not evaluated

for this specific model.
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METHOD DETAILS

Collection of Streptomyces genome sequences

Atotal of 3,013 Streptomyces genome sequences were retrieved from the NCBI database. The accession numbers of the dataset are
listed in Data S1. The genomes were dereplicated by using dRep v3.4.5 with the criterion set at average nucleotide identity (ANI) of
>99%. The genome sequences were evaluated using CheckM v1.2.2,"® and those with contamination <5% and completeness
>95% were retained for further analysis. The genome sequences used for further investigations are also listed in Supporting Infor-
mation Data S1. Ultimately, a total of 1,641 genome sequences with high assembly quality were included to evaluate the encoded
secondary metabolites.

Phylogenetic tree construction

All the genome sequences were aligned via GTDB-TK v2.3.2,%%495% ysing the command “gtdbitk classify_wf”. The maximum-likeli-
hood phylogenetic tree was constructed by IQ-TREE v2.2.2.7, using the Modelfinder Plus (MFP) model with 1,000 bootstraps and
the “bnni” parameter to optimize UFBoot trees by the nearest neighbor interchange (NNI) algorithm on bootstrap alignment.*#°5-°¢
The phylogenetic trees of the gene clusters were constructed as follows. The BGCs were predicted by antiSMASH 6.0. We used the
Wiabkit tool (https://github.com/BioGavin/wlabkit) to convert all the gbk files to fasta files and concatenated all the fasta files into
one fasta file. Then, we aligned the protein sequences by using MAFFT v7.520.°” The maximum-likelihood phylogenetic tree was
constructed by IQ-TREE v2.2.2.7, with the same parameters as above. The phylogenetic trees were visualized and edited with
ChiPlot, an online tool.*®

Identification of BGCs

BGCs encoding the synthesis of natural products were predicted and annotated using the command-line version of antiSMASH
6.1.1."* By using a Python script, corresponding information on each class of BGCs was extracted from the HTML files. To evaluate
the diversity and novelty, all the siderophore BGCs were extracted from the antiSMASH output files and submitted to BiG-SCAPE for
comparison with known BGCs in the MIBiG database using the default parameters. Cytoscape 3.10.1 was used to visualize the
similarity network,*® with each node representing a BGC and similar BGCs being connected by edges. The color of each node
represents its similarity to BGCs involved in the biosynthesis of known siderophores. The values of similarity were obtained from
HTML files generated by antiSMASH.

Extraction and isolation

FIMYZ-003 was cultured in liquid medium (15 g/L soluble starch, 5 g/L tryptone, 0.66 g/L K;HPO4-3H,0, 5 g/L yeast extract, 0.25 g/L
MgSOQ,, 5 g/L glucose, 1 g/L CaCOg, 0.5 g/L (NH4)2SO4, 0.5 g/L NaCl; pH 7.0; total volume 30 L) for 7 days at 180 rpm and 28°C
and then centrifuged for 20 min to remove mycelia. The supernatant was concentrated to 2 L, and the crude extract was obtained
by extraction with ethyl acetate (EtOAc). FIMYZ-003 was fermented in the solid state by culturing quiescently at 28°C for 30 days
(5 g/L yeast extract, 1 g/L CaCOs, 5 g/L glucose, 5 g/L tryptone, 15 g/L soluble starch, 0.5 g/L (NH4).SO4, 0.5 g/L NaCl, 0.66 g/L
KoHPO,4-3H,0, 0.25 g/L MgSOQy,, 10 g/L agar, pH 7.0). The culture supernatants were extracted twice with an equal volume of
EtOAc. The resulting organic phase was then concentrated in vacuo, giving rise to the crude extracts.

The crude extracts were separated by an MCI GEL (CHP20/P30) with gradient elution. The elution conditions for the liquid-state
extract were as follows: HoO/MeOH (from 90:10, 70:30, 50:50, 30:70, 10:90 to 0:100) and acetone, using 1 L of solution for each
gradient at a flow rate of 30 mL/min, designated G2-G8. The elution conditions for the solid-state extract were as follows: H20/
MeOH (from 90:10, 70:30, 50:50, 30:70 to 0:100) and acetone, using of 1 L of solution for each gradient at a rate of 30 mL/min, desig-
nated Y1-Y6.

Crude extract samples G2-G8 and Y1-Y6 were fractionated via semipreparative high-performance liquid chromatography (HPLC)
(Xbridge BEH C18 OBD, 5 pm 130 A, 250 x 10 mm, Waters, USA) with gradient elution at 3 mL/min. A gradient of MeOH/H,0 from
10:90 to 100:0 was used for 30 min. Based on UPLC-MS? analysis, fraberin (1, 2 mg) was separated.

Structure elucidation

Fraberin (1): The product was a yellow powder. The NMR data are shown in Figures S3A-S3F and Table S1. UV(MeOH) Amax (log ¢)
194 (0.47) nm (Figure S3G). IR (KBr) vmax cm™~': 3320.14, 2972.54, 2880.74, 1087.63, 1046.15, 879.96 (Figure S3H); HRESI-MS m/z
203.1361 [M + HJ*, calcd 203.1396 (Figure S3l).

UPLC-MS? data analysis

UPLC-MS2 data were acquired via ultra-performance liquid chromatography (Shimadzu, Kyoto, Japan) together with X500B
quantitative time-of-flight (QTOF) mass spectrometry (AB SCIEX, Foster City, CA, USA). The extract samples G2-G8 and Y1-Y6
were analyzed by UPLC-MS? using a Poroshell 120 SB-18 column at 35°C, with a gradient elution of MeOH/H,O from 10:90 to
100:0 at 0.3 mL/min for 30 min, followed by an isocratic elution of MeOH/H,O 100:0 at 0.3 mL/min for 5 min. The ion spray voltage
was 5,500 V, and in positive mode, the ionization source was electrospray ionization (ESI). The full scan range was m/z 100 to 2,000
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Da, and the fragment ion scan range was m/z 50 to 1,000 Da. Information-dependent acquisition (IDA) data were obtained by
dynamic background subtraction. SCIEX OS analysis software (version 2.1.6) was used for data acquisition and analysis.

UPLC-MS? data were converted into mzXML format with MSConvert (version 3.0.22105 32 bit).°® MZmine 2.53 was used to pro-
cess the mzXML files as follows®®: (1) MS1 noise level; mass detection = retention time (RT), auto, 1.0 E3; MS2 noise level, 2.0 E1. (2)
ADAP chromatogram builder = RT, auto; MS-level, 1; minimum group size in no. of scans, 5; m/z tolerance (MT), 0.0 m/z or 20 ppm;
group intensity threshold, 5.0 E2; and minimum highest intensity, 1.0 E3. (3) Deconvolution of UPLC-MS2 chromatograms = baseline-
cutoff algorithm; peak duration, 0.1-2 min; minimum peak height, 1.0 E3; and baseline level, 2.5 E2. (4) Isotopic peak grouper = MT,
0.0 m/z or 20 ppm; 0.2 min, maximum charge; RT tolerance, 3. (5) Join aligner = MT, 0.1 min, 20 ppm or 0.0 m/z, RT tolerance. The
final resulting feature list was exported to the mgf and csv formats together using the “Export for GNPS-FBMN” options.

Using the feature-based molecular network workflow (version 1.3.16) on Global Natural Products Social Molecular Networking
(GNPS),%° a molecular network was created by inputting the mgf file and the csv file. The cosine score was set at 0.7 to filter out
irrelevant signals.

Cheminformatics analysis
The molecular weight (MW), lipid—-water partition coefficient (logP), and quantitative estimates of drug-likeness (QED), H-bond donor
(HBD) ability and H-bond acceptor (HBA) ability were calculated by RDKit.

The TonB-dependent receptor FemA (PDB: 9F2T), FoxA (PDB: 6Z8A), FptA (PDB: 1XKW), FpvA (PDB: 2W6T), OprC (PDB: 6Z8S),
PfeA (PDB: 5NC3), PhuR (PDB: 8THE), PirA (PDB: 5FP2), PiuA (PDB: 5FOK), and Pa5505 (PDB: 4K3F; a putative TonB-dependent
receptor) were downloaded from the RCSB PDB (Protein DataBank), and FiuA and FpvB were downloaded from UniProt. Cavity was
searching based on a protein surface curvature-based cavity detection approach on CB-Dock2.%”+*® The iron-chelated siderophores
(1-Fe®*, ferrioxamine B-Fe®*, nocardamine-Fe3*, and enterobactin-Fe®*) were uploaded and served as ligands. Docking was then
conducted using CB-Dock?2, an AutoDock-Vina based online docking tool, to characterize their binding modes. Docking results were
analyzed and visualized using PyMOL.

MD simulations were conducted by using GROMACS with the amber99sb force field. The MD system was prepared by solvation
with TIP3P water and neutralization with ions. After energy minimization and equilibration in NVT and NPT ensembles, a 300-ns pro-
duction simulation was carried out. The simulation employed a 2-fs integration time step under constant temperature (310 K) and
pressure (1.0 bar). Long-range electrostatics were handled with the PME method. Periodic boundary conditions were applied in
all three directions throughout the simulation. Data analysis was performed by using GROMACS to calculate the RMSD, RMSF,
Rg, and system free energy, as well as to construct the free energy landscape. Molecular visualization was conducted by using
PyMOL.

AutoDock4 was employed to characterize the binding modes of compound 7, its bismuth complex (7-Bi), and bismuth citrate with
DNA (PDB: 7XAQ). The DNA structure was preprocessed in AutoDockTools (ADT) by removing crystallographic water, adding hydro-
gens, and assigning Gasteiger-Marsili charges. Ligands were converted to PDBQT format after atom type and charge assignment. A
global docking box encompassing the entire DNA was defined using the Grid module, and affinity grids (van der Waals, electrostatic,
hydrogen bonds) were generated using AutoGrid. The Lamarckian GA (LGA) algorithm was used for docking, with output conforma-
tions selected based on lowest AMBER-predicted binding energy. Interactions were analyzed using PLIP and visualized in PyMOL.

Chemical synthesis of 5-9

Compound | was synthesized via t-butyloxy carbonyl (Boc) protection of ciprofloxacin. The reduction of O-benzylhydroxylamine hy-
drochloride by acyl chloride, followed by the substitution of the imine functional group with an N-Boc-3-aminopropyl bromide analog,
led to the formation of the ferredoxin analog Il. The ciprofloxacin—fraberin conjugates (5-9) were synthesized via an amide coupling
reaction between I and the ferredoxin analog Il (Figure S6A).

5: "H NMR (500 MHz, DMSO-dg) & 15.13 (s, 1H), 9.73 (s, 1H), 8.63 (s, 1H), 7.86 (d, J = 13.1 Hz, 1H), 7.79 (t, J = 5.8 Hz, 1H), 7.56
(m, 1H), 3.81 (s, 1H), 3.68 (d, J = 20.9 Hz, 4H), 3.49 (t, J = 7.1 Hz, 2H), 3.29 (s, 2H), 3.02 (q, J = 6.5 Hz, 2H), 2.60-2.56 (m, 4H), 1.78
(s,3H), 1.64 (h, J = 6.4 Hz, 2H), 1.33 (d, J = 6.7 Hz, 2H), 1.18 (s, 2H). "*C NMR (125 MHz, DMSO-dg) 6 176.31, 172.15, 170.21, 169.05,
165.87,151.92,147.97, 144.96, 139.11, 118.76, 111.05, 106.75, 106.51, 49.56, 49.2, 45.51, 44.43, 36.30, 35.87, 27.19, 26.85, 26.71,
22.61, 7.59. HRESI-MS, CygH3,FNsO7, m/z 546.2348 [M + H]*, calcd 546.2359 (Figures S6B-S6D).

6: '"HNMR (500 MHz, DMSO-dg) 6 14.99 (s, 1H), 9.79 (m, 1H), 8.63 (s, 1H), 7.88 (d, J = 13.3 Hz, 2H), 7.55 (s, 1H), 3.74 (d, J = 23.3 Hz,
5H), 3.49 (t, J = 7.3 Hz, 2H), 3.29 (d, J = 21.7 Hz, 4H), 3.02 (q, J = 6.6 Hz, 2H), 2.52 (s, 4H), 1.77 (s, 3H), 1.63 (t, J = 7.3 Hz, 2H), 1.32 (s,
2H), 1.17 (s, 2H), 1.08 (s, 6H). '°C NMR (125 MHz, DMSO-dg) & 176.24, 171.54, 169.73, 169.02, 165.94, 151.90, 147.94, 144.86,
139.07, 118.89, 111.05, 107.13, 106.54, 49.63, 49.34, 45.31, 45.20, 41.38, 41.19, 40.48, 36.34, 35.82, 33.17, 27.88, 26.75, 22.60,
7.58. HRESI-MS, CogH3zgFNsO7, m/z 588.2819 [M + H]*, calcd 588.2828 (Figures S7A-S7C).

7: '"H NMR (500 MHz, DMSO-dg) 8 15.15 (s, 1H), 9.68 (s, 1H), 8.63 (s, 1H), 7.85 (d, J = 13.1 Hz, 2H), 7.56 (s, 1H), 3.70 (d, J = 57.2Hz,
5H), 3.46 (s, 2H), 3.29 (s, 2H), 3.02 (s, 2H), 2.61 (t, J = 7.0 Hz, 2H), 2.35 (s, 2H), 1.97 (s, 3H), 1.50 (s, 2H), 1.40 (d, J = 29.4 Hz, 4H), 1.19 (d,
J =25.1 Hz, 4H). '®C NMR (125 MHz, DMSO-dq) 5 176.28, 171.13, 170.13, 165.85, 151.90, 147.94, 144.94, 139.09, 118.74, 111.04,
106.74, 106.46, 49.56, 49.21, 46.79, 44.42, 40.75, 38.43, 35.85, 30.37, 28.83, 27.82, 26.04, 23.50, 20.34, 7.58. HRESI-MS,
CagHzsFNsO7, m/z 574.2657 [M + H]*, calcd 574.2672 (Figures S7D-S7F).
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8: '"H NMR (500 MHz, DMSO-dg) & 15.17 (s, 1H), 9.72 (s, 1H), 8.64 (s, 1H), 7.90 (m, 2H), 7.57 (d, J = 7.3 Hz, 1H), 3.81
(tt, J = 7.4, 4.1 Hz, 1H), 3.72 (dt, J = 19.3, 5.3 Hz, 4H), 3.53 (t, J = 6.7 Hz, 2H), 3.37 (dt, J = 6.3, 2.8 Hz, 2H), 3.29 (d, J = 5.3 Hz,
2H), 3.21 (g, J = 6.6 Hz, 2H), 2.65-2.50 (m, 4H), 1.79 (s, 3H), 1.33 (dd, J = 7.5, 5.6 Hz, 2H), 1.19 (m, 2H). "3C NMR (125 MHz,
DMSO-dg) & 176.33, 172.55, 170.18, 169.93, 165.88, 151.93, 148.00, 144.96, 139.12, 118.78, 111.07, 106.75, 106.55, 49.55,
49.20, 46.85, 44.42, 40.79, 35.87, 35.72, 27.14, 26.88, 22.55, 7.59. HRESI-MS, C,5H3,FNsO7, m/z 532.2200 [M + H]*, calcd
532.2202 (Figures S8A-S8C).

9: "H NMR (500 MHz, DMSO-dg) & 15.16 (s, 1H), 9.65 (s, 1H), 8.64 (s, 1H), 7.91 (d, J = 13.1 Hz, 1H), 7.80 (t, J = 5.6 Hz, 1H), 7.57
(d,J=7.3Hz, 1H), 3.81 (s, 1H), 3.68 (p, J = 4.8 Hz, 4H), 3.45 (t, J = 7.1 Hz, 2H), 3.34 (m, 2H), 3.29 (t, J = 5.1 Hz, 2H), 3.01 (g, J = 6.5 Hz,
2H), 2.59 (t,J = 7.0 Hz, 2H), 2.33 (t, J = 7.0 Hz, 2H), 1.95 (s, 3H), 1.49 (p, J = 7.1 Hz, 2H), 1.36 (m, 4H), 1.21 (m, 6H). '°C NMR (125 MHz,
DMSO-dg) 6 176.32, 173.92, 171.08, 170.12, 165.88, 151.93, 148.01, 144.88, 139.12, 118.79, 111.08, 106.75, 106.54, 49.56, 49.21,
46.84, 44.42, 40.75, 38.42, 35.87, 30.36, 29.09, 27.81, 26.28, 26.08, 25.83, 20.33, 7.59. HRESI-MS, CygH3zsFN507, m/z 588.2832
[M + H]*, calcd 588.2828 (Figures S8D-S8F).

Chrome azurol S activity

Chrome azurol S (CAS) (60.5 mg) was weighed and dissolved in 50.0 mL deionized water, followed by the slow addition of 10.0 mL of
1 mM FeClz in 10 mM HCI solution under magnetic stirring to obtain Solution A. Separately, cetyltrimethylammonium bromide (CTAB)
(72.9 mg) was weighed and dissolved in 40.0 mL deionized water to obtain Solution B. Solutions A and B were mixed and vortexed for
1 min to ensure thorough mixing, yielding the CAS assay solution, which was stored at 4°C.

For siderophore detection, a 1 mg/mL solution of the test sample was prepared in methanol, and 50 pL was transferred to a well of a
96-well plate. Then, 50 pL of CAS assay solution was added, and the mixture was incubated at 25°C protected from light for 10-
15 min. The color change was observed under white light, with 50 pL of 1 mg/mL deferoxamine mesylate (DFOB) methanol solution
used as the positive control and an equal volume of methanol used as the negative control. The appearance of an orange-red to
purple-red color indicated the presence of siderophore activity.

Antimicrobial activity test

The standard microdilution method was used to determine the MIC according to the Clinical and Laboratory Standards Institute
guidelines. All experiments were performed with three independent replicates. A microdilution checkerboard was used for combina-
tion drug testing against P. aeruginosa. Briefly, the compound or bismuth citrate was added, followed by 2-fold serial dilution with the
bacterial suspension. Both the compound and bismuth citrate were diluted 2-fold sequentially in a two-dimensional manner. The in-
teractions between the compounds and bismuth citrate were determined as follows: synergistic (FICI <0.5), additive (0.5<FICI<1), no
interaction (1<FICI<2), or antagonistic (FICI >2). The FICI was calculated by using the following equation:

FICI = Ccompound,combination/Ccompound,alone + Cbismuth citrate, combination / Cbismuth citrate.

Effect of Fe3* on the combined therapy

An overnight culture of P. aeruginosa 9337 was centrifuged (10,000 rpm, 5 min, 4°C), and the pellet was washed twice with sterile
water and subsequently resuspended 1:10,000 in LB medium supplemented with varying concentrations of FeCl3-6H,O (0 pM,
50 pM, 100 pM, and 500 pM). The impact of iron availability on the combined bactericidal efficacy of 7 and bismuth citrate was
evaluated by a checkerboard microdilution assay. Bacterial growth was quantified by measuring the optical density at 600 nm
(ODggo) on a microplate reader. The FICI was calculated as follows:

FICI = Ccompound 7,combination/Ccompound 7,alone + Cbismuth citrate, combination/Cbismuth citrate.

Intracellular bismuth ion levels in P. aeruginosa

P. aeruginosa 541 was cultured overnight, and the bacterial cells were harvested by centrifugation. The pellet was washed, resus-
pended in physiological saline, and equally divided into two experimental groups. These groups were treated with 128 pg/mL bismuth
citrate alone or with 16 pg/mL compound 7 in combination with 128 pg/mL bismuth citrate, respectively. Samples were collected at
designated time points (0.5 h, 1 h, 2 h, and 6 h) and centrifuged at 10,000 rpm for 5 min at 4°C.

The microwave digestion procedure was as follows. A 1.0-mL aliquot of the centrifuged bacterial broth was accurately measured
and transferred into a microwave digestion vessel, followed by the addition of 6 mL of nitric acid and 3 mL of hydrochloric acid, and
the mixture was gently swirled to ensure thorough contact between the sample and the acids. After the reaction stabilized, the vessel
was sealed tightly. The loaded digestion vessel was then placed into the microwave digestion system, and digestion was performed
with the following program (1) increase to 120°C and holding for 6 min; and (2) a further increase to 180°C and hold for 20 min.
The program was initiated to carry out the digestion. Upon completion, the vessel was allowed to cool to room temperature and
then carefully vented. It was subsequently placed on an acid evaporation apparatus set at 160°C, in which the solution was heated
until nearly dry. After cooling slightly, the inner walls of the vessel were repeatedly rinsed with a small amount of a 1% nitric acid so-
lution, and the dissolved contents were completely transferred into a 10-mL volumetric flask. Finally, the solution was diluted to the
mark with 1% nitric acid, thoroughly mixed, and made ready for analysis. Quantification of bismuth in the samples was performed by
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ICP-MS. A standard curve was constructed by using bismuth citrate, and the bismuth concentrations in the samples were calculated
based on the corresponding signal responses.

Percentage (%) = (Cpismuth citrate ~Ccombination)/Coismuth citrate X 100%, where Chpismuth citrate iS the extracellular bismuth ion concen-
tration following bismuth citrate monotherapy, and Ccompination IS the extracellular bismuth ion following treatment with the combina-
tion of compound 7 and bismuth citrate.

The data at identical time points are shown.

Resistance assay

An in vitro evaluation of the potential for P. aeruginosa 859 and P. aeruginosa 7034 cells to develop resistance to the combination of
bismuth citrate and compound 7 was performed as follows. On day 1, overnight cultures grown from single colonies of P. aeruginosa
859 and P. aeruginosa 7034 in LB at 37°C with shaking at 180 rpom were subjected to microbroth dilution-based susceptibility testing
performed using a standard doubling dilution as described for MIC determination. Cultures from the highest concentration that
supported growth were diluted 1:10000 in LB medium and used to provide the inoculum for the next passage day. This process
was performed for a total duration of 20 days. Aztreonam was used as a positive control.

Density functional theory (DFT) calculations

The B3LYP method was adopted in conjunction with the DND4.4 basis set, and the computations were carried out via the Dmol3
program package within Materials Studio software. To guarantee the accuracy and reliability of the results, computational parame-
ters, including convergence criteria and simulation steps, were meticulously optimized. We successfully obtained stable configura-
tions of compound 7 bound to Bi** and Fe®*. Further calculations were conducted to determine the Eb, TDOS, and partial density of
states (PDOS). Additionally, CDD analysis was performed with the Dmol3 program package to confirm the electronic redistribution
upon ion binding.

Membrane depolarization assay

The impact of the compounds on membrane depolarization was assessed using the fluorescent dye DiSC3(5) (Sigma-Aldrich, USA).
An overnight culture of P. aeruginosa 541 was prepared, washed, and resuspended in deionized water (pH 7.0). The cell suspension
was adjusted to an ODgqg of 0.37. For staining, the bacterial suspension (1 mL) was mixed with 2 pL of 1 mg/mL DiSCj3(5) at 37°C for
15 min in the dark. Fifty microliters of the stained suspension were transferred to a black 96-well plate. The initial fluorescence was
measured at 9 s intervals for 15 min using a Spectra MAX iD3 microplate reader (excitation/emission = 620/670 nm).®' Subsequently,
30 pL of compound at 8x MIC was added to the wells, and fluorescence readings were continued for an additional 15 min. Melittin
and DMSO served as controls. All the assays were conducted in triplicate for consistency and reliability.

Membrane integrity assay

PI (Sigma-Aldrich, USA), a dye known to stain nuclear chromatin following cell membrane disruption, was used to evaluate the ability
of the tested compounds to compromise cytoplasmic membrane integrity. P. aeruginosa 541 cells were washed and resuspended in
deionized water (pH 7.0), and the ODgqp Was adjusted to 1.0. A bacterial suspension (30 pL) was mixed with 20 uM PI at 37°C for
10 min in the dark.°® Fluorescence readings were taken at excitation/emission wavelengths of 535/615 nm using a Spectra
MAX iD3 microplate reader, with measurements recorded at 9 s intervals. After a 15 min period, each test compound (30 pL), adjusted
to a final concentration of 8x MIC, was added to the wells, and the fluorescence was monitored immediately for 15 min. Melittin and
DMSO were used as controls. All the experiments were performed in triplicate to ensure reliability.

DNA damage assay

P. aeruginosa 541 in the exponential growth phase was mixed with fresh LB medium at a ratio of 1:1, and solutions of each tested
compound were added at a final concentration of 8x MIC. The mixture was cultured at 37°C and 120 rpm for 12 h, 16 h, or 20 h. At
each time point, the bacterial culture was centrifuged, and the cells were resuspended in sterile water. DAPI at a final concentration of
20 pg/mL was added to the resuspension and mixed in a black 96-well plate in the dark. The fluorescence values were then imme-
diately measured at excitation/emission wavelengths of 364/454 nm using a Spectra MAX iD3 microplate reader. The bacterial cells
for each test compound were cultured for 12 h and then retrieved. After DAPI staining, the slides were prepared and observed under
an ECLIPSE Ts2-FL microscope (Nikon, Japan). DMSO served as the negative control, and all the experiments were conducted with
three independent replicates.

SEM assay

P. aeruginosa 541 in the exponential growth stage was treated with the drug combination (8 x MIC) at 37°C for 0 h, 2 h, and 4 h. At
each time point, 2 mL of the culture was collected, centrifuged, and fixed with 2.5% glutaraldehyde solution for 2 h. The samples were
then washed and resuspended in deionized water. Sequential dehydration was performed using 30-90% ethanol for 10 min each,
followed by three rounds of dehydration with absolute ethanol for 30 min. The samples were air-dried, attached to conductive
tape, coated with gold, and analyzed by SEM (GeminiSEM 500, Carl Zeiss).
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TEM assay

P. aeruginosa 541 in the exponential growth stage was treated with the drug combination (8 x MIC) at 37°C for 0 h, 2 h, and 4 h. Ateach
time point, 2 mL of the culture was collected, centrifuged, and fixed overnight in glutaraldehyde solution, fixed in 1% osmium acid
solution for 2 h, rinsed in phosphate buffer for 15 min, and dehydrated with an ethanol gradient for 30 min, followed by pure ethanol,
ethanol:acetone (1:1) and pure acetone twice. The treated samples were embedded and polymerized, and ultrathin sections were
prepared. The sections were stained with lead citrate solution and a solution of uranyl acetate saturated in 50% ethanol, followed
by rinsing with distilled water, and observed using TEM (HT7700 EXALENS, Hitachi).

ROS detection

P. aeruginosa 541 in the exponential growth phase was adjusted to ODggg = 0.5, each test compound solution was added at 8 x MIC,
the mixture was cultured at 37°C for 2 h,°? and 1 mL of the bacterial culture was sampled from each group and then centrifuged at
3000 rpm and 4°C for 10 min to collect the precipitate. The ROS content in each group was determined via the Bacterial Oxidative
Stress Reactive Oxygen Fluorescence Assay Kit (JIWEI, China).

Comet assay

An overnight culture of P. aeruginosa 541 was combined with fresh LB medium at a 1:1 ratio, followed by the addition of compounds
to achieve a final concentration of 8x MIC. The cultures were incubated at 37°C and 120 rpm for 12 h). The bacterial suspensions
were collected for subsequent analysis. DNA damage was assessed by using a bacterial DNA damage comet assay kit
(GENMED, USA), and the results were visualized with an ECLIPSE Ts2-FL system (Nikon, Japan) and analyzed by DNA damage
was assessed using the Bacterial DNA Damage Comet Assay Kit (GENMED, USA), and the results were visualized with an
ECLIPSE Ts2-FL system (Nikon, Japan) and analyzed with the Comet Assay Software Project (CASP).

ATP detection

P. aeruginosa 541 in the exponential growth phase was adjusted to an ODggg of 0.5. Test compound solutions were added at a final
concentration of 8x MIC, and the mixtures were incubated for 2 h at 37°C.® Then, 3 mL of bacterial culture was collected from
each group and centrifuged (8000 rpm, 4°C, 5 min) to obtain the precipitate. The pellet was subsequently resuspended in sterile water
(1:1 dilution) and disrupted via ultrasonication. The samples were then boiled at 100°C for 5 min, followed by centrifugation at 8000x g
and 4°C for 15 min, and the supernatant was collected for further analysis. The ATP levels in the supernatant were measured using a
Micro ATP Content Detection Kit (Abbkine, China), and the protein concentration was measured via a BCA Kit (Beyotime, China).

Antibiofilm activity of P. aeruginosa in vitro

One milliliter of P. aeruginosa 541 (1 x 10~7 CFU) was added to a 0.15 mm confocal dish.®* A final concentration of 4x MIC of 7+bis-
muth citrate was introduced, with equal doses of single agents and solvent serving as negative controls. The culture was incubated
for 24 h at 37°C. The samples were then washed slowly with deionized water. The biofilm was then stained with two fluorescent dyes,
namely, DAPI and PI. Confocal laser scanning microscopy (Leica STELLARIS 5, Germany) was employed for fluorescence imaging to
evaluate the effects of the compounds on biofilm formation.

Proteomic analysis

P. aeruginosa 541 in the exponential growth phase was combined with fresh LB medium at a 1:1 ratio. Solutions containing a mixture
of bismuth citrate and compound 7 were added at final concentrations of 8 x MIC (128 pg/mL bismuth citrate +8 pg/mL 7) or 16 x MIC
(256 pg/mL bismuth citrate +16 pg/mL 7). Compound 7 (8 pg/mL) was also added alone, and a blank control group without any drug
treatment was established. The cultures were incubated at 37°C and 120 rpm for 12 h. Following incubation, bacterial precipitates
were collected via centrifugation and prepared for proteomic analysis. Each condition was analyzed in biological triplicate. Total
protein was extracted from bacterial samples stored at —80°C.%° The concentration and quality of the extracted proteins were eval-
uated using the Bradford protein quantification kit and 12% SDS-PAGE gel electrophoresis. Proteins meeting the required standards
were subjected to enzymatic hydrolysis with trypsin.®® Salt was removed using a C18 column, and the collected solution was filtered
and freeze-dried for future use. The samples were analyzed with the Vanquish Neo UPLC-Astral LC/MS DIA method, and the data
were processed as follows. Functional annotation was achieved through Gene Ontology (GO) and InterPro-based (IPR) analyses,
which were performed using InterProScan against a nonredundant protein database, which includes PANTHER, Pfam, ProSite,
PRINTS, SMART, and ProDom.®” Additionally, the Clusters of Orthologous Groups (COG) and KEGG databases were used to explore
protein families and pathways. Differentially expressed proteins (DEPs) were analyzed via volcano plot generation, cluster heatmaps,
and GO, IPR, and KEGG enrichment analyses.®®

Potassium ion assay

P. aeruginosa 541 cultured overnight was adjusted to an ODggg of 0.5 and mixed with fresh LB medium at a 1:1 ratio, followed by the
addition of compounds to achieve a final concentration of 8 x MIC. A liquid culture of the bacterial group without compound was used
as blank control. The cultures were incubated at 37°C with shaking at 120 rpm for 12 h. Bacterial suspensions were collected

e7 Cell Reports Medicine 7, 102637, March 17, 2026



Cell Reports Medicine ¢ CellPress

OPEN ACCESS

for subsequent analysis. The K* concentration was quantified using the bacterial potassium ion concentration chemical colorimetric
quantitative detection kit (GENMED, USA) following the manufacturer’s protocol.

Fluorescence-based evaluation of compound-DNA interaction

Genomic DNA (gDNA) was extracted from P. aeruginosa 541 with the TIANamp bacteria DNA kit (TITANGEN, China) and dissolved in
10 mM Tris-HCI buffer (pH 7.2). gDNA (40 pg/mL) was preincubated with 2 pg/mL DAPI for 2 min to form a complex. Aliquots of 100 pL
of the complex were transferred to a black 96-well plate. The 7-bismuth citrate complex was then added to achieve different concen-
trations (0-32x MIC), with the total volume in each well brought to 200 pL with Tris-HCI buffer. Compound 7 and bismuth citrate were
also used alone as controls. The plate was incubated in the dark at room temperature for 15 min before fluorescence measurement.
The emission spectrum (360-650 nm) was recorded following excitation at 320 nm. The net fluorescence intensity of each sample of
each sample was determined by subtracting the measured signal of the sample from that of the corresponding drug-only control.

SPR study

Samples were diluted to the printing concentration and used as the printing working solution. The working solution was then printed
onto a 3D photocrosslinked chip by using a Biodot AD1520 printer (Biodot, USA). The chip was then vacuum-dried and subjected to
photocrosslinking. The chip was then sequentially washed with DMF, CoHsOH, and H,O for 15 min each, blown dry with nitrogen, and
assembled with a flow cell cover. PBST (0.1% Tween 20) was added to the stock solutions of the compound samples, which were
subsequently diluted to five concentrations ranging from 10 nM to 2560 nM. All samples were tested with PBST serving as the flow
medium throughout the experiment. An SPR assay was conducted on a bScreen LB 991 label-free microarray system (Berthold, Ger-
many) following the manufacturer’s protocol.

In vivo antibacterial activity assessment in lung infection model

Six-week-old female SPF ICR mice (20-22 g) were allowed to acclimatize over a 12 h light/dark cycle for 6 days. Cyclophosphamide
at 150 mg/kg and 100 mg/kg was administered via intraperitoneal injection for 4 days and 1 day, respectively, to generate neutro-
penic mice. P. aeruginosa 541 was cultured with shaking overnight at 37°C and 220 rpm. Each mouse was infected with ~10”
P. aeruginosa 541 cells via the nasal cavity. Two hours after infection, the mice were treated with ciprofloxacin (5 mg/kg), bismuth
citrate (5 mg/kg), bismuth citrate (5 mg/kg), compound 7 (5 mg/kg), a combination of bismuth citrate (5 mg/kg) and compound 7
(2 mg/kg), a combination of bismuth citrate (5 mg/kg) and compound 7 (5 mg/kg), a combination of bismuth citrate (8 mg/kg) and
compound 7 (8 mg/kg), a combination of bismuth citrate (32 mg/kg) and compound 7 (32 mg/kg) via intraperitoneal injection. The
control mice were injected with saline solution. A second dose was given after 12 h. At 24 h post-treatment, the mice were eutha-
nized. Lung, heart, liver, spleen, and kidney tissue samples and blood samples were collected. Lung homogenates were plated
on LB medium as serial dilutions. The bacterial concentration was recorded as CFU/g, and the serum biochemical indicators
were evaluated by automated biochemical analysis. H&E staining was performed on the heart, liver, spleen, and kidneys.

The pretreatment of the mice is described above. Each mouse was infected with ~107 P. aeruginosa 535 cells via the nasal cavity.
Two hours after infection, the mice were treated with ciprofloxacin (16 mg/kg), bismuth citrate (8 mg/kg), compound 7 (8 mg/kg) or a
combination of bismuth citrate (8 mg/kg) or compound 7 (8 mg/kg) via intraperitoneal injection. The control mice were injected with
saline solution. A second dose was given after 12 h. At 24 h post-treatment, the mice were euthanized. The lungs were collected.
Lung homogenates were plated on LB medium as serial dilutions. The bacterial concentration was recorded as CFU/g.

In vivo antibacterial activity assessment in a biofilm-associated wound colonization

PDMS sheets (0.1 x 0.5 cm?) were fabricated following the recommended protocol for the Sylgard 184 Silicone Elastomer Kit (Dow
Corning, USA). Subsequently, biofiims were allowed to form on the PDMS sheets. Female BALB/c mice (4-6 weeks) weighing 18-
20 g were anesthetized via intraperitoneal injection of 1.25% bromethol at a dosage of 12 mL/kg 15 min prior to surgery. The dorsal
area of each mouse was then depilated using depilatory paste and disinfected by wiping with 75% ethanol. An ~0.5 cm incision was
made on the back, and PDMS sheets precoated with P. aeruginosa 7034 biofilms were implanted subcutaneously at the incision site.
The surgical wound was then closed with sutures. Twenty-four hours post-implantation, the mice were administered daily in situ in-
jections of ciprofloxacin (16 mg/kg), tobramycin (16 mg/kg), bismuth citrate (8 mg/kg), compound 7 (8 mg/kg), or a combination of
bismuth citrate (8 mg/kg) and compound 7 (8 mg/kg). The mice in the control group received saline injections instead. The appear-
ance of the surgical wounds was documented daily through photography. At 96 h post-implantation, the mice were humanely sacri-
ficed. All the PMDS sheets were transferred to 0.5 mL of sterile PBS. Following 15 min of vortex mixing to disperse the bacteria, the
bacterial suspension was serially diluted to an appropriate concentration and plated onto LB agar plates. After incubation at 37°C for
16 h, the colonies of P. aeruginosa 7034 were counted. The skin and muscle tissues of the mice were fixed in 4% paraformaldehyde
solution, and tissue pathology was evaluated via H&E staining.

Mouse survival rate

A mouse model of neutropenic lung infection (10 female mice per group) was established via the specific steps described above.
P. aeruginosa was cultured overnight at 37°C and 220 rpm. Each mouse was infected with ~107 P. aeruginosa cells via the nasal
cavity. Two hours after infection, the mice were treated with ciprofloxacin (5 mg/kg), bismuth citrate (5 mg/kg), compound
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7 (5 mg/kg), or a combination of bismuth citrate (5 mg/kg) or compound 7 (5 mg/kg) via intraperitoneal injection. The control mice were
injected with saline solution. A second dose was given after 12 h. Mouse survival was monitored until the end of the experiment.

In vivo safety evaluation
All the mouse studies were conducted with SPF ICR mice (20-22 g). The mice were housed with a 12 h light/dark cycle for 6 days at
22°C-25°C. The mice were randomly divided into four groups, including a control group (10 mice/group, equal numbers of males and
females). The mice in the treatment groups were treated with compound 7 at 2, 8 or 16 mg/kg, while the control group received 5%
DMSO0/95% saline. Compound 7 was administered via intraperitoneal injection for 28 consecutive days. During this period, the mice
were monitored for toxicity and clinical toxicology symptoms daily, and their body weights were recorded. The mice were euthanized
after the 28-day treatment period. Blood samples were collected and analyzed for hematological parameters using an automated
hematology analyzer, whereas serum biochemical indicators (ALT, AST, BUN, CR) were measured using an automated biochemical
analyzer. Cecal contents were collected, and 16S rRNA high-throughput sequencing technology was used to analyze the composi-
tion and diversity of the gut microbiota. The injection sites were dissected, and tissue damage was recorded. The heart, liver, spleen,
lungs, and kidneys were collected. H&E staining was performed on the collected organs.

The relative organ weight was determined via the following formula:

Relative organ weight (mg/g) = Organ weight/Body weight.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical data were analyzed using GraphPad Prism or SPSS software. Detailed statistical information for each experiment is
provided in the figure legends. Mean = standard error of the mean (error bars) is shown. A p value of less than 0.05 was considered

statistically significant. p values are indicated as follows: no significance (ns) p > 0.05, *p < 0.05, **p < 0.01, **p < 0.001 and
****p < 0.0001.
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