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activity (ICso = 0.29 4 0.01 pmol/L). In clinically isolated MDR Pseudomonas aeruginosa, STY 17
significantly inhibited biofilm formation, potently synergized with tobramycin and ciprofloxacin, and sup-
pressed the resistance development of these antibiotics. Furthermore, mechanistic studies indicated that

STY 17 inhibited succinate dehydrogenase to disrupt biofilm formation. In vivo, STY17 significantly
enhanced the antibacterial activity of tobramycin and ciprofloxacin in Galleria mellonella and the mouse
wound infection model with favorable safety profiles. These findings validated the utility of machine
learning to discover novel antibacterial adjuvants, revealing STY17 as a promising candidate for antibac-
terial adjuvants against MDR Pseudomonas aeruginosa infections.

© 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The increasing prevalence of multidrug-resistant (MDR) patho-
gens is a major global health threat in the 21st century, making
bacterial infections extremely challenging and costly to treat'.
Antimicrobial resistance caused about 4.95 million deaths in 2019,
and the number of deaths is estimated to surge to 10 million per
year by 2050°*. Even though a great deal of effort has been
invested in developing novel antibiotics, few of them have been
approved for the treatment of bacterial infections in recent de-
cades™”, further exacerbating the need for novel therapies against
MDR infections.

Pseudomonas aeruginosa is a threatening opportunistic path-
ogen, particularly known for causing recalcitrant infections in
wounds and lungs that contribute to high morbidity and mortal-
ity®®. Ciprofloxacin and tobramycin are commonly used in clin-
ical settings for their cost-effectiveness and potent antimicrobial
activity to address wound and lung infections of P. aerugi-
nosa'®"!, however, their resistance increased from 19% to 56% in
ten years'%. The ability of the P. aeruginosa to colonize and form
biofilms at these sites is thought to be an important factor that
leads to a significant reduction in the efficacy and persistent
resistance of these two antibiotics'*'*. As complex bacterial
communities embedded in extracellular matrix, biofilms constitute
a strong physical and biochemical barrier that significantly limits
the penetration and diffusion of clinically used antibiotics,
including ciprofloxacin and tobramycin'>"'7, reducing their sus-
ceptibility by up to 1000-fold'®. Therefore, the development of
antibacterial adjuvants targeting biofilms is an effective way to
restore the killing efficacy of ciprofloxacin and tobramycin against
biofilm-associated MDR P. aeruginosa infections.

Three antibacterial adjuvants that enhance the efficacy of
ciprofloxacin and tobramycin are currently in clinical trials, which
facilitate the uptake of these antibiotics by impairing biofilm
formation in P. aeruginosa'®?*. Despite this progress, no anti-
biofilm agents are available on the market, representing a signif-
icant unmet medical lack for biofilm inhibitors as antibacterial
adjuvants. Taking into consideration that the structural diversity of
these antibacterial adjuvants in clinical trials is limited (antimi-
crobial peptides or polymers), and the inherent challenges of
conventional drug screening methods in identifying new chemo-
types with unique mechanisms, necessitating a need for innovative
approaches. Machine learning (ML)-driven de novo molecular
design has emerged as a transformative strategy for developing
small-molecule antimicrobial adjuvants with novel structures and
mechanisms®®. By leveraging deep generative models (DGMs)
with reward-driven optimization, this approach iteratively designs

compounds exhibiting tailored properties, including high target
affinity, optimal ADMET profiles, and low synthetic complexity>°.
Furthermore, the integration of generative Al with active learning
(AL) leads to generative active learning (GAL). By learning
complex structure-activity relationships and latent chemical fea-
tures from known datasets, GAL can propose novel, synthetically
accessible molecular structures with optimized properties in sil-
ico*”?°. This capability to efficiently capture potential structural
motifs and generate focused libraries significantly accelerates the
identification of promising adjuvant candidates against MDR
pathogens.

Previous studies in our laboratory have validated the potential
of biofilm inhibitors to enhance the antimicrobial activity of an-
tibiotics®*3¢. Based on this, this study created an in-house com-
pound repository of 725 biofilm inhibitors and a library of
potential antibiofilm targets, leading to the establishment of a
GAL workflow to discover antibacterial adjuvants with new
structures and mechanisms. Through this approach and further
optimization, compound STY 17 was identified as a potent biofilm
inhibitor, exhibiting sub-micromolar activity (ICso = 0.29 £ 0.01
pmol/L). In clinical MDR P. aeruginosa isolates, STY17 signifi-
cantly inhibited biofilm formation, exhibited potent synergy with
tobramycin and ciprofloxacin, and suppressed resistance devel-
opment to both antibiotics. Critically, in Galleria mellonella and
murine wound infection models of P aeruginosa, STY17
demonstrated a significant synergistic effect with tobramycin and
ciprofloxacin, increasing the survival rate to 100% and resulting in
0.92-1.46-log;y CFU/mL reduction of bacterial burden. More-
over, mechanistic studies revealed that STY17 potently inhibited
succinate dehydrogenase (SDH) to suppress the tricarboxylic acid
(TCA) cycle, electron transport chain, and biofilm formation.
Collectively, this study highlighted the utility of machine learning
in discovering novel antibacterial adjuvants and revealed the
promising potential of derivative STY17 as an antibacterial
adjuvant against multidrug-resistant P. aeruginosa infections.

2. Results and discussion

2.1.  Establishment of generative active learning models of
structure innovation

We employed a generative model (Fig. 1) to create novel mole-
cules in real-time, effectively representing a vast dynamic subset
of chemical space, thereby replacing the reliance on static large
databases or vendor catalogs. Reinforcement learning (RL) via the
REINVENT?” framework was utilized to generate new molecules
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Figure 1

constrained by a user-defined scoring function. The RL algorithm
drives a chemically knowledgeable prior model towards a
specialized target chemical space. The scoring function is a
weighted arithmetic or geometric mean of several scoring com-
ponents, with the primary scoring component (weight = 0.6)
being a QSAR-like surrogate model based on our previous work.
This surrogate model, implemented with ChemProp’®, utilizes
directed message-passing neural networks (D-MPNNs) to predict
molecular properties directly from molecular graph structures
(atoms as nodes, bonds as edges). It was trained on our published
dataset of 725 unique compounds exhibiting biofilm inhibitory
activity?03%34-36:3940 A these compounds potentially target
various points, yet all manifest the common phenotypic outcome
of biofilm inhibition, biofilm inhibitory activity was selected as
the target property for modeling, facilitating data normalization.
Molecular graphs were reconstructed from SMILES strings using
RDKit*'. The ChemProp model was trained for a maximum of 30
epochs®®, with the initial dataset split into training (80%), testing
(10%), and validation (10%) sets. The surrogate model exhibited
robust performance, achieving an R* of 0.91, MAE of 0.21, RMSE
of 0.27; the cross-validated Q* was 0.82. Additional scoring
components included QED (quantitative estimate of drug-
likeness), Tanimoto similarity to known actives, and structural
alerts, serving as filters. A Tanimoto coefficient threshold of 0.5
was set for the screening of generated compounds to maintain
structural novelty. The batch size per generative active learning
(GAL) iteration step was set to 50.

2.2.  Identification of the key scaffold and target for potential
biofilm inhibitors

Next, we applied the GAL models to identify the key scaffold of
potential biofilm inhibitors. After five GAL iteration cycles,
cluster analysis and synthetic accessibility assessment identified a
novel scaffold comprised of the catechol and benzothiazole via an
amide linker. It demonstrated 57% predicted biofilm inhibition
with high synthetic accessibility, highlighting its potential as a
promising chemical series. Compared to random screening in
chemical space, the surrogate model-guided generative design

Overall workflow of generative active learning guided molecule design, target identification, and molecular optimization.

significantly enhanced efficiency. Moreover, when allocated
equivalent computational resources, the GAL method demon-
strated an approximately five-fold increase in efficiency over
traditional virtual screening in generating novel structures.
Furthermore, the GAL model is characterized by integrating
biofilm-inhibitory scaffold discovery with direct target prediction.
For catechol-conjugated benzothiazole compounds, target hy-
potheses were generated via reverse docking against our in-house
database of known or potential biofilm targets. Docking results
(Supporting Information Fig. SIA-S1C) indicated affinity to-
wards several targets (including RhIR and lasR, etc.), with the
strongest predicted affinity for succinate dehydrogenase (SDH,
PDB code: INEK). This finding aligns with reports of significant
sdhCAB upregulation in biofilms and the severe biofilm deficiency
observed in sdhCAB mutants*. Further supporting evidence
comes from promysalin and its derivatives, which are discovery-
stage compounds that inhibit P. aeruginosa biofilms and
enhance antibiotic activity by targeting SDH**. Collectively, these
results suggested that catechol-conjugated benzothiazole com-
pounds potentially inhibit biofilm by impairing SDH.

2.3. Structural analysis and optimization

As the P. aeruginosa SDH has not yet been crystallized, we
leveraged the homologous enzyme from Escherichia coli (PDB:
INEK) for initial docking®*. Next, we generated a high-confidence
P. aeruginosa SDH complex model (subunits A-D, sequences
from UniProt*’) using ColabFold multimer for further investiga-
tion*®. This model exhibited high pLDDT scores with protein
cofactors modeled from the E. coli structure (Supporting Infor-
mation Fig. S2A-S2C). The results indicated that key interactions
involved the catechol moiety forming hydrogen bonds and the
benzoheterocycle engaging in m—m stacking with critical residues
TYRS83 and TRP161, respectively, highlighting their potential as
novel antibiofilm pharmacophores. MD simulations confirmed
binding stability but revealed a critical limitation in GAL-
generated compounds: the key interactions of the two terminal
fragments exhibited some degree of mutual exclusivity. The
catechol and heterocycle interacted with key residues for 32% and
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37% of the simulation time, yet simultaneous binding occurred
only 7.2%. This is likely attributable to the molecular size, pri-
marily the linker length, forcing bent conformations that are only
marginally sufficient for optimal simultaneous engagement.

Based on this hypothesis, we designed structural modifications
focusing on: (1) introducing different substitutions to benzothia-
zole, yielding Series I. (2) Replacing the amide linker with an
aminoacetamide linker to enhance spatial compatibility between
pharmacophores and substituting benzothiazole with benzoxazole
to modulate w-m stacking strength, generating Series II. (3)
Systematic structure-activity relationship studies were conducted
through the removal of catechol (Series III) and benzothiazole
(Series IV) pharmacophores (Fig. 1).

2.4.  Chemistry

The synthetic route to compounds STY1-STY11 (except STY2
and STY8) is shown in Scheme 1. 3,4-Dimethoxyphenylacetic
acid (1) and 2-aminobenzothiazole containing different sub-
stituents were used as reactants to obtain intermediates 3a—-3k by
2-(7-azabenzotriazole)-N,N,N',N'-tetramethyluronium hexa-
fluorophosphate (HATU)-catalyzed amide condensation reaction.
Subsequently, the compounds 3a-3k were dissolved in
dichloromethane (DCM), and BBr; was slowly added dropwise in
an ice bath. Upon reaction completion, ice water was added to
quench the reaction, and the resulting solids were filtered to obtain
the target compounds STY1, STY3-STY7, and STY9-STY11.
The synthetic route to compounds STY?2 and STY8 is shown in
Scheme 2. 3,4-Dimethoxyphenylacetic acid (1) was dissolved in
DCM, and BBr; was slowly added dropwise under argon protec-
tion as well as ice bath conditions. Upon reaction completion, ice
water was added to quench the reaction, and the intermediate 4
was obtained by extraction with DCM. Subsequently, 4-methoxy-
2-aminobenzothiazole (2b) or 6-methoxy-2-aminobenzothiazole
(2h) and 4 were used as reactants to obtain the solid compounds
STY2, STY8 by HATU-catalyzed amide condensation reaction.
The synthetic route to compounds STY12-STY27 is shown in
Scheme 3. (3,4-Dimethoxyphenyl) methanamine (6), N-Boc-
glycine (5), and N,N-diisopropylethylamine (DIPEA) were used as
reactants in DCM to obtain intermediate 7 by HATU-catalyzed
amide condensation reaction. Subsequently, the removal of the
Boc protecting group from 7 with trifluoroacetic acid (TFA) in
DCM yielded compound 8. Intermediate 8 was then subjected to a
nucleophilic substitution reaction with diversely substituted
compounds 9a-9p under potassium iodide (KI) -catalysis,
affording intermediates 10a—-10p. Finally, BBr;-mediated depro-
tection of 10a—10p obtained target compounds STY12-STY27.
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STY1, STY3-STY7, STY9-STY11

2d, 3d, STY4: R=5"-Br

Scheme 1

2a,3a, STY1: R=4"-CH,

2¢, 3¢, STY3: R=5"-Cl

The synthetic route to compounds STY28-STY33 is shown in
Scheme 4. Intermediates 12a-12f were synthesized by
condensing N-Boc-glycine (5) with diversely substituted amines.
Subsequently, Boc deprotection of 12a—12f using trifluoroacetic
acid (TFA) afforded compounds 13a-13f. Intermediates 13a-13f
then underwent Kl-catalyzed nucleophilic substitution with 2-
chloro-6-nitrobenzothiazole (14) in the presence of DIPEA,
yielding target compounds STY28-STY33.

The synthetic route to compounds STY34-STY41 is shown in
Scheme 5. Intermediate 16 was synthesized by treating 3,4-
dimethoxybenzylamine (6) with succinic anhydride in DCM,
using triethylamine as a base. The reaction was stirred at room
temperature for 1 h, affording 16 as a white solid. Intermediate 16
was then dissolved in DCM containing diversely substituted
amines, HATU, and triethylamine, stirring at room temperature for
6 h to obtain the intermediates 18a—18h. Finally, BBr;-mediated
deprotection of 18a-18h obtained target compounds
STY34-STY41.

2.5.  Structure—activity relationship studies of the compounds

The MICs of all compounds were initially tested, and the results
suggested that all of them have no effect on killing bacteria with
MIC >256 pmol/L. Subsequently, biofilm inhibitory activities of
all the compounds were evaluated using crystal violet staining.
The results were shown in Tables 1-3.

Building upon the GAL-generated scaffold, our initial design
strategy involved hybridizing the benzothiazole and catechol
pharmacophores via an amide linker, incorporating substituents
at the 4- and 5-positions of the benzothiazole. The obtained
compounds STY1-STY4 exhibited measurable biofilm inhibi-
tory activity (ICso = 6.46—10.04 pmol/L), prompting further
structure—activity relationships (SAR) exploration at the 6-
position. Introduction of diverse electron-withdrawing and
electron-donating substituents (STYS5-STY9) yielded ICsg
values ranging from 2.83 to 12.07 pumol/L. It was only com-
pound STYS5 substituted with fluorine atoms that showed effi-
cient antibiofilm activity (ICsq = 2.83 £+ 1.48 upmol/L),
suggesting that the strong electron-withdrawing ability of
compounds may be favorable for inhibiting biofilm. To probe
this hypothesis, we next introduced stronger electron-
withdrawing nitro (STY10) and trifluoromethyl groups
(STY11) to the 6-position of the benzothiazole, which provided
the compound STY10 with enhanced potency (ICsqg = 1.18 £
0.68 pumol/L).

Further structural optimizations were performed by replacing
amide with aminoacetamide as a linker to enhance the biofilm
inhibitory activity. Given that the strong electron-withdrawing

R
0 N a -0 O N b
08, « = O Y -
™ OH S ~o N7 S

2e, 3¢, STYS: R=6'-F 2i, 3i, STY9: R = 6'-OCH,CH,

2f, 3f, STY6: R=6'-Cl 2j, 3j, STY10: R=6'-NO,

2g,3g, STY7: R=6-Br 2k, 3k, STY1l: R=6-CF;

Reaction conditions and reaction reagents: (a) HATU, DIPEA, DCM, rt, 12 h; (b) BBr;, DCM, 0 °C, 30 min.
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Reaction conditions and reaction reagents: (a) BBrz, DCM, 0 °C, 30 min; (b) HATU, DIPEA, DMF, rt, 12 h.
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9b, 10b, STY13: R=6-F, X =S
9¢, 10c, STY 14: R=6-OCF;, X =S 9g, 10g, STY18: R =5'-F, X =S
9d, 10d, STY15: R = 6'-Br, X =S

Scheme 3
EtOH, reflux, 12 h; (d) BBr;, DCM, 0 °C, 30 min.

substituent at the 6-position of benzothiazole had a major effect on
biofilm inhibition, we first introduced different electron-
withdrawing substituent groups to the 6-position of benzothia-
zole. Compared to compound STY12 (IC5q = 4.93 £ 0.21 pmol/
L) without any substituent, the introduction of the fluorine atom
(STY13, ICsp = 16.23 £ 1.64 pmol/L) and trifluoromethoxy
(STY 14, IC59 = 17.56 £ 4.34 umol/L) to benzothiazole resulted
in an approximately four-fold decrease in antibiofilm activity. In
contrast, the introduction of bromine atom (STY15, IC5q = 2.59
4+ 0.91 pmol/L), trifluoromethyl (STY16, ICsy = 1.58 + 0.52
pmol/L), nitro (STY17, IC5g = 0.29 £+ 0.01 pmol/L) and other
electron-withdrawing substituents increased the biofilm inhibitory
activity of the compounds by 2-17-fold. Notably, compound
STY 17 featuring the strongest electron-withdrawing ability, nitro,
showed the optimal biofilm inhibitory activity, which could
significantly inhibit the biofilm of P. aeruginosa at sub-

Boc- OH a N Boc
HW . RONH, ot R \ﬂ/\H

0 o)
5 11a-11f

H N/QNOZ
c |
- N A
- S
e

STY28-STY33

12a-12f

Scheme 4
EtOH, reflux, 12 h.

9e, 10e, STY16: R=6'-CF3, X =S
9f, 10f, STY17: R=6'-NO,, X =S

9i, 10i, STY20: R = 5'-Br, X =8
9j, 10j, STY21: R = 5-NO,, X =S
9k, 10k, STY22: R=5"-NO,, X=0 90, 100, STY26: R = 6-F, X =0

9h, 10h, STY19: R=5-Cl, X=S 91, 101, STY23: R = 5'-Cl, X =O

STY12-STY27

9m, 10m, STY24: R=6"-H, X =0
9n, 10n, STY25: R=5"-Br, X =0

9p, 10p, STY27: R = 6'-Cl, X =O

Reaction conditions and reaction reagents: (a) HATU, DIPEA, DCM, rt, 12 h; (b) CF;COOH: DCM = 1:9, 3 h; (c) DIPEA, KI,

micromolar concentration (ICso = 0.29 £+ 0.01 pumol/L). This
further validated the importance of strong electron-withdrawing
substituents for enhancing the biofilm inhibitory activity of com-
pounds. Subsequently, we transferred the substituent position of
benzothiazole from the 6-position to the 5-position, and the ob-
tained derivatives STY18-STY21 all exhibited reduced biofilm
inhibitory activity (ICsq = 1.73-3.00 pmol/L) compared to
compound STY17, suggesting that the 6-position of benzothiazole
is the optimal substitution site and nitro is the optimal electron-
withdrawing substituent. Moreover, we replaced benzothiazole
with benzoxazole to improve the biofilm inhibitory activity.
However, the obtained compounds STY22-STY27 (ICsy =
5.07-23.46 pmol/L) inhibited the biofilm formation with 17-81-
fold reduced activity compared to the compound STY17, sug-
gesting that benzothiazole is more favorable for the enhancement
of the activity.

H N

b N

2 N, - oL
\g/\ ’ S NO

13a-13f 14

2

o @(\z
11a, 12a, 13a, STY28: R = \OQ\} 11d, 12d, 13d, STY31: R = .
11b, 12b, 13b, STY29: R = O\z 11e, 12¢, 13¢, STY32: R = W
(0)
11c, 12¢, 13¢, STY30: R = ©\>§ 11f, 12f, 13f, STY33: R = W

Reaction conditions and reaction reagents: (a) HATU, DIPEA, DCM, rt, 12 h; (b) CF;COOH: DCM = 1:9, 3 h; (c) DIPEA, KI,
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In addition, the importance of catechol and benzothiazole was
also assessed by replacing them with other heterocycles or al-
kanes, respectively. The results showed that the absence of cate-
chols resulted in a complete loss of antibiofilm activity of
compounds (STY28-STY33, ICsq > 100 pmol/L), whereas the
absence of benzothiazole reduced 5-110-fold the ability of com-
pounds STY34-STY41 (ICso = 1.57-31.83 pumol/L) to inhibit
biofilm formation in comparison with compound STY17. This
indicated that catechol and benzothiazole are important pharma-
cophores for compounds to inhibit biofilms. Based on these
findings, compound STY17 was selected as a hit compound for
further investigation to explore its biological activity and
mechanism.

Table 1
positive control.

(o)
-
R—-NH
\O N\H/\)J\OH + 2
o

17d, 184, STY37: R = 1
17¢, 18e, STY38: R = 3“@1

17f, 18f, STY39: R =

_—

16 17a-17h

HO
D\/H i
N R
(0]

STY34-STY41
17g, 18g, STY40: R = I~~~
17h, 18h, STY41: R = %"~

N

Reaction conditions and reaction reagents: (a) EtzN, DCM, rt, 1 h; (b) HATU, Et;N, DCM, rt, 6 h; (c) BBr;, DCM, 0 °C, 0.5 h.

2.6.  Compound STY17 inhibits biofilm and the formation of
organized structures in P. aeruginosa

The ability to form biofilms is a critical determinant in the
infection and colonization processes of P. aeruginosa. Conse-
quently, we initially conducted a thorough evaluation of the
antibiofilm efficacy of STY17 (Fig. 2A) at various concentrations
by utilizing a crystal violet assay. STY17 was found to inhibit
biofilm formation in a dose-dependent manner (Fig. 2B), with the
addition of 2 pmol/L STY17 resulting in a maximum reduction of
73% in biofilm when compared to untreated P. aeruginosa.
Similarly, analysis via confocal laser scanning microscope
(CLSM) revealed that the biofilms in the control group exhibited a

Structures, biofilm inhibitory activities, and MICs of compounds STY1-STY11 in Series I. Azithromycin was used as a
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Table 2

Structures, biofilm inhibitory activities, and MICs of compounds STY12-STY27 in Series II.
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Series 11
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compact and thicker morphology, characterized by well-organized
three-dimensional structures. In contrast, biofilms exposed to
STY17 displayed a thinner and disorganized architecture, with a
notable absence of intercellular adhesion (Fig. 2D). These findings
strongly indicated that STY17 inhibited biofilm growth and the
formation of organized structures. Additionally, the growth curves
of P. aeruginosa strain PAO1 were not affected by STY17
compared to the control group (Fig. 2C), suggesting that STY17
may not inhibit biofilm by causing bacterial death. These findings
established STY17 as a promising biofilm inhibitor.

2.7.  Compound STY17 synergizes with tobramycin and
ciprofloxacin against multidrug-resistant P. aeruginosa

To further validate whether the biofilm inhibitor STY17 can also
exert efficient antibiofilm activity in multidrug-resistant P. aeru-
ginosa infections, we next evaluated its antibiofilm activity in
clinically isolated multidrug-resistant P. aeruginosa. As shown in
Fig. 3A-F, STY17 concentration-dependently inhibited biofilm
formation in these clinically multidrug-resistant strains, resulting
in >50% inhibition at 2 pmol/L. Growth curve analysis confirmed
that the antibiofilm effect of STY17 is not attributable to direct
bacterial killing (Supporting Information Fig. S3A-S3F). The
calculated ICsy values on inhibiting biofilm were in the low
micromolar range (0.22-3.48 pmol/L), demonstrating that STY17
also potently inhibits biofilm formation in clinically multidrug-
resistant P. aeruginosa. The high antibiofilm activities of drugs
usually determine their potent low resistance and are of great

translational potential as an antibacterial adjuvant in combination
therapy. Therefore, the standard checkerboard microdilution
method was used to examine the combination of STY17 with
commonly used antibiotics tobramycin (Tob) and ciprofloxacin
(CIP) for P. aeruginosa infections. As expected, the combination
of STY17 with Tob and CIP showed excellent synergistic anti-
bacterial activity against P. aeruginosa PAO1, PA182, PA1129,
PA185, PA187, PA1065, and PA1167, with a fractional inhibitory
concentration index (FICI) ranging from 0.259 to 0.5 (Fig.
3G-U). This suggested that STY17 represented a candidate
compound with potential antimicrobial synergistic effects to
combat clinically multidrug-resistant P. aeruginosa infections.

2.8.  Compound STY17 minimizes the resistance of tobramycin
and ciprofloxacin to multidrug-resistant P. aeruginosa

Prolonged exposure of bacteria to sublethal doses of antimicrobial
agents usually promotes the development of resistance. Therefore,
further sequential passaging experiments were performed in
clinically isolated multidrug-resistant P. aeruginosa (PA182,
PA1129, PA185, PA187) and reference strain PAO1 to evaluate
resistance induction risk induced by STY17-tobramycin/cipro-
floxacin combinations. The addition of Tob alone had a high
tendency to induce resistance in P. aeruginosa (Fig. 4A-E), which
exhibited a rapid increase in MIC after 12 passages, with
maximum increases in MIC of 256-fold (PAOI1), 128-fold
(PA182), 512-fold (PA1129), 128-fold (PA185), and 256-fold
(PA187), respectively. However, compound STY17 (Fig. 4K)
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effectively prevented the emergence of tobramycin resistance in
multidrug-resistant P. aeruginosa (MIC = 8-32 pg/mL). The
same suppression of resistance development by STY17 was
confirmed in combination with CIP. The treatment of CIP alone
had a high tendency to induce resistance in P. aeruginosa (Fig.
4F-J), which exhibited a rapid increase in MIC after 12 pas-
sages, with maximum increases in MIC of 256-fold (PAO1), 2048-
fold (PA182), 1024-fold (PA1129), 512-fold (PA185), and 512-
fold (PA187), respectively. However, in the presence of com-
pound STY17 (Fig. 4L), CIP remained active throughout the study
(MIC = 2-16 ng/mL). These results suggested that STY17 may
have advantages in preventing the development of drug resistance
and has the potential to be used as an antibacterial adjuvant
against multidrug-resistant P. aeruginosa infections.

2.9.  Compound STY17 inhibits succinate dehydrogenase to
disrupt biofilm formation

The previous study based on GAL models indicated that succinate
dehydrogenase (SDH) may be influenced by catechol-conjugated
benzothiazole compounds to inhibit biofilm. To clarify the un-
derlying mechanism of STY17, a comprehensive in silico study
was conducted on its SDH binding mode. The computational
analysis of STY17 confirmed its interaction with SDH: the cate-
chol hydroxyl groups form hydrogen bonds bridging SdhB and
SdhD subunits, locking the compound at their interface. The NO,-
substituted benzothiazole moiety engages in a T-shaped m—m
interaction with TYR83 (SdhC), stabilizing the distal end within
the cavity. The amide bond within the linker participates in
hydrogen bonding, constraining the linker into a bent,

pseudocyclic conformation (Fig. 5A). These key interactions
rationalize the success of our chemical optimization strategy.
Further MD simulations demonstrated stable binding of STY17 at
the interface of three Sdh subunits, adopting an inwardly folded
conformation. Hydrophobic interactions between its phenyl ring
and residue ILE206 (Site I) were consistent with literature find-
ings. STY17 also formed persistent hydrogen bonds with SdhB
TRP161 and SdhC TYRS3, and engaged in m—m stacking with
TYRB83 for over 50% of the stable simulation trajectory (Fig. 5B).
Residue-based binding free energy decomposition confirmed sig-
nificant contributions from these key residues (Fig. 5C). The
binding free energy calculation based on the last 50 ns equilibrium
trajectory gave satisfactory results of —42.99 + 4.1 kcal/mol.
Residue-based decomposition of the binding free energy and the
ligand dynamic profile (Fig. 5D) confirmed that these key residues
contributed significantly to binding stabilization, which supported
the interfering effect of STY17 on SDH.

The in vitro inhibitory activity and the results from molecular
docking studies supported that STY 17 effectively inhibited SDH
to suppress biofilm formation. Consequently, we proceeded to
assess the activity of SDH intracellularly in P. aeruginosa PAO1.
As shown in Fig. 6A, the activity of SDH in P. aeruginosa was
significantly reduced in a concentration-dependent manner in
response to the addition of different concentrations of compound
STY17. Notably, the application of 2 pmol/L STY17 resulted in a
56% inhibition of SDH activity. To further validate that STY17
regulates biofilm formation by inhibiting SDH, we constructed a
AsdhB mutant in P. aeruginosa PAO1, which is known to have a
deficiency in succinate dehydrogenase activity***’. The quantifi-
cation of biofilms in the 4sdhB strain showed no obvious change



2452

Siyu Zhao et al.

Figure 2

The effect of compound STY 17 on biofilm formation of organized structures in P. aeruginosa. (A) The structure of the hit compound

STY17. (B) The biofilm inhibition rate of compound STY 17 at different concentrations. (C) The growth curve of P. aeruginosa PAO1 under the
treatment of compound STY17. (D) CLSM images of biofilm in P. aeruginosa PAO1 treated with compound STY17. Data are presented as
means = SD of three biologically independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

in biofilm formation even in the presence of a high concentration
of the compound STY17 (2 pmol/L) compared to untreated bac-
teria (Fig. 6B), suggesting that STY17 may have diminished ef-
ficacy in inhibiting biofilm formation in the AsdhB strain.
Moreover, reverse transcription-polymerase chain reaction (RT-
PCR) analysis of sdhB expression further supported the reduced
SDH activity (Fig. 6C). To provide conclusive evidence for direct
binding between SDH and the compound STY 17, we next purified
the SdhB membrane protein and performed microscale thermo-
phoresis (MST) experiments following previously published
methods®®. As presented in Fig. 6], the dissociation constant (Kj,)
for the binding of STY17 to SdhB was determined to be 5.44 +
0.85 pumol/L, indicating a strong binding interaction between
STY17 and SdhB. The disconnect between binding avidity and
biofilm inhibitory potency may be attributed to the fact that SdhB
is a functionally critical subunit in membrane protein SDH, the
removal of SdhB from its native membrane-bound assembly and
the loss of stabilizing inter-subunit interactions likely induce
subtle conformational shifts or relaxation in the binding pocket.
This approach may not fully replicate the lipid environment and
the tightly assembled complex state present in the inner membrane
of P. aeruginosa, leading to a higher K4 value for STY17 binding
to SdhB than its ICso of antibiofilm activity. In summary, these
results indicated that STY17 potentially exerts its antibiofilm ef-
fects by inhibiting SDH in P. aeruginosa.

2.10.  Compound STY17 disrupts SDH-mediated tricarboxylic
acid cycle and electron transport chain

Succinate dehydrogenase is an enzyme involved in the tricar-
boxylic acid (TCA) cycle that uses iron as a cofactor”®. Consid-
ering that the structure of the compound STY 17 contains catechol
chelating groups, we speculated that the inhibition of SDH may be
attributed to the influence of STY17 on the iron-containing
enzyme in P. aeruginosa. The restored fluorescence of Fe(IIl)-
quenched CP654 probe (Fig. 6D)*° and the reduced intracellular
iron concentration (Fig. 6E) indicated that the compound STY17
is a high-affinity iron chelator, which may lead to iron deficiency
in P. aeruginosa and impaired activity of iron-containing enzymes
such as SDH.

SDH participates in the tricarboxylic acid (TCA) cycle and
electron transport chain (ETC) to regulate biofilm formation®'. To
investigate the effects of STY 17 on the respiratory chain and ETC,
we tested bacterial respiration using the tetrazolium salt iodoni-
trotetrazolium chloride (INT), which can be reduced by respira-
tory chain dehydrogenases to a red insoluble formazan®>. STY17
dose-dependently reduced INT reduction (Fig. 6F), indicating
impaired respiratory chain and electron transport chain in P.
aeruginosa. In addition, SDH-mediated TCA cycle and ETC
promote the production of ATP and proton motive force (PMF),
which provide energy and metabolic precursors for various
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Figure 3

Compound STY17 synergizes with tobramycin and ciprofloxacin against clinically multidrug-resistant P. aeruginosa. Biofilm in-

hibition rate of compound STY 17 at different concentrations against clinically isolated multidrug-resistant P. aeruginosa (A) PA182, (B) PA1129,
(C) PA185, (D) PA187, (E) PA1065, and (F) PA1167. Compound STY 17 exhibited synergy with tobramycin against P. aeruginosa (G) PAO1 and
clinically isolated multidrug-resistant P. aeruginosa (H) PA182, (I) PA1129, (J) PA185, (K) PA187, (L) PA1065, and (M) PA1167. Compound
STY17 exhibited synergy with ciprofloxacin against P. aeruginosa (N) PAO1 and clinically isolated multidrug-resistant P. aeruginosa strains (O)
PA182, (P) PA1129, (Q) PA18S5, (R) PA187, (S) PA1065, and (T) PA1167. (U) Summary of the antibiofilm activity and synergistic effects of
compound STY17 on tobramycin and ciprofloxacin. Data are presented as means £ SD of three biologically independent experiments. *P < 0.05,

*#*P < 0.01, ##*%P < 0.001, and ****P < 0.0001.

cellular functions, including biofilm formation®>. We determined
PMF consisting of the transmembrane proton gradient (ApH) and
potential (A¥) using 2',7'-bis-(2-carboxyethyl)-5-(and —6)-car-
boxyfluorescein acetoxymethyl ester (BCECE-AM) probe®* and
the dye thioflavin T (ThT)*, respectively. In the presence of the
compound STY17, the concentration-dependent decrease in the
fluorescence intensity of BCECF-AM represented a significant
decrease in cytoplasmic pH (Fig. 6H), whereas ThT exhibited
strong fluorescence, representing a lower membrane potential of
the cell (Fig. 61). These results suggested that STY17 significantly
impaired PMF in P. aeruginosa. Moreover, with the disruption of
PMF by STY17, the ATP synthesis driven by it was also signifi-
cantly reduced (Fig. 6G). Collectively, the above results revealed
that compound STY17 may inhibit PMF homeostasis and ATP
utilization by suppressing SDH-mediated TCA and ETC activity,
thus disrupting biofilm formation.

2.11.  Compound STY17 reduces the virulence and bacterial
motility in P. aeruginosa

The energy and metabolic requirements of bacteria present in
biofilms vary with complex environmental conditions, which in

turn regulate the expression of various virulence determinants.
Consequently, we determined the major virulence factors in P.
aeruginosa PAO1 exposed to STY17. Extracellular poly-
saccharides (EPS), the main substances of biofilm formation and
essential for biofilm adhesion and resilience, were significantly
reduced by STY17 treatment (Fig. 7A), indicating potential in-
hibition of EPS synthesis within the biofilm matrix. In addition,
with increasing concentrations of STY17, the secretion of elastase
was significantly reduced in a concentration-dependent manner,
and pyocyanin was slightly inhibited (Fig. 7B and C). This indi-
cated that compound STY17 may reduce bacterial pathogenicity
by inhibiting the production of virulence factors of P. aeruginosa.
Moreover, bacteria must drive motility for initial colonization and
adhesion to form biofilms. P. aeruginosa has three main types of
motility, including swarming, swimming, and twitching, which
were evaluated in our study. The presence of STY17 significantly
reduced all three motilities, especially swarming motility, which
was reduced by 80% by STY17 at a concentration of 2 pumol/L
(Fig. 7D-G). Notably, swarming and twitching motility is
dependent on type IV pili (T4P)**%’, and then we observed the
production of T4P using scanning electron microscopy (SEM).
Fig. 7H showed that STY17 dramatically inhibited the
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Figure 4

The effect of compound STY17 on the tobramycin and ciprofloxacin resistance in multidrug-resistant P. aeruginosa. MIC of Tob

treated with or without compound STY17 in (A) PAO1, (B) PA182, (C) PA1129, (D) PA185, and (E) PA187. MIC of CIP treated with or without
compound STY17 in (F) PAOI, (G) PA182, (H) PA1129, (I) PA185, and (J) PA187. MICs of (K) Tob and (L) CIP after 12 passages. Control was

the group treated with Tob or CIP alone.

formation of pili in P. aeruginosa PAO1. These results indicated
that STY17 may reduce bacterial motility by inhibiting the for-
mation of pili, thereby disrupting the development of complex
three-dimensional structures in biofilms. RT-PCR analysis (Fig.
6C) further demonstrated the inhibition of virulence and bacte-
rial motility.

2.12. Compound STY17 has favorable safety profiles in vitro
and in vivo

Next, we evaluated the safety profiles of STY17. In vitro, the
toxicity of STY17 was determined by MTT assay on mouse
macrophage cells (RAW264.7) and African green monkey kidney
cells (Vero). There was no significant influence on the cell
viability after treating these cells with different concentrations of
STY17 for 24 h (Fig. 8A and B), demonstrating the favorable
safety of STY17. As for the human breast cell line BT549, con-
centrations of STY17 as high as 100 umol/L did not impair the
viability of human BT549 cells (Supporting Information Fig. S4)
or influence cellular iron levels (Supporting Information Fig. S5),
which provided direct evidence that STY 17 may not interfere with
host iron homeostasis, aligning with a favorable safety profile.
What’s more, the hemolysis of rabbit (Fig. 8C) and mouse
erythrocytes (Fig. 8D) induced by co-incubation with STY17 was
less than 0.05%, indicating the excellent plasma stability of
STY17. In vivo, no mortality was observed in zebrafish (Fig. 8E)
or Galleria mellonella (Fig. 8F) treated with STY17 at

concentrations exceeding 600-fold the ICsy (i.e., 200 pmol/L).
Taken together, these data highlighted the promising potential of
STY17 as a potent and safe antibacterial adjuvant candidate.

2.13.  Compound STY17 in combination with tobramycin and
ciprofloxacin effectively resists P. aeruginosa infection in Galleria
mellonella

Due to the safety profiles and antimicrobial synergistic potential
of hit compound STY17, we next evaluated its efficacy as an
antibacterial adjuvant in vivo. The easily infected Galleria mel-
lonella has proved to be an ideal model for studying microbial
pathogenesis, as it exhibits similar immune responses to verte-
brates and mammals and is inexpensive®. Consequently, we
sought to evaluate the synergistic potential of compound STY17
on Tob and CIP in G. mellonella infected by P. aeruginosa PAO1
(Fig. 9A). According to the Clinical and Laboratory Standards
Institute (CLSI), the clinical resistance breakpoint for tobramycin
is > 4 ug/mL, and for ciprofloxacin is > 2 pg/mL>°. Thus, sub-
therapeutic concentrations of tobramycin (0.0025 mg/mL) and
ciprofloxacin (0.001 mg/mL) were used in this study. Moreover, a
maximum biofilm inhibition rate of STY17 was achieved at 2
umol/L and thus was selected for the subsequent in vivo experi-
ments to study the antibacterial synergistic effects of STY17 on
tobramycin and ciprofloxacin. As displayed in Fig. 9B and C,
untreated G. mellonella all died after 2 days of infection, whereas
the compound STY17 prolonged their survivability to 3 days,
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Figure 5

The binding study of STY 17 with P. aeruginosa SDH in silico. (A) The binding site and key interactions between STY 17 and SDH.

(B) Dynamic properties of STY 17 during the simulation. (C) Residue-based decomposition of binding free energy. (D) RMSD plot of Ca. atoms of

SDH and STY17 in MD simulation.

which may be attributed to the reduced virulence of the bacteria
by STY17. Following injection with 0.0025 mg/mL tobramycin
alone, G. mellonella larvae exhibited a survival rate of 40% after 5
days, whereas the addition of STY17 in combination with it
consistently maintained 100% survival, suggesting that STY17
significantly enhances the antimicrobial activity of Tob. Similarly,
the survival rate of G. mellonella was 30% after being treated with
0.001 mg/mL CIP monotherapy 5 days later, whereas the addition
of STY17 in combination with it consistently maintained 100%
survival, indicating a strong enhancement of antimicrobial activity
on CIP by STY17 as well. Additionally, two other antibiotics,
colistin (CST) and ceftazidime (CAZ), were employed for co-
administration with STY17 and also revealed significant syner-
gistic effects (Supporting Information Fig. S6A-S6D). With CST,
STY17 increased the survival rate from 10% with CST alone to
80% in combination after five days. In the case of CAZ, it resulted
in complete mortality within 2 days while its combination with
STY17 led to 20% survival over five days. The above results
demonstrated a broad synergistic applicability of STY17.

2.14.  Compound STY17 in combination with tobramycin and
ciprofloxacin effectively resists P. aeruginosa infection in mice

Given that P. aeruginosa is one of the common causes of wound
infection, we also constructed a mouse wound infection model of
P. aeruginosa to evaluate the synergistic efficacy of STY17 on Tob
and CIP in vivo. Surface wounds were first created and the wound

area was infected with P. aeruginosa PAO1, which was adminis-
tered by direct droplet application of saline, antibiotics alone, or
antibiotics combined with STY17 (Fig. 10A). After 3 consecutive
days of treatment, we observed that the bacterial burden in the
wounds of mice treated with STY17 alone (7.42-log;o CFU/mL)
was comparable to that treated with saline (7.45-log;o CFU/mL),
further verifying in vivo that the compound STY17 had no
bactericidal effect (Fig. 10B and E). What’s more, the bacterial
level in wounds treated with 0.0025 mg/mL Tob alone was 6.66-
logip CFU/mL, while STY17 in combination with a subthera-
peutic concentration of 0.0025 mg/mL Tob achieved a 1.46-log;
CFU/mL reduction of bacteria in wounds (5.20-log;o CFU/mL).
Further, the wound healing rate of Tob-treated mice in the pres-
ence of STY17 was distinctly faster than that of Tob-treated mice
alone (Fig. 10C and D). The above tests on bacterial burden and
area in the wound revealed that STY17 enhanced the antimicrobial
efficacy of Tob in the treatment of P. aeruginosa infections in
mice.

The mice treated with STY17 and CIP produced similar results
to those treated with Tob. Even at a lower subtherapeutic con-
centration of 0.001 mg/mL CIP, its combination with 2 pmol/L
STY17 reduced bacterial load by an additional 1.11-logjq
CFU/mL (Fig. 11A and D) compared to 0.001 mg/mL CIP
treatment alone (6.47-log;o CFU/mL). Further, the wound healing
rate of CIP-treated mice in the presence of STY17 was distinctly
faster than that of CIP-treated alone (Fig. 11B and C), suggesting
that compound STY 17 enhanced the antimicrobial efficacy of CIP
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Figure 6

The effect of compound STY 17 on SDH-mediated TCA and ETC. (A) The activity of SDH in P. aeruginosa strain PAO1 treated with

different concentrations of STY17. (B) Evaluation of biofilm formation in 4sdhB in the presence of compound STY17. (C) The results of RT-PCR
on some related genes. (D) Assessment of the iron chelating ability of compound STY17, EGCG used as a positive control. (E) The iron
concentration, (F) the relative INT reduction, (G) the relative ATP levels, and (H) pH in P. aeruginosa strain PAO1 under the treatment of STY17.
(I) The potential of P. aeruginosa treated with STY17. (J) The binding of STY17 to SdhB was tested by MST experiments (n = 3). Control was
the untreated group. Data are presented as means £ SD of three biologically independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and

FEEEP < (0.0001.

in the treatment of P. aeruginosa infections in mice. In addition,
the analysis of weight (Supporting Information Fig. S7A and S7B)
and hematoxylin—eosin (H&E) staining of major organs in mice
(Supporting Information Fig. S§A and S8B) showed that STY17
had no toxicity to mice at therapeutic concentrations. In conclu-
sion, the above results demonstrated the potential of STY17 to
enhance the potency of Tob and CIP in vivo.

2.15.  Compound STY17 in combination with tobramycin and
ciprofloxacin effectively resists multidrug-resistant P. aeruginosa
infection in mice

The results of in vitro standard checkerboard assays for antibac-
terial synergistic activities indicated (Fig. 3J, K, Q, and R) that
STY 17 demonstrated synergistic effects with Tob and CIP against
multidrug-resistant isolates PA185 and PA187. Consequently, we
further investigated the efficacy of STY17 in combination with
Tob and CIP against PA185 and PA187 in vivo to evaluate the
clinical application potential of STY17 in P aeruginosa

drug-resistant infections. As summarized in Fig. 12A and D,
although STY 17 monotherapy showed no antimicrobial effect, its
combination with 0.0025 mg/mL Tob (5.84-log;o CFU/mL) pro-
duced an additional 1.14-log;; CFU/mL reduction in bacterial
burden than Tob treatment alone (6.98-log;, CFU/mL). Similarly,
its combination with 0.001 mg/mL CIP (5.91-log;, CFU/mL)
resulted in an additional 0.92-log;, CFU/mL reduction compared
to CIP monotherapy (6.83-log;, CFU/mL). Both combination
therapies also significantly accelerated wound healing (Fig. 12B
and C). These results suggested that STY17 enhanced the anti-
microbial efficacy of Tob and CIP in the treatment of resistant P.
aeruginosa infections in vivo.

Additionally, the evaluation against the multidrug-resistant P.
aeruginosa strain PA187 also confirmed that STY17 synergized
with subtherapeutic doses of Tob (0.0025 mg/mL) or CIP (0.001
mg/mL). The combinations produced additional bacterial load
reductions of 0.95-log;o and 1.17-log;y CFU/mL, respectively,
beyond antibiotic monotherapies (Fig. 13A and D), and signifi-
cantly accelerated wound healing (Fig. 13B and C), demonstrating
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Figure 7

The effect of compound STY 17 on virulence and bacterial motility in P. aeruginosa. The production of (A) EPS, (B) elastase, and

(C) pyocyanin in P. aeruginosa PAO1 under the treatment of STY17 at 0.125, 0.25, 0.5, 1, and 2 pmol/L. The (D) swarming, (E) swimming, and
(F) twitching areas of PAOI1 that treated with STY17. (G) The swarming, swimming, and twitching motility of P. aeruginosa strain PAO1 under
the treatment of STY17. (H) The formation of pili in PAO1 treated with STY17. Control was the untreated group. Data are presented as
means = SD of three biologically independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

its potential as an adjunctive therapy for resistant P. aeruginosa
infections.

Collectively, the in vivo studies in a murine wound infection
model revealed a promising therapeutic role for STY17, which
functioned as a potent synergistic adjuvant to enhance the efficacy
of Tob and CIP against multidrug-resistant P. aeruginosa in-
fections. These results position STY17 as a compelling candidate
for treating both conventional and resistant P. aeruginosa
infections.

2.16.  The acute toxicity of STY17 in mice

To clarify the safety range of therapeutic doses and potential
toxicological effects of STY17, an acute toxicity studies were
conducted in mice. Animals received single oral doses of STY17
at 50, 100, and 200 mg/kg, and were monitored for changes in
body weight and behavioural status over 14 days. As summarized
in Supporting Information Fig. S9A and S9C, all dose groups
exhibited gradual body weight gain, with no mortality or behav-
ioural abnormalities observed, indicating a good tolerance profile
up to 200 mg/kg STY17. After 14 days of dosing, mice were
euthanised. Representative organs (heart, liver, spleen, lungs, and
kidneys) were collected, and histopathological analysis was per-
formed on tissue sections stained with hematoxylin and eosin
(H&E). As shown in Supporting Information Fig. S9B and S9D,

H&E staining of tissue sections revealed no toxic effects or tissue
damage attributable to STY17. Collectively, these results sup-
ported the safety profile of STY17 as a potential drug candidate.

2.17.  The pharmacokinetic properties of STY17

To evaluate the pharmacokinetic properties (PK) of STY17, mice
were treated with STY17 via intravenous (i.v. 10 mg/kg) and
intraperitoneal administration (i.p. 10 mg/kg). As summarized in
Table 4, STY17 displayed favorable pharmacokinetics following
IP administration. The compound was rapidly absorbed with a
maximum concentration (Cp,,x) of 338 ng/mL reached at 0.19 h
(Tmax = 0.19 h). It exhibited a favorable systemic exposure
(AUC},5, = 525 h ng/mL), an acceptable terminal half-life (¢, =
1.05 h), and a high bioavailability (F = 60.1%). For comparison,
after i.v. administration, STY17 showed a Cy of 10,833 ng/mL, an
AUC,, of 880 h ng/mL, a t;, of 1.29 h, and a clearance (CL) of
195 mL/min/kg. These collective PK findings provided a critical
foundation for the subsequent studies of STY17.

3. Conclusions

Multidrug-resistant P. aeruginosa infections accompanied by
biofilm-associated resistance have become a serious threat to
public health®. The application of antibacterial adjuvants to
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Figure 8

The safety profiles of compound STY17 in vitro and in vivo. Effects of STY17 on cell viability of (A) the RAW264.7 and (B) Vero

cells. Assessment of hemolysis in (C) rabbit and (D) mouse under the treatment of STY17, 0.4% TritonX-100 was a positive control. Survival
curves of (E) zebrafish and (F) G. mellonella after co-incubation with STY17. Control was the untreated group. Data are presented as means + SD

of three biologically independent experiments.

enhance the antibacterial activity of commonly used antibiotics
has already demonstrated strong therapeutic potential in clinical
studies. However, there is a shortage of commercially available
antibacterial adjuvants against biofilm-associated P. aeruginosa
infections, and the structural diversity of clinical candidate drugs
is limited. Therefore, the identification of antibacterial adjuvants
with new scaffolds and mechanisms to enhance antibiotic efficacy
is urgently needed.

This study developed a generative active learning workflow to
design new antibacterial adjuvants through an in-house compound
repository of 725 biofilm inhibitors and a library of potential
antibiofilm targets constructed from our previous work. The novel
scaffold, comprised of the catechol and benzothiazole, was iden-
tified as a candidate. Further structural optimization and SAR
analysis resulted in the hit compound STY 17, which significantly
inhibited P. aeruginosa biofilm formation at sub-micromolar
concentrations. Notably, STY17 significantly inhibited biofilm
formation, synergized with Tob and CIP, and suppressed the
resistance development of both antibiotics against clinically
multidrug-resistant P. aeruginosa, demonstrating its potential as
an antibacterial adjuvant with Tob and CIP. Next, computerized
molecular docking data and MST studies displayed a high affinity
between STY17 and SDH, which resulted in a significant

reduction of SDH activity in P. aeruginosa. The absence of anti-
biofilm activity of STY17 in SDH-deficient strains further verified
the hypothesis that the inhibition of biofilm by STY17 derives
from the impairment of SDH. SDH is an iron-containing enzyme
that is involved in the TCA cycle and ETC, affecting the metabolic
status of bacteria, triggering their adaptive responses, and
inducing biofilm formation or dispersal. Subsequent exploration
indicated that the influence of STY17 on SDH might be attributed
to an intracellular iron deficiency in P. aeruginosa. Thus, the
impaired activity of SDH further led to the impairment of TCA,
ETC, and biofilm formation.

In addition, STY17 reduces bacterial pathogenicity by
decreasing the production of virulence factors such as elastase and
EPS in P. aeruginosa, it also inhibits bacterial motility by inhib-
iting the formation of pili, so that biofilm colonization is limited.
STY17 exhibited a favorable safety profile in vitro and in vivo, as
it did not cause cell death or erythrocyte hemolysis, nor did it
cause mortality in zebrafish and G. mellonella at up to 200 pmol/
L. In a G. mellonella infection model, the combination of STY17
with Tob and CIP treatment raised the survival rate of G. mello-
nella to 100% compared with the application of antibiotics alone.
In a mouse wound infection model, STY 17 significantly improved
the effect of Tob and CIP to reduce bacterial burden in the wound
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Figure 9

The synergistic effect of compound STY 17 in combination with Tob and CIP against P. aeruginosa infection in Galleria mellonella.

(A) The experimental process of the G. mellonella infected model. (B) The survival of G. mellonella infected by PAO1 after being treated with
PBS containing 0.1% DMSO (control), STY17, Tob, and Tob in combination with STY17. (C) The survival of G. mellonella infected by PAOI
after being treated with PBS containing 0.1% DMSO (control), STY17, CIP, and CIP in combination with STY17.

with a 0.92-1.46-log;; CFU/mL reduction compared with the
application of antibiotics alone, demonstrating a favorable anti-
microbial synergistic effect.

In summary, these findings emphasized the utility of machine
learning in discovering desirable new chemotypes, especially
against challenging pathogens such as multidrug-resistant P.
aeruginosa, and identified STY17 as a promising antibacterial
adjuvant. This approach further unveils SDH as a potential
target for next-generation adjuvants, providing a rational
design strategy to overcome the limitations of current antibiotic
therapies. Looking forward, future research will focus on
elucidating the precise molecular mechanism of STY17 by
determining its co-structure with SDH, optimizing its pharma-
cokinetic and safety profiles through structural refinement, and
expanding its application to enhance the efficacy of existing
antibiotics against a broader spectrum of resistant bacterial
pathogens.

4. Experimental
4.1.  Computational methods

Molecular Standardization of the in-house database: The items of
the in-house database are listed in Supporting Information Table
S1. This database integrates compounds (725 structures) from
our prior publications, which act on targets within critical biofilm
modulation pathways such as the las, rhl, pgs systems, and iron
uptake systems. To ensure consistency and chemical accuracy, all
molecular entries in the database (encoded as SMILES strings)

were subjected to a standardized preprocessing workflow using
RDKit. The standardization pipeline included: (i) normalization of
functional groups; (ii) removal of counterions and selection of the
main organic component; (iii) neutralization of formal charges;
and (iv) generation of canonical tautomeric forms. This protocol
ensured uniform representation of chemical structures for down-
stream analyses.

ChemProp, which employs a directed message-passing neural
network (D-MPNN), was used to construct chemical property
prediction models. The model serves as a fixed surrogate (retaining
its original algorithm and hyperparameters) throughout the work-
flow. The initial QSAR model for biofilm inhibition was developed
using 725 in-house chemical library structures. Implemented as a
scoring plug-in within REINVENT’s molecular generation module,
this model provides directional guidance for generated molecules.
The analysis in Supporting Information Table S2 compares the
properties of the generated batches against the training set to
address overfitting and demonstrate the generative model’s ability
to explore novel chemical space.

The complete amino acid sequences of all four subunits of P.
aeruginosa succinate dehydrogenase (SDH) were retrieved from
the UniProt database (Q9I3D5, Q9I3D4, Q9I3D7 and Q9I3D6).
Structural prediction was performed using ColabFold Multimer,
and the top-ranked model was selected for further processing. The
protein structure was prepared using the Protein Preparation
Wizard in Maestro, with cofactors manually added based on the
homologous E. coli Sdh crystal structure. The resulting complex
was subjected to initial energy minimization using the OPLS4
force field, followed by structural relaxation via molecular dy-
namics (MD) simulation. An orthorhombic solvent box containing
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Figure 10

Compound STY 17 in combination with Tob effectively resists P. aeruginosa PAO1 infection in mice. (A) The experimental process

of the mouse wound-infected model. (B) The bacterial growth in the wound of mice after 3 consecutive days of treatment, including saline
containing 0.1% DMSO, 2 pmol/L STY 17, 0.0025 mg/mL Tob, and 0.0025 mg/mL Tob + 2 pmol/L STY17. (C) The wound area of mice during
Days 1-9. (D) The representative images of wounds in mice during Days 1-9. (E) Quantitative analysis of bacterial growth in the wound of mice
after 3 consecutive days of treatment. Data are presented as means & SD of three biologically independent experiments. *P < 0.05, **P < 0.01,

*##%P < 0.001, and **#**P < 0.0001.

SPC water molecules, counterions, and 0.15 mol/L NaCl was
generated using the Desmond System Builder®'. After standard
minimization and equilibration, a 100 ns MD simulation was
performed, and the equilibrium structure was extracted for virtual
screening.

Docking and reverse docking were performed using the Glide
moduleéz, and XGLIDE protocol. Molecules were then docked
into the ubiquinone-binding site using Glide XP mode for binding
affinity assessment. Selected compounds showing favorable
docking scores were further validated by molecular dynamics
simulations to evaluate the stability of binding, and their binding
free energies were computed using the MM-GBSA method®
based on the equilibrated MD trajectories.

4.2.  Chemical reagents and general method

Unless otherwise stated, all experimental substances were ob-
tained from Bide Pharmatech Ltd., Shanghai Macklin Biochem-
ical Co., Ltd. or other commercial reagent vendors and were ready
for use without further purification. The 'H NMR and '*C NMR
spectra of the compounds were recorded on Bruker AVANCE III
HD 400 MHz with DMSO-dj as a solvent. The purity of the final
compounds (>95%) was determined by HPLC (Thermo Scientific
Dionex Ultimate 3000 series) using a reversed-phase C18 column
with the mobile phase consisting of 70% methanol and 30% pure
water. The high-resolution mass spectra (HRMS) were recorded
using SHIMADZU LCMS-9030, Thermo Q Exactive Plus, and
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Figure 11

Compound STY 17 in combination with CIP effectively resists P. aeruginosa PAOI infection in mice. (A) The bacterial growth in the

wound of mice after 3 consecutive days of treatment, including saline containing 0.1% DMSO, 0.001 mg/mL CIP, and 0.001 mg/mL
CIP + 2 pmol/L STY17. (B) The wound area of mice during Days 1-9. (C) The representative images of wounds in mice during Days 1-9. (D)
Quantitative analysis of bacterial growth in the wound of mice after 3 consecutive days of treatment. Data are presented as means £ SD of three
biologically independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Agilent 6210 series LC/MSD TOF mass spectrometer. These re-
sults were shown in Supporting Information Figs. S10-S173.

4.2.1.  Preparation of key intermediates

General procedure for preparation of intermediates 3a-3k. A
solution of 2-amino-benzothiazole (150.00 mg, 1.00 mmol) and
3,4-dimethoxyphenylacetic acid (235.10 mg, 1.20 mmol) in 5 mL
of DCM was treated with HATU (456.30 mg, 1.20 mmol) and
DIPEA (0.50 mL, 3.00 mmol). The reaction mixture was stirred at
room temperature for 12 h. Upon reaction completion, the solution
was sequentially extracted with DCM, washed with water, dried
with anhydrous Na,SO,, and purified by column chromatography
(PE/EA = 2/1), the compound 3a was collected as a white solid.
Compounds 3b-3k were synthesized in the same way as com-
pound 3a.

General procedure for preparation of 3,4-dihydroxyphenylacetic
acid (4). A solution of 3,4-dimethoxyphenylacetic acid (200.00 mg,
1.02 mmol) in DCM (6 mL) was treated dropwise with BBr3 (0.55
mL, 6.12 mmol) under an argon atmosphere. The reaction mixture
was stirred at 0 °C for 1 h. Upon reaction completion, it was
quenched by adding 3 mL of iced water, and the reaction solution
was sequentially extracted with DCM, washed with water and dried
with anhydrous Na,SO,4. The compound 4 was collected as a white
solid.

General procedure for preparation of tert-butyl (2-((3,4-
dimethoxybenzyl)amino)-2-oxoethyl)carbamate (7). A solution of
3,4-dimethoxybenzylamine (1.00 g, 5.98 mmol) and N-Boc-
glycine (1.26 g, 7.18 mmol) in DCM (15 mL) was treated with
HATU (2.73 g, 7.18 mmol) and DIPEA (3.1 mL, 17.94 mmol).
The reaction mixture was stirred at room temperature for 12 h.
Upon reaction completion, the reaction liquid was sequentially
extracted with DCM, washed with water, dried with anhydrous
Na,SOy, and purified by column chromatography (PE/EA = 1/1),
the intermediate 7 was collected as a white viscous solid.

General procedure for preparation of 2-amino-N-(3,4-
dimethoxybenzyl)acetamide (8). Intermediate 7 in 36 mL DCM
was treated dropwise with 4 mL trifluoroacetic acid, and the re-
action was stirred at room temperature for 3 h. Upon completion,
the reaction mixture was neutralized to pH 7-8 with aqueous
NaOH, and the solution was extracted with DCM. The organic
phase was dried over anhydrous Na,SO, and concentrated under
reduced pressure to collect compound 8 as a white solid.

General procedure for preparation of intermediates 10a—10p.
The commercially available compound 2-chlorobenzothiazole
(150.00 mg, 0.88 mmol) and compound 8 (297.50 mg, 1.33
mmol) in 5 mL ethanol were treated with DIPEA (0.23 mL, 1.33
mmol) at 80 °C for 12 h. Upon completion, a white solid was
precipitated, and compound 10a was obtained as a white solid by
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Figure 12

Compound STY17 in combination with Tob and CIP effectively resists the multidrug-resistant P. aeruginosa PA185 infection in

mice. (A) The bacterial growth in the wound of mice under different treatments, including saline containing 0.1% DMSO, 2 umol/L STY17,
0.0025 mg/mL Tob, 0.0025 mg/mL Tob + 2 pmol/L STY17, 0.001 mg/mL CIP, and 0.001 mg/mL CIP + 2 pmol/L STY17. (B) The wound area of
mice during Days 1-9. (C) The representative images of wounds in mice during Days 1-9. (D) Quantitative analysis of bacterial growth in the
wound of mice after 3 consecutive days of treatment. Data are presented as means + SD of three biologically independent experiments.

*P < 0.05, #P < 0.01, ***P < 0.001, and ****P < 0.0001.

diafiltration. Compounds 10b-10p were synthesized in the same
way as 10a.

General procedure for preparation of intermediates 12a—12f.
A solution of (3,4-dimethoxyphenyl)methanamine (1.00 g, 5.98
mmol) and N-Boc-glycine (1.26 g, 7.18 mmol) in 15 mL. DCM
was treated with HATU (2.73 g, 7.18 mmol) and DIPEA (3.1 mL,
17.94 mmol). The reaction was carried out at room temperature
for 12 h. Upon completion, the reaction liquid was sequentially
extracted with DCM, washed with water, and dried with anhy-
drous Na,SO,. Subsequently, purification by column chromatog-
raphy (PE/EA = 1/1) afforded intermediate 12a as a white
viscous solid. Compounds 12b-12f were synthesized in the same
way as 12a.

General procedure for preparation of intermediates 13a—13f.
Intermediate 12a in 36 mL DCM was treated dropwise with 4 mL
trifluoroacetic acid, and the reaction was stirred at room temper-
ature for 3 h. Upon completion, the reaction mixture was
neutralized to pH 7-8 with aqueous NaOH. Subsequently, the
solution was extracted with 30 mL DCM, the organic phase was
dried with anhydrous Na,SO,, and the compound 13a was
collected as a white solid. Compounds 13b-13f were synthesized
in the same way as 13a.

General  procedure  for  preparation  of  4-((3,4-
dimethoxybenzyl)amino)-4-oxobutanoic acid (16). 3,4-
dimethoxybenzylamine (0.50 mL, 3.00 mmol) (6) was dissolved
with succinic anhydride (0.33 g, 3.30 mmol) in DCM, triethyl-
amine was added as a base and stirred at room temperature for 1 h.
Upon completion of the reaction, the solvent was removed by

concentration under reduced pressure to give a white intermediate
16.

General procedure for preparation of intermediates 18a—18h.
Intermediate 16 (0.15 mg, 0.56 mmol) was dissolved in DCM with
aniline (62.35 mg, 0.67 mmol) (17a). HATU (319.40 mg, 0.84
mmol) and Et3N (0.08 mL, 0.84 mmol) were added as coupling
reagents and stirred at room temperature for 6 h. Upon completion
of the reaction, extraction was carried out with DCM (30 mL x 3)
and washed with saturated NaCl solution (30 mL x 3), and the
organic phase was dried with anhydrous sodium sulfate and pu-
rified by column chromatography isolation to obtain the in-
termediates 18a. Compounds 18b-18h were synthesized in the
same way as 18a.

4.2.2.  Synthesis of target compounds STY1-STY11
Intermediate 3a (109.44 mg, 0.32 mmol) was dissolved in DCM
and 1 mol/L BBr; (1.92 mL, 1.92 mmol) was slowly added
dropwise under an ice bath. After the reaction for 30 min, the
reaction was quenched by the addition of ice water. The product
STY1 was collected by filtration. The compounds STY2-STY11
were obtained in the same synthetic method as compound STY1
using intermediates 3b-3k as the reactants.
2-(3,4-Dihydroxyphenyl)-N-(4-methylbenzo[d]thiazol-2-

yl)acetamide (STY1). White solid 40.90 mg, yield: 56%. HPLC
purity: 96.26%. 'H NMR (400 MHz, DMSO-dg) 6 12.57 (s, 1H),
8.90 (s, 1H), 8.80 (s, 1H), 7.76 (d, J = 9.3 Hz, 1H), 7.25 (d, J =
7.3 Hz, 1H), 7.19 (m, 1H), 6.77 (d, J = 2.1 Hz, 1H), 6.68 (d, J =
7.9 Hz, 1H), 6.60 (dd, J = 8.1, 2.2 Hz, 1H), 3.60 (s, 2 H), 2.57 (s,
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Figure 13

Compound STY17 in combination with Tob and CIP effectively resists the multidrug-resistant P. aeruginosa PA187 infection in

mice. (A) The bacterial growth in the wound of mice under different treatments, including saline containing 0.1% DMSO, 2 pmol/L STY17,
0.0025 mg/mL Tob, 0.0025 mg/mL Tob + 2 pmol/L STY17, 0.001 mg/mL CIP, and 0.001 mg/mL CIP + 2 pmol/L STY17. (B) The wound area of
mice during Days 1-9. (C) The representative images of wounds in mice during Days 1-9. (D) Quantitative analysis of bacterial growth in the
wound of mice after 3 consecutive days of treatment. Data are presented as means = SD of three biologically independent experiments.

*P < 0.05, #P < 0.01, **¥*P < 0.001, and ****P < 0.0001.

3H). '*C NMR (101 MHz, DMSO-dg) 6 171.07, 157.57, 148.03,
145.57, 144.77, 131.51, 130.22, 127.05, 125.86, 123.92, 120.50,
119.52, 117.00, 115.95, 41.78, 18.43. HRMS (ESI) of compound
STY1: caled for C;¢H,sN,O5S [M + H]" = 315.0798, found [M
+ H]" = 315.0792.
2-(3,4-Dihydroxyphenyl)-N-(4-methoxybenzo[d]thiazol-2-

yl)acetamide (STY2). White solid 25.70 mg, yield: 46%. HPLC
purity: 96.49%. "H NMR (400 MHz, DMSO-dg) 6 12.62 (s, 1H),
8.89 (s, 2H), 7.50 (d, J = 7.9 Hz, 1H), 7.24 (t, J = 8.0 Hz, 1H),
6.98 (d, J = 8.1 Hz, 1H), 6.76 (s, 1H), 6.68 (d, J = 8.1 Hz, 1H),
6.60 (d, J = 8.2 Hz, 1H), 3.91 (s, 3H), 3.59 (s, 2H). '*C NMR

(101 MHz, DMSO-dg) 6 170.89, 156.87, 152.26, 145.58, 144.79,
138.81, 133.22, 125.78, 124.93, 120.49, 117.03, 115.98, 113.96,
108.12, 56.27, 41.84. HRMS (ESI) of compound STY?2: caled for
C16H15N204S [M -+ H]+ = 3310748, found [M + H]+ =
331.0745.

N-(5-Chlorobenzo[d]thiazol-2-yl)-2-(3,4-
dihydroxyphenyl)acetamide (STY3). White solid 20.00 mg, yield:
61%. HPLC purity: 95.04%. '"H NMR (400 MHz, DMSO-dg)
0 12.45 (s, 1H), 8.87 (s, 2H), 8.00 (d, / = 8.4 Hz, 1H), 7.80 (s,
1H), 7.34 (d, J/ = 8.4 Hz, 1H), 6.75 (s, 1H), 6.67 (d, J = 8.1 Hz,
1H), 6.58 (d, J = 8.2 Hz, 1H), 3.62 (s, 2H). *C NMR (101 MHz,

Table 4 The pharmacokinetic properties of STY17.
PK parameters Unit i.p. (10 mg/kg) iv. (10 mg/kg)
tip h 1.05 1.29
- h 0.194 =
Co ng/mL — 10,833
Gz ng/mL 338 =
AUC ¢ h-ng/mL 525 880
AUCH,¢ h-ng/mL 531 884
AUC _g;Exirap_0bs % 1.17 0.528
MRT},¢_obs h 1.34 0.127
AUC,,/D h-kg-ng/mL/mg 52.5 88.0
CL_obs mL/min/kg = 195
Va L/kg = 22.0
F % 60.1 =
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DMSO-dg) 6 171.36, 160.39, 150.20, 145.59, 144.81, 131.26,
130.69, 125.61, 123.94, 123.73, 120.51, 120.39, 117.04, 115.98,
41.77. HRMS (ESI) of compound STY3: caled for
C5H,CIN,O5S [M + H|t = 335.0252, found [M + H]" =
335.0253.
N-(5-Bromobenzold]thiazol-2-yl)-2-(3,4-dihydroxyphenyl)
acetamide (STY4). White solid 82.40 mg, yield: 42%. HPLC pu-
rity: 95.73%. '"H NMR (400 MHz, DMSO-dg) 6 12.65 (s, 1H),
8.90 (s, 1H), 8.80 (s, 1H), 7.98—7.92 (m, 2H), 7.45 (dd, J = 8.5,
1.9 Hz, 1H), 6.75 (d, J = 2.2 Hz, 1H), 6.68 (d, J = 8.1 Hz, 1H),
6.59 (dd, J = 8.1, 2.2 Hz, 1H), 3.62 (s, 2H). >’C NMR (101 MHz,
DMSO-dg) 6 176.15, 164.93, 155.30, 150.36, 149.58, 135.91,
131.37, 130.38, 128.82, 128.03, 125.30, 124.09, 121.79, 120.73,
46.54. HRMS (ESI) of compound STY4: caled for
CsH,BrN,05S [M + H]" = 378.9747, found [M + H]" =
378.9745.
2-(3,4-Dihydroxyphenyl)-N-(6-fluorobenzo[d[thiazol-2-
yl)acetamide (STY5). White solid 76.40 mg, yield: 80%. HPLC
purity: 95.41%. '"H NMR (400 MHz, DMSO-d) 6 8.87 (s, 2H),
7.88 (dd, J = 8.7,2.7 Hz, 1H), 7.78—7.70 (m, 1H), 7.34—7.22 (m,
1H), 6.75 (d, J = 2.0 Hz, 1H), 6.70-6.65 (m, 1H), 6.59 (dd, J =
8.1, 2.0 Hz, 1H), 3.61 (s, 2H). °C NMR (101 MHz, DMSO-de)
6 171.24, 159.07 (d, 'Je_g = 239.7 Hz), 158.46 (d, *Jo_p = 2.6
Hz), 145.68, 145.58, 144.79, 133.11 (d, *Je_r = 11.0 Hz), 125.71,
122.04 (d, *Je_r = 9.1 Hz), 120.51, 117.03, 115.97, 114.65 (d,
2Jo_p = 24.5 Hz), 108.61 (d, >Jo_p = 27.1 Hz), 41.74. HRMS
(ESI) of compound STY5: caled for CysH;,FN,05S [M + H]" =
319.0547, found [M + H]" = 319.0542.
N-(6-Chlorobenzo[d]thiazol-2-yl)-2-(3,4-dihydrox
yphenyl)acetamide (STY6). White solid 32.00 mg, yield: 59%.
HPLC purity: 95.06%. "H NMR (400 MHz, DMSO-de) 6 12.58 (s,
1H), 8.90 (s, 1H), 8.80 (s, 1H), 8.11 (d, J = 2.2 Hz, 1H), 7.73 (d, J
= 8.7 Hz, 1H), 7.45 (dd, J = 8.6, 2.3 Hz, 1H), 6.75 (d, J = 2.2
Hz, 1H), 6.68 (d, J = 8.1 Hz, 1H), 6.59 (dd, J = 8.1, 2.2 Hz, 1H),
3.62 (s, 2H). *C NMR (101 MHz, DMSO-dg) 6 171.34, 159.30,
147.86, 145.59, 144.80, 133.59, 128.01, 126.90, 125.64, 122.15,
121.89, 120.51, 117.01, 115.96, 41.76. HRMS (ESI) of compound
STY6: caled for C;sH,,CIN,O5S [M + H]" = 335.0252, found
M + H]" = 335.0252.
N-(6-Bromobenzold]thiazol-2-yl)-2-(3,4-dihydroxy
phenyl)acetamide (STY7). White solid 60.50 mg, yield: 69%.
HPLC purity: 95.20%. 1H NMR (400 MHz, DMSO-dg) 6 12.59 (s,
1H), 8.88 (s, 1H), 8.80 (s, 1H), 8.23 (s, 1H), 7.72—7.63 (m, 1H),
7.56 (d, J = 9.5 Hz, 1H), 6.74 (s, 1H), 6.70—6.65 (m, 1H), 6.58
(d, J = 8.5 Hz, 1H), 3.61 (s, 2H). '>*C NMR (101 MHz, DMSO-
de) 0 171.36, 159.26, 148.14, 145.58, 144.79, 134.08, 129.59,
125.64, 124.70, 122.55, 120.53, 117.01, 115.97, 115.90, 41.77.
HRMS (ESI) of compound STY7: caled for C;sH;,BrN,O5S [M
+ H]" = 378.9747, found [M + H]" = 378.9744.
2-(3,4-Dihydroxyphenyl)-N-(6-methoxybenzo[d]thiazol-2-
vl)acetamide (STYS). White solid 41.30 mg, yield: 42%. HPLC
purity: 95.20%. '"H NMR (400 MHz, DMSO-de) 6 12.36 (s, 1H),
8.90 (s, 1H), 8.80 (s, 1H), 7.63 (d, J = 8.8 Hz, 1H), 7.55(d, J =
2.4 Hz, 1H), 7.02 (dd, J = 8.8, 2.5 Hz, 1H), 6.76 (d, / = 1.6 Hz,
1H), 6.68 (d, J = 8.0 Hz, 1H), 6.60 (dd, J = 8.0, 1.6 Hz, 1H),
3.79 (s, 3H), 3.59 (s, 2H). '3C NMR (101 MHz, DMSO-d)
0 170.84, 156.56, 156.41, 145.57, 144.75, 143.05, 133.18, 125.88,
121.55, 120.50, 117.00, 115.95, 115.35, 105.15, 56.06, 41.76.
HRMS (ESI) of compound STYS: calcd for C;¢H;sN,O4S [M +
H]™ = 331.0747, found [M + H]" = 331.0749.
2-(3,4-Dihydroxyphenyl)-N-(6-ethoxybenzo[d]thiazol-2-yl
Jacetamide (STY9). White solid 30.20 mg, yield: 47%. HPLC

purity: 95.45%. "H NMR (400 MHz, DMSO-dg) 6 12.35 (s, 1H),
8.90 (s, 1H), 8.80 (s, 1H), 7.62 (d, J/ = 8.8 Hz, 1H), 7.53 (d, J =
2.6 Hz, 1H), 7.01 (dd, J = 8.9, 2.6 Hz, 1H), 6.75 (d, / = 2.2 Hz,
1H), 6.68 (d, / = 8.0 Hz, 1H), 6.59 (dd, J = 8.0, 2.1 Hz, 1H),
4.05 (q, J = 7.0 Hz, 2H), 3.59 (s, 2H), 1.34 (t, J = 7.0 Hz, 3H).
13C NMR (101 MHz, DMSO-ds) 6 170.84, 156.38, 155.80,
145.58, 144.76, 142.99, 133.17, 125.89, 121.55, 120.50, 117.01,
115.95, 115.71, 105.80, 64.05, 41.76, 15.16. HRMS (ESI) of
compound STY9: caled for C,7H;7N,0,S [M + H]" = 345.0904,
found [M + H]" = 345.0901.

2-(3,4-Dihydroxyphenyl)-N-(6-nitrobenzo[d]thiazol-2-yl)
acetamide (STY10). Yellow solid 33.20 mg, yield: 91%. HPLC
purity: 95.31%. 'H NMR (400 MHz, DMSO-dg) 6 12.85 (s, 1H),
9.03 (s, 1H), 8.88 (m, 2H), 8.26 (d, J = 9.0 Hz, 1H), 7.88 (d, J =
9.0 Hz, 1H), 6.76 (s, 1H), 6.69 (d, J = 8.0 Hz, 1H), 6.60 (d, J =
8.1 Hz, 1H), 3.67 (s, 2H). °C NMR (101 MHz, DMSO-d)
0 171.87, 164.01, 153.90, 145.62, 144.86, 143.40, 132.62, 125.40,
122.20, 120.99, 120.56, 119.48, 117.06, 115.99, 41.80. HRMS
(ESI) of compound STY10: calcd for C;sH,N305S [M + H]* =
346.0492, found [M + H]™ = 346.0493.

2-(3,4-Dihydroxyphenyl)-N-(6-(trifluoromethyl)benzo
[d]thiazol-2-yl)acetamide (STY11). White solid 49.00 mg, yield:
53%. HPLC purity: 95.74%. '"H NMR (400 MHz, DMSO-dq)
0 12.75 (s, 1H), 8.48 (s, 1H), 7.90 (d, J = 8.5 Hz, 1H), 7.73 (dd, J
= 8.6, 1.6 Hz, 1H), 6.77 (d,J = 1.9 Hz, 1H), 6.69 (d, J = 8.0 Hz,
1H), 6.60 (dd, J = 8.1, 1.9 Hz, 1H), 3.65 (s, 2H). '>C NMR (101
MHz, DMSO-d¢) 6 171.61, 161.67, 151.74, 145.60, 144.83,
132.44, 126.38, 125.53, 124.16 (d, *Jc_r = 31.7 Hz), 123.68,
123.35 (d, *Jo_p = 3.6 Hz), 121.35, 120.33 (d, *Jc.r = 4.3 Hz),
117.05, 115.98, 41.79. HRMS (ESI) of compound STY11: calcd
for C6H2F3N,05S [M + H]™ = 369.0515, found [M + H]" =
369.0516.

4.2.3.  Synthesis of target compounds STY12-STY27
Intermediate 10a (97.10 mg, 0.27 mmol) was dissolved in DCM
and 1 mol/L BBr; (1.63 mL, 1.63 mmol) was slowly added
dropwise under an ice bath. After the reaction for 30 min, the
reaction was quenched by the addition of ice water. The
product STY12 was collected by filtration. The compounds
STY13-STY27 were obtained in the same synthetic method as
compound STY12 using intermediates 10b—10p as the reactants.
2-(Benzo[d]thiazol-2-ylamino)-N-(3,4-
dihydroxybenzyl)acetamide (STY12). White solid 33.20 mg, yield:
37%. HPLC purity: 95.65%. '"H NMR (400 MHz, DMSO-dg)
6 8.81 (s, 1H), 8.75 (s, 1H), 8.39 (t, / = 5.7 Hz, 1H), 8.29 (t,J =
5.3 Hz, 1H), 7.68 (d, / = 7.6 Hz, 1H), 7.41 (d, J = 7.9 Hz, 1H),
7.27—7.20 (m, 1H), 7.04 (t, J = 7.5 Hz, 1H), 6.71—6.63 (m, 2H),
6.55 (dd, J = 8.0, 1.7 Hz, 1H), 4.14 (s, 2H), 4.04 (s, 2H). "°C
NMR (101 MHz, DMSO-d) 6 168.91, 166.69, 152.58, 145.52,
144.60, 131.10, 130.52, 125.96, 121.56, 121.42, 118.71, 118.59,
115.71, 115.46, 47.08, 42.28. HRMS (ESI) of compound STY12:
caled for C6H ¢N303S [M + H]" = 330.0907, found [M + H]*"
= 330.0908.
N-(3,4-Dihydroxybenzyl)-2-((6-fluorobenzo[d]thiazol-2-

yl)amino)acetamide (STY13). White solid 30.20 mg, yield: 46%.
HPLC purity: 95.06%. 'H NMR (400 MHz, DMSO-d,) 6 8.78 (s,
2H), 8.39 (t, J = 5.9 Hz, 1H), 8.27 (t,J = 5.8 Hz, 1H), 7.61 (dd, J
= 8.8,2.7 Hz, 1H), 7.38 (dd, J = 8.8, 4.8 Hz, 1H), 7.06 (td, J =
9.1, 2.8 Hz, 1H), 6.70—6.62 (m, 2H), 6.54 (dd, J = 8.0, 2.0 Hz,
1H), 4.14 (d, J = 5.8 Hz, 2H), 4.03 (d, J = 5.1 Hz, 2H). °C
NMR (101 MHz, DMSO-dg) ¢ 168.84, 166.58, 157.71 (d, "Jo_p
= 236.6 Hz), 149.35 (d, *Jc_p = 1.3 Hz), 145.52, 144.60, 132.20
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(d, *Jo_p = 11.2 Hz), 130,51, 119.03 (d, *Jo_r = 9.0 Hz),
118.70, 115.70, 115.45, 113.25 (d, *Jc_r = 23.7 Hz), 108.33 (d,
2Jo_r = 27.1 Hz), 47.07, 42.27. HRMS (ESI) of compound
STY13: caled for C;H;sFN;05S [M + H]™ = 348.0813, found
M + H]t = 348.0814.

N-(3,4-Dihydroxybenzyl)-2-((6-(trifluoromethoxy)
benzo[d]thiazol-2-yl)amino)acetamide (STY14). White solid 67.70
mg, yield: 71%. HPLC purity: 95.07%. '"H NMR (400 MHz,
DMSO-de) 6 8.80 (s, 1H), 8.75 (s, 1H), 8.45 (t, J = 5.7 Hz, 1H),
8.40 (t, J = 5.8 Hz, 1H), 7.84—7.79 (m, 1H), 7.44 (d, J = 8.7 Hz,
1H), 7.23—7.18 (m, 1H), 6.70—6.61 (m, 2H), 6.54 (dd, J = 8.0,
1.6 Hz, 1H), 4.14 (d, J = 5.8 Hz, 2H), 4.06 (d, J = 5.6 Hz, 2H).
BC NMR (101 MHz, DMSO-ds) & 168.66, 167.85, 151.82,
145.51, 144.61, 142.72, 132.27, 130.48, 119.44, 118.87, 118.69,
115.70, 115.46, 114.95, 47.05, 42.28. HRMS (ESI) of compound
STY14: caled for Cy7H;sF3N;0,4S [M + H]™ = 414.0730, found
M + H]" = 414.0727.

2-((6-Bromobenzo[d]thiazol-2-yl)amino)-N-(3,4-
dihydroxybenzyl)acetamide (STY15). White solid 40.90 mg, yield:
44%. HPLC purity: 96.90%. '"H NMR (400 MHz, DMSO-d)
0 8.78 (s, 2H), 8.47—8.35 (m, 2H), 7.93 (s, 1H), 7.40—7.29 (m,
2H), 6.72—6.62 (m, 2H), 6.54 (d, / = 7.9 Hz, 1H), 4.14 (d, J =
5.5 Hz, 2H), 4.05 (d, J = 3.0 Hz, 2H). '*C NMR (101 MHz,
DMSO-dg) 6 168.69, 167.29, 151.92, 145.52, 144.61, 133.38,
130.48, 128.80, 123.83, 119.98, 118.70, 115.71, 115.46, 112.86,
47.05, 42.29. HRMS (ESI) of compound STY15: caled for
C16H15BI'N3O3S [M -+ I’I]Jr = 4080012, found [M + H]Jr =
408.0009.

N-(3,4-Dihydroxybenzyl)-2-((6-(trifluoromethyl)benzo
[d]thiazol-2-yl)amino)acetamide (STY16). White solid 82.40 mg,
yield: 83%. HPLC purity: 95.42%. "H NMR (400 MHz, DMSO-
de) 6 8.86 (s, 1H), 8.48 (t, J = 5.7 Hz, 1H), 8.17 (s, 1H), 7.55 (s,
2H), 6.72—6.64 (m, 2H), 6.55 (dd, J = 8.0, 1.7 Hz, 1H), 4.15 (d, J
= 5.8 Hz, 2H), 4.12 (s, 2H). '°C NMR (101 MHz, DMSO-dy)
6 169.35, 168.33, 145.54, 144.65, 131.37 (d, *Jc_r = 2.6 Hz),
130.41, 123.22 (q, *Je_p = 5.3,3.9 Hz), 119.27 (q, *Je-p = 5.8,
2.0 Hz), 118.74, 118.15, 115.74, 115.52, 47.16, 42.34. HRMS
(ESI) of compound STY16: caled for C;7H;5F3N305S [M + H"
= 398.0781, found [M + H]" = 398.0784.

N-(3,4-Dihydroxybenzyl)-2-((6-nitrobenzo[d]thiazol-2-
yl)amino)acetamide (STY17). Yellow solid 25.70 mg, yield: 92%.
HPLC purity: 95.22%. '"H NMR (400 MHz, DMSO-d¢) 6 9.00 (s,
1H), 8.79 (s, 2H), 8.73 (d, J = 2.5 Hz, 1H), 8.47 (t, /] = 5.9 Hz,
1H), 8.12 (dd, J = 8.9, 2.5 Hz, 1H), 7.49 (d, J = 8.9 Hz, 1H),
6.70—6.62 (m, 2H), 6.54 (dd, J = 8.0, 2.2 Hz, 1H), 4.15 (s, 2H),
4.14 (s, 2H). '3C NMR (101 MHz, DMSO-dg) ¢ 171.48, 168.19,
158.12, 145.54, 144.65, 141.37, 131.89, 130.39, 122.46, 118.73,
118.29, 117.76, 115.72, 115.49, 47.16, 42.34. HRMS (ESI) of
compound STY17: caled for C;gH;sN,OsS [M + H|t =
375.0758, found [M + H]™ = 375.0762.

N-(3,4-Dihydroxybenzyl)-2-((5-fluorobenzo[d]thiazol-2-
yl)amino)acetamide (STY18). White solid 87.00 mg, yield: 93%.
HPLC purity: 95.15%. "H NMR (400 MHz, DMSO-dg) ¢ 8.86 (s,
1H), 8.83 (s, 1H), 8.49 (t, / = 5.6 Hz, 1H), 8.45 (t, / = 6.1 Hz,
1H), 7.68 (dd, J = 8.6, 5.5 Hz, 1H), 7.20 (dd, J = 10.5, 2.5 Hz,
1H), 6.87 (td, J = 9.0, 2.6 Hz, 1H), 6.72—6.63 (m, 2H), 6.53 (d, J
= 8.0 Hz, 1H), 4.13 (d, / = 5.8 Hz, 2H), 4.04 (d, / = 5.6 Hz,
2H). >C NMR (101 MHz, DMSO-de) ¢ 168.89, 168.73, 161.69
d, YJer = 2373 Hz), 15391 (d, *Jor = 12.1 Hz), 145.49,
144.58, 130.46, 126.67 (d, *Jor = 1.2 Hz), 12223 (d, *Jep =
9.6 Hz), 118.67, 115.78, 115.53, 108.71 (d, *Jcr = 24.3 Hz),
105.17 (d, *Jor = 24.3 Hz), 47.04, 42.25. HRMS (ESI) of

compound STY18: calcd for C;¢H;sFN;O3S [M + H]T =
348.0813, found [M + H]™ = 348.0814.
2-((5-Chlorobenzo[d]thiazol-2-yl)amino)-N-(3,4-
dihydroxybenzyl)acetamide (STY19). White solid 32.00 mg, yield:
40%. HPLC purity: 95.77%. '"H NMR (400 MHz, DMSO-dg)
08.78 (s, 2H), 8.49 (s, 1H), 8.41 (t,J = 5.4 Hz, 1H), 7.70 (d, J =
8.3 Hz, 1H), 7.44—7.39 (m, 1H), 7.06 (dd, J = 8.3, 1.4 Hz, 1H),
6.70—6.63 (m, 2H), 6.54 (d, J = 7.5 Hz, 1H), 4.14 (d, J = 5.6 Hz,
2H), 4.06 (d, J = 4.1 Hz, 2H). '3*C NMR (101 MHz, DMSO-dg)
0 168.62, 168.35, 153.95, 145.53, 144.62, 130.65, 130.47, 129.96,
122.66, 121.21, 118.71, 118.01, 115.71, 115.47, 47.05, 42.30.
HRMS (ESI) of compound STY19: calcd for C;cH;5CIN;O3S [M
+ H]" = 364.0517, found [M + H]" = 364.0517.
2-((5-Bromobenzo[d]thiazol-2-yl)amino)-N-(3,4-
dihydroxybenzyl)acetamide (STY20). White solid 20.00 mg, yield:
21%. HPLC purity: 95.72%. 'H NMR (400 MHz, DMSO-dg)
0 8.83 (s, 1H), 8.79 (s, 1H), 8.46 (d,J = 5.7 Hz, 1H), 8.43 (d, J =
6.1 Hz, 1H), 7.92 (s, 1H), 7.38—7.27 (m, 2H), 6.70—6.63 (m, 2H),
6.52 (d, J = 8.0 Hz, 1H), 4.12 (d, /] = 5.8 Hz, 2H), 4.03 (d, J =
5.5 Hz, 2H). >C NMR (101 MHz, DMSO-dy) 6 168.73, 167.29,
151.90, 145.48, 144.57, 133.38, 130.46, 128.79, 123.83, 119.98,
118.67, 115.75, 115.49, 112.82, 47.04, 42.25. HRMS (ESI) of
compound STY20: calcd for C;¢H;sBrN;O5S [M + H]T =
408.0012, found [M + H]" = 408.0011.
N-(3,4-Dihydroxybenzyl)-2-((5-nitrobenzo[d]thiazol-2-
yl)amino)acetamide (STY21). Yellow solid 76.40 mg, yield: 82%.
HPLC purity: 95.20%. '"H NMR (400 MHz, DMSO-d,) 6 8.85 (s,
1H), 8.48 (t,J = 5.8 Hz, 1H), 8.10 (d, / = 2.2 Hz, 1H), 7.98 (d, J
= 8.6 Hz, 1H), 7.91 (dd, J = 8.6, 2.2 Hz, 1H), 6.69—6.62 (m,
2H), 6.54 (dd, J = 8.0, 1.9 Hz, 1H), 4.14 (d, J = 5.8 Hz, 2H),
4.11 (s, 2H). '*C NMR (101 MHz, DMSO-de) 6 169.06, 168.26,
152.37, 146.56, 145.53, 144.64, 139.08, 130.40, 122.26, 118.70,
116.31, 115.72, 115.49, 112.17, 47.12, 42.33. HRMS (ESI) of
compound STY21: caled for C;gH;sN4,OsS [M + H]T =
375.0758, found [M + H]™ = 375.0757.
N-(3,4-Dihydroxybenzyl)-2-((5-nitrobenzo[d]oxazol-2-
yl)amino)acetamide (STY22). Yellow solid 40.00 mg, yield: 86%.
HPLC purity: 95.27%. "H NMR (400 MHz, DMSO-dg) 6 8.75 (t, J
= 59 Hz, 1H), 8.47 (t, J = 5.4 Hz, 1H), 8.09—8.04 (m, 1H), 7.98
(dd, J = 8.7, 2.0 Hz, 1H), 7.61 (d, J = 8.7 Hz, 1H), 6.73—6.63
(m, 2H), 6.54 (d, J = 7.9 Hz, 1H), 4.14 (d, J/ = 5.5 Hz, 2H), 3.99
(d, J = 6.0 Hz, 2H). '>C NMR (101 MHz, DMSO-d) 6 168.33,
164.93, 152.99, 145.53, 144.90, 144.64, 144.50, 130.44, 118.77,
117.44, 115.68, 115.55, 110.88, 109.34, 45.60, 42.35. HRMS
(ESI) of compound STY22: caled for C;¢H;sN4Og [M + H]" =
359.0986, found [M + H]T = 359.0983.
2-((5-Chlorobenzo[d]oxazol-2-yl)amino)-N-(3,4-
dihydroxybenzyl)acetamide (STY23). White solid 63.80 mg, yield:
38%. HPLC purity: 95.08%. '"H NMR (400 MHz, DMSO-dg)
0 8.55 (s, 1H), 8.44 (t,J = 5.8 Hz, 1H), 7.58 (d, / = 1.9 Hz, 1H),
7.27 (d,J = 8.3 Hz, 1H), 7.19 (dd, J = 8.3, 1.9 Hz, 1H), 6.67 (d,
J = 1.8 Hz, 1H), 6.65 (d, J = 8.0 Hz, 1H), 6.53 (dd, J = 8.0, 1.7
Hz, 1H), 4.12 (d, J = 5.8 Hz, 2H), 3.95 (s, 2H). '*C NMR (101
MHz, DMSO-dg) 6 168.35, 163.04, 148.60, 145.50, 144.63,
141.06, 130.41, 125.02, 124.49, 118.79, 116.36, 115.69, 115.55,
110.08, 45.61, 42.34. HRMS (ESI) of compound STY23: calcd for
Ci6H;sCIN;O4 [M + H]" = 348.0746, found [M + H]' =
348.0747.
2-(Benzo[d]oxazol-2-ylamino)-N-(3,4-
dihydroxybenzyl)acetamide (STY24). White solid 49.50 mg, yield:
75%. HPLC purity: 95.11%. '"H NMR (400 MHz, DMSO-dg)
0 8.77 (s, 2H), 8.40 (t, / = 5.8 Hz, 1H), 8.21 (t, J = 6.0 Hz, 1H),
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7.37(d,J = 79 Hz, 1H), 7.26 (d, J = 7.7 Hz, 1H), 7.16—7.09 (m,
1H), 7.00 (td, J = 7.8, 1.1 Hz, 1H), 6.68—6.62 (m, 2H), 6.53 (dd,
J = 8.0, 1.9 Hz, 1H), 4.12 (d, J = 5.8 Hz, 2H), 3.94 (d, J = 6.1
Hz, 2H). *C NMR (101 MHz, DMSO-dg) 6 168.81, 162.85,
148.59, 145.52, 144.62, 143.12, 130.53, 124.16, 120.87, 118.77,
115.99, 115.68, 115.54, 109.16, 45.67, 42.32. HRMS (ESI) of
compound STY?24: calcd for C;¢H (N304 [M + H]™ = 314.1135,
found [M + H]" = 314.1131.

2-((5-Bromobenzo[d]oxazol-2-yl)amino)-N-(3,4-
dihydroxybenzyl)acetamide (STY25). White solid 82.80 mg, yield:
88%. HPLC purity: 96.01%. 'H NMR (400 MHz, DMSO-dq)
0850 (t,J = 5.5Hz, 1H), 8.43 (t,J = 5.8 Hz, 1H), 7.44 (d, J =
1.9 Hz, 1H), 7.36 (d, J = 8.4 Hz, 1H), 7.16 (dd, J = 8.4, 1.9 Hz,
1H), 6.67 (d, J = 1.8 Hz, 1H), 6.64 (d, J = 8.0 Hz, 1H), 6.52 (dd,
J = 8.0, 1.8 Hz, 1H), 4.12 (d, J = 5.8 Hz, 2H), 3.94 (d, J = 5.1
Hz, 2H). *C NMR (101 MHz, DMSO-dg) 6 168.29, 163.33,
147.49, 145.50, 144.64, 143.90, 130.40, 123.67, 118.78, 118.21,
116.35, 115.69, 115.55, 111.06, 45.55, 42.35. HRMS of STY25:
caled for C;¢H;sBrN3O4 [M + H]" = 392.0240, found [M + H]"
= 392.0240.

N-(3,4-Dihydroxybenzyl)-2-((6-fluorobenzo[d]oxazol-2-
yl)amino)acetamide (STY26). White solid 52.20 mg, yield: 58%.
HPLC purity: 95.21%. "H NMR (400 MHz, DMSO-dg) 6 8.79 (s,
1H), 8.76 (s, 1H), 8.40 (t, J = 5.8 Hz, 1H), 8.22 (t, / = 6.2 Hz,
1H), 7.38 (dd, J = 8.5, 2.5 Hz, 1H), 7.23 (dd, J = 8.6, 5.0 Hz,
1H), 6.98 (ddd, J = 10.9, 8.6, 2.5 Hz, 1H), 6.70—6.61 (m, 2H),
6.53 (dd, J = 8.0, 1.9 Hz, 1H), 4.12 (d, J = 5.8 Hz, 2H), 3.92 (d,
J = 6.1 Hz, 2H). "*C NMR (101 MHz, DMSO-ds) ¢ 168.79,
163.46, 157.47 (d, "Jo_p = 235.1 Hz), 14843 (d, *Je_r = 15.0
Hz), 145.50, 144.61, 139.87, 130.53, 118.76, 115.80 (d, *Je_p =
10.0 Hz), 115.67, 115.53, 110.65 (d, *Jc_r = 23.5 Hz), 98.12 (d,
2Je_r = 29.3 Hz), 45.69, 42.31. HRMS of STY26: caled for
Ci6HsFN504 [M + H]" = 332.1041, found [M + H]" =
332.1043.

2-((6-Chlorobenzo[d]oxazol-2-yl)amino)-N-(3,4-
dihydroxybenzyl)acetamide (STY27). White solid 83.10 mg, yield:
89%. HPLC purity: 95.61%. '"H NMR (400 MHz, DMSO-dg)
0 8.79 (s, 1H), 8.74 (s, 1H), 8.41 (t,J = 5.9 Hz, 1H), 8.35 (t,J =
6.3 Hz, 1H), 7.54 (d, J = 2.0 Hz, 1H), 7.24 (d, J = 8.3 Hz, 1H),
7.16 (dd, J = 8.3, 2.0 Hz, 1H), 6.67 (d, J = 2.1 Hz, 1H), 6.64 (d,
J = 8.0 Hz, 1H), 6.52 (dd, J = 8.0, 2.1 Hz, 1H), 4.12(d,J = 5.9
Hz, 2H), 3.93 (d, J = 6.3 Hz, 2H). '*C NMR (101 MHz, DMSO-
de) 0 168.65, 163.50, 148.99, 145.51, 144.62, 142.67, 130.49,
124.53, 124.17, 118.77, 116.68, 115.67, 115.53, 109.79, 45.65,
42.32. HRMS (ESI) of compound STY27: caled for
C,6H;sCIN;O4 [M + H]" = 348.0746, found [M + H]" =
348.0739.

4.2.4.  Synthesis of target compounds STY28-STY33

The  commercially  available = compound  2-chloro-6-
nitrobenzo[d]thiazole (50.00 mg, 0.23 mmol) was dissolved with
compound 13a (78.40 mg, 0.35 mmol) in 5 mL ethanol, and the
reaction was carried out by adding DIPEA (0.23 mL, 1.33 mmol)
at 80 °C for 12 h. At the end of the reaction, a yellow solid was
precipitated and compound STY28 was by filtration. The com-
pounds STY29-STY33 were obtained in the same synthetic
method as compounds STY28 using intermediates 13b—13f as the
reactants.

N-(3,4-Dimethoxybenzyl)-2-((6-nitrobenzol[d]thiazol-2-

yl)amino)acetamide (STY28). Yellow solid 89.50 mg, yield: 97%.

HPLC purity: 96.85%. "H NMR (400 MHz, DMSO-dj) 6 9.02 (s,
1H), 8.73 (d, J = 2.3 Hz, 1H), 8.56 (t, J = 5.7 Hz, 1H), 8.13 (dd,
J = 8.9, 2.4 Hz, 1H), 7.48 (d, J/ = 8.9 Hz, 1H), 6.92—6.86 (m,
2H), 6.82 (d, J = 8.2 Hz, 1H), 4.27 (d, J = 5.8 Hz, 2H), 4.17 (s,
2H), 3.73 (s, 3H), 3.71 (s, 3H). '*C NMR (101 MHz, DMSO-dy)
0 171.56, 168.44, 158.29, 149.08, 148.25, 141.36, 132.06, 131.96,
122.46, 119.82, 118.27, 117.76, 112.17, 111.80, 56.04, 55.86,
47.18, 42.39. HRMS (ESI) of compound STY28: calcd for
CisH1oN4OsS [M + H]' = 403.1071, found [M + H]" =
403.1064.

N-(Cyclohexylmethyl)-2-((6-nitrobenzo[d]thiazol-2-
yl)amino)acetamide (STY29). Yellow solid 120.20 mg, yield: 69%.
HPLC purity: 97.41%. "H NMR (400 MHz, DMSO-dg) 6 9.09 (t, J
= 5.6 Hz, 1H), 8.72 (d, J = 2.5 Hz, 1H), 8.18—8.06 (m, 2H), 7.45
(d, J = 89 Hz, 1H), 4.09 (d, J = 5.2 Hz, 2H), 2.94 (t, /] = 6.3
Hz, 2H), 1.71—1.62 (m, 4H), 1.62—1.55 (m, 1H), 1.39 (m, 1H),
1.19—1.06 (m, 3H), 0.91—0.79 (m, 2H). '*C NMR (101 MHz,
DMSO-dg) 6 171.44, 168.29, 158.31, 141.29, 131.94, 122.43,
118.25, 117.66, 47.15, 45.29, 37.93, 30.77 (2C), 26.48, 25.87
(2C). HRMS (ESI) of compound STY29: caled for C;¢H,N4O3S
[M + H]" = 349.1329, found [M + H]" = 349.1320.

N-Benzyl-2-((6-nitrobenzo[d]thiazol-2-yl)amino)acetamide
(STY30). Yellow solid 228.60 mg, yield: 95%. HPLC purity:
97.36%. "H NMR (400 MHz, DMSO-dg) 6 9.06 (t, J = 5.7 Hz,
1H), 8.73 (d, J = 2.4 Hz, 1H), 8.65 (t, / = 5.9 Hz, 1H), 8.14
(dd, J = 8.9, 2.5 Hz, 1H), 7.50 (d, J = 8.9 Hz, 1H), 7.30 (m, J
= 3.2 Hz, 4H), 7.26—7.20 (m, 1H), 4.34 (d, J = 6.0 Hz, 2H),
4.18 (d, J = 5.6 Hz, 2H). *C NMR (101 MHz, DMSO-dg)
0 171.51, 168.65, 158.29, 141.38, 139.69, 132.00, 128.69 (2C),
127.57 (2C), 127.20, 122.48, 118.29, 117.78, 47.21, 42.54.
HRMS (ESI) of compound STY30: calcd for C14H,5N4O03S [M
+ H]" = 343.0859, found [M + H]" = 343.0852.

N-(2-Chlorophenethyl)-2-((6-nitrobenzo[d[thiazol-2-
yl)amino)acetamide (STY31). Yellow solid 49.70 mg, yield: 55%.
HPLC purity: 95.65%. "H NMR (400 MHz, DMSO-dg) 6 8.98 (t, J
= 5.7 Hz, 1H), 8.72 (s, 1H), 8.25 (t, J/ = 5.7 Hz, 1H), 8.11 (dd, J
= 9.0,2.5Hz, 1H), 7.47 (d, J = 8.9 Hz, 1H), 7.44—7.36 (m, 1H),
7.35—7.28 (m, 1H), 7.26—7.20 (m, 2H), 4.08 (d, J = 5.7 Hz, 2H),
3.39—3.32 (m, 2H), 2.87 (t, J = 7.2 Hz, 2H). '*C NMR (101
MHz, DMSO-dg) 6 171.43, 168.42, 158.27, 141.33, 137.11,
133.55, 131.96, 131.55, 129.65, 128.62, 127.65, 122.44, 118.26,
117.77, 47.11, 38.91, 33.25. HRMS (ESI) of compound STY31:
caled for C,7H,;4CIN4OsS [M + H]" = 391.0626, found [M +
H]" = 391.0620.

N-(2-Methoxyphenethyl)-2-((6-nitrobenzo[dJthiazol-2-
yl)amino)acetamide (STY32). Yellow solid 56.70 mg, yield: 64%.
HPLC purity: 97.62%. "H NMR (400 MHz, DMSO-dg) 6 8.97 (t, J
= 5.6 Hz, 1H), 8.72 (d, J = 2.5 Hz, 1H), 8.16 (t, / = 5.6 Hz,
1H), 8.12 (dd, J = 8.9, 2.5 Hz, 1H), 7.47 (d, J = 8.9 Hz, 1H),
7.18 (td, J = 7.8, 1.8 Hz, 1H), 7.11 (dd, J = 7.4, 1.8 Hz, 1H),
6.94 (d, J = 8.2 Hz, 1H), 6.83 (t, J/ = 7.3 Hz, 1H), 4.08 (d, J =
5.6 Hz, 2H), 3.78 (s, 3H), 3.33—3.25 (m, 2H), 2.72 (t, J = 7.3 Hz,
2H). *C NMR (101 MHz, DMSO-dg) 6 171.40, 168.25, 158.30,
157.64, 141.33, 131.96, 130.46, 128.05, 127.46, 122.45, 120.69,
118.26, 117.76, 111.09, 55.71, 47.13, 39.29, 30.23. HRMS (ESI)
of compound STY32: caled for C;gH;oN,O,S [M + H]" =
387.1122, found [M + H]" = 387.1114.

N-(2-Bromophenethyl)-2-((6-nitrobenzo[d]thiazol-2-
yl)amino)acetamide (STY33). Yellow solid 74.20 mg, yield: 74%.
HPLC purity: 97.27%. "H NMR (400 MHz, DMSO-dg) 6 8.98 (t, J
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= 5.6 Hz, 1H), 8.72 (d, J = 2.4 Hz, 1H), 8.25 (t, J = 5.4 Hz,
1H), 8.12 (dd, J = 8.9, 2.4 Hz, 1H), 7.57 (d, J = 7.9 Hz, 1H),
747 (d, J = 8.9 Hz, 1H), 7.35—7.24 (m, 2H), 7.15 (td, J = 7.9,
1.8 Hz, 1H), 4.08 (d, J = 5.5 Hz, 2H), 3.37 (d, J/ = 6.9 Hz, 1H),
3.33 (s, 1H), 2.87 (t, J = 7.1 Hz, 2H). '*C NMR (101 MHz,
DMSO-dg) 6 171.47, 168.44, 158.28, 141.34, 138.80, 132.94,
131.96, 131.54, 128.89, 128.24, 124.34, 122.45, 118.26, 117.77,
47.12, 39.02, 35.71. HRMS (ESI) of compound STY33: calcd for
C7H1¢BrN,O5S [M + H]T = 435.0121, found [M + H]" =
435.0114.

4.2.5.  Synthesis of target compounds STY34—-STY41

Intermediate 18a (236.09 mg, 0.69 mmol) was dissolved in DCM
and 1 mol/L BBr; (4.14 mL, 4.14 mmol) was slowly added
dropwise under an ice bath. After the reaction for 30 min, the
reaction was quenched by the addition of ice water. The product
STY34 was collected by filtration. The compounds
STY35-STY41 were obtained in the same synthetic method as
compound STY34 using intermediates 18b—18h as the reactants.

N'-(3,4-Dihydroxybenzyl)-N*-phenylsuccinamide (STY34).
White solid of 180.00 mg, yield: 58%. HPLC purity: 95.68%. 'H
NMR (400 MHz, DMSO-dg) 6 9.95 (s, 1H), 8.25 (s, 1H), 7.59 (dd,
J =8.2,29Hz,2H),7.28 (td, J = 7.8, 2.9 Hz, 3H), 7.01 (td, J =
7.4, 2.8 Hz, 2H), 6.64 (m, 2H), 6.50 (m, 1H), 4.08 (m, 2H), 2.57
(m, 2H), 2.45 (m, 2H). >C NMR (101 MHz, DMSO-dg) 6 171.41,
170.93, 145.51, 144.53, 139.80, 130.79, 129.09 (2C), 123.33,
119.38 (2C), 118.65, 115.72, 115.41, 42.26, 32.23, 30.80. HRMS
(ESI) of compound STY34: caled for C;7H;oN,O4 [M + H]" =
315.1339, found [M + H]™ = 315.1332.

N-benzyl-N*-(3,4-Dihydroxybenzyl)succinimide (STY35).
White solid 220.00 mg, yield 66%. HPLC purity: 96.00%. 'H
NMR (400 MHz, DMSO-dg) 6 8.81 (s, 1H), 8.72 (s, 1H), 8.34 (t, J
= 5.9 Hz, 1H), 8.19 (t, J/ = 5.8 Hz, 1H), 7.31 (m, 2H), 7.24 (m,
3H), 6.70—6.57 (m, 2H), 6.49 (d, J = 8.0 Hz, 1H), 4.26 (d, J =
5.9 Hz, 2H), 4.07 (d, J = 5.8 Hz, 2H), 2.39 (s, 4H). '°C NMR
(101 MHz, DMSO-dg) 6 171.87, 171.52, 145.51, 144.54, 140.06,
130.82, 128.69 (2C), 127.61 (2C), 127.13, 118.66, 115.73, 115.40,
42.50, 42.25, 31.30, 31.29. HRMS (ESI) of compound STY35:
caled for C gH, N,O, [M + H]T = 329.1496, found [M + H]*
= 329.1491.

N'-(3,4-Dihydroxybenzyl)-N*-phenethylsuccinamide (STY36).
White solid 210.00 mg, yield 60%. HPLC purity: 95.25%. 'H
NMR (400 MHz, DMSO-dg) 6 8.82 (s, 1H), 8.72 (s, 1H), 8.18 (t, J
= 5.9 Hz, 1H), 7.93 (t, J = 5.6 Hz, 1H), 7.33—7.24 (m, 2H),
7.25—17.15 (m, 3H), 6.65 (m, 2H), 6.49 (dd, J = 8.0, 2.1 Hz, 1H),
4.07 (d, J = 5.8 Hz, 2H), 3.25 (m, 2H), 2.71 (m, 2H), 2.40—2.27
(m, 4H). °C NMR (101 MHz, DMSO-ds 6 171.70, 171.51,
145.51, 144.53, 139.98, 130.83, 129.08 (2C), 128.75 (2C), 126.50,
118.63, 115.70, 115.38, 42.22, 40.71, 35.66, 31.37, 31.31. HRMS
(ESI) of compound STY36: calcd for C;gH,3N,04 [M + H]" =
343.1652, found [M + H]* = 343.1642.

N'-([1,1'-Biphenyl ]-4-ylmethyl)-N*-(3,4-
dihydroxybenzyl)succinimide (STY37). White solid 290.00 mg,
yield 70%. HPLC purity: 95.28%. '"H NMR (400 MHz, DMSO-
dg) 6 8.81 (s, 1H), 8.72 (s, 1H), 8.39 (t, / = 6.0 Hz, 1H), 8.20 (t, J
= 5.8 Hz, 1H), 7.67—7.57 (m, 4H), 7.46 (t, J = 7.5 Hz, 2H), 7.35
(m, 3H), 6.65 (m, 2H), 6.50 (dd, J = 8.1, 2.0 Hz, 1H), 4.30 (d, J
= 5.8 Hz, 2H), 4.08 (d, J = 5.8 Hz, 2H), 2.43—2.39 (m, 4H). "°C
NMR (101 MHz, DMSO-de) 6 171.88, 171.50, 145.52, 144.55,
140.45, 139.36, 139.10, 130.83, 129.38 (2C), 128.26 (2C), 127.76,
127.03 (4C), 118.66, 115.72, 115.41, 42.25 (2C), 31.33, 31.28.

HRMS (ESI) of compound STY37: caled for Co4HpsN,O4 [M +
H]" = 405.1809, found [M + H]" = 405.1806.

N'-(((15,355r; 7r)-Adamantan-2-yl)methyl)-N4-(3,4-
dihydroxybenzyl)succinimide (STY38). White solid 190.00 mg,
yield 48%. HPLC purity: 96.26%. '"H NMR (400 MHz, DMSO-
de) 0 8.80 (s, 1H), 8.73 (s, 1H), 8.17 (t,J = 5.8 Hz, 1H), 7.65 (t, J
= 6.2 Hz, 1H), 6.67—6.60 (m, 2H), 6.48 (dd, J = 8.0, 2.1 Hz,
1H), 4.07 (d, J = 5.8 Hz, 2H), 2.75 (d, J = 6.2 Hz, 2H), 2.36 (m,
4H), 1.96—1.86 (m, 3H), 1.70—1.62 (m, 3H), 1.62—1.52 (m, 3H),
1.48—1.37 (m, 6H). '*C NMR (101 MHz, DMSO-dg) 6 171.98,
171.59, 145.50, 144.53, 130.79, 118.61, 115.70, 115.38, 50.57,
42.23, 40.24, 37.02 (4C), 34.05, 31.65, 31.49, 28.18 (4C). HRMS
(ESI) of compound STY38: calcd for Co,H3N,O4 [M + H]™ =
387.2278, found [M + H]™ = 387.2272.

N'-(3,4-Dihydroxybenzyl)-N*-pentylsuccinamide (STY39).
White solid 190.00 mg, yield 62%. HPLC purity: 95.19%. 'H
NMR (400 MHz, DMSO-dg) 6 8.79 (s, 1H), 8.71 (s, 1H), 8.16 (t, J
= 5.8 Hz, 1H), 7.77 (t, J = 5.6 Hz, 1H), 6.69—6.55 (m, 2H), 6.47
(dd, J = 8.0, 2.1 Hz, 1H), 4.05 (d, / = 5.8 Hz, 2H), 3.00 (q, J =
6.5 Hz, 2H), 2.38—2.24 (m, 4H), 1.37 (m, 2H), 1.30—1.19 (m,
4H), 0.86 (m, 3H). '>C NMR (101 MHz, DMSO-dg) 6 171.54
(2C), 145.50, 144.52, 130.81, 118.61, 115.70, 115.37, 42.20,
38.91, 31.39 (20), 29.28, 29.07, 22.31, 14.39. HRMS (ESI) of
compound STY39: caled for C;¢H,sN,O4 [M + H]" = 309.1809,
found [M + H]" = 309.1806.

N'-(3,4-Dihydroxybenzyl)-N*-hexylsuccinamide (STY40).
White solid 160.00 mg, yield 54%. HPLC purity: 95.02%. 'H
NMR (400 MHz, DMSO-dg) 6 8.80 (s, 1H), 8.71 (s, 1H), 8.16 (t, J
= 59 Hz, 1H), 7.77 (t, J = 5.6 Hz, 1H), 6.68—6.58 (m, 2H), 6.48
(dd, J = 8.0, 2.1 Hz, 1H), 4.06 (d, / = 5.8 Hz, 2H), 3.01 (q, J =
6.5 Hz, 2H), 2.37—2.26 (m, 4H), 1.36 (m, 2H), 1.31—1.20 (m,
6H), 0.86 (m, 3H). *C NMR (101 MHz, DMSO-dg) 6 171.54
(2C), 145.50, 144.53, 130.81, 118.61, 115.70, 115.37, 42.20,
38.95, 31.47, 31.39 (2C), 29.56, 26.54, 22.53, 14.39. HRMS (ESI)
of compound STY40: caled for C;H,;N,O4 [M + H" =
323.1965, found [M + H]" = 323.1958.

N'-(3,4-Dihydroxybenzyl)-N*-heptylsuccinamide (STY41).
White solid 240.00 mg, yield 71%. HPLC purity: 95.32%. 'H
NMR (400 MHz, DMSO-dg) 6 8.80 (s, 1H), 8.71 (s, 1H), 8.16 (t, J
= 59 Hz, 1H), 7.77 (t, J = 5.6 Hz, 1H), 6.69—6.60 (m, 2H), 6.48
(dd, J = 8.0, 2.1 Hz, 1H), 4.06 (d, J/ = 5.8 Hz, 2H), 3.01 (q, J =
6.5 Hz, 2H), 2.39—2.24 (m, 4H), 1.37 (m, 2H), 1.32—1.16 (m,
8H), 0.86 (m, 3H). '*C NMR (101 MHz, DMSO-dg) 6 171.54
(20), 145.50, 144.52, 130.81, 118.60, 115.69, 115.36, 42.21,
38.95, 31.72, 31.39 (2C), 29.60, 28.90, 26.84, 22.53, 14.42.
HRMS (ESI) of compound STY41: caled for C;gH,oN>O4 [M +
H]" = 337.2122, found [M + H]" = 337.2117.

4.3.  Biology

4.3.1.  Bacterial strains and growth conditions

The bacteria used in this study mainly included Pseudomonas
aeruginosa PAO1 (ATCC15692), PA14 wild-type strains, and
sdhB-deficient mutant strain. Four clinical strains: PA1129 was
from the clinical laboratory of the First Affiliated Hospital of
Jinan University. PA182, PA185, PA187, PA1065, and PA1167
were from Guangzhou Red Cross Hospital. Bacteria were stored in
LB broth supplemented with 25% glycerol at —80 °C. Before each
experiment, frozen primary seeds were inoculated onto LB agar
plates and incubated overnight at 37 °C to obtain single colonies.
Single colonies were selected and inoculated into LB broth.
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Incubate at 37 °C, 200 rpm overnight, and dilute to the desired
concentration according to the optical density value at 600 nm.

4.3.2.  Biofilm inhibitory activity assay

The biofilm inhibitory activity of the compounds was evaluated by
crystal violet staining. Overnight incubated P. aeruginosa PAO1,
PA182, PA1129, PA185, PA187, PA1065, PA1167 and different
concentrations of compounds were added into 96-well flat-
bottomed polystyrene microtitre plates and incubated at 37 °C
for 24 h. The floating cells were removed and the biofilm was
rinsed with PBS, the biofilm was stained with 150 pL of 0.1%
crystalline violet for 15 min, then rinsed with distilled water, and
finally the crystalline violet was dissolved with 150 pL of 30%
glacial acetic acid in each well, and then the optical density (OD)
of each well was measured at 570 nm using a microplate reader
(Bio Tek, USA) and the experiment was repeated three times.

4.3.3.  Growth curve testing

Overnight cultured P. aeruginosa PAO1, PA182, PA1129, PA185,
PA187, PA1065, and PA1167 were diluted in 100 mL LB broth to
give an OD of 0.05 at 600 nm, and then compounds were added
for co-culture. Growth curves were recorded every 10 min for 16 h
using a Tecan Infinite 200 Pro plate reader (Tecan Group Ltd.,
Mannedorf, Switzerland).

4.3.4.  MIC testing

P. aeruginosa PAO1 was cultured overnight in MH broth and
diluted to ODggo of 0.05 in 96-well plates. Then, 100 pL of me-
dium containing different concentrations of STY17 was added to
the culture plates. After incubation at 37 °C for 20 h, the absor-
bance value of each well was measured at 600 nm using a
microplate reader (Bio Tek, USA). The values of ODgy, lower
than 0.1 were judged as non-growing bacteria. The experiments
were analyzed in triplicate.

4.3.5.  Elastase activity assay

Single colonies of PAO1 and PAO1-AlasIArhll were picked in
advance in an appropriate amount of LB broth and incubated
overnight in a shaker. The bacterial solution was diluted to an OD
600 Of 0.01, and compound STY17 at concentrations of 0, 0.125,
0.25, 0.5, 1, and 2 pmol/L was added, and incubated at 37 °C, 200
rpm for 24 h. The supernatant was collected by centrifugation of
the cultures (10,000 rpm, 10 min, 4 °C) and filtered through a
sterile 0.2 pmol/L filter tip for spare parts. Elastase activity was
next determined using the EnzChekTM Protease assay kit (Invi-
trogen, USA). The reagents and samples were added to 96-well
black plates according to the manufacturer’s instructions, and
the fluorescence values were measured using a microplate reader
(excitation wavelength 490 nm, emission wavelength 520 nm) at
10-min intervals for at least 7 h. The experiments were analyzed in
triplicate.

4.3.6.  Pyocyanin production inhibition assay

The overnight culture was diluted to an ODgy of 0.01, supple-
mented with compound STY17 to the final concentration, and
incubated with shaking (200 rpm, 37 °C) for 24 h. Following
incubation, the culture was centrifuged at 4 °C, 10,000 rpm for 10
min. Subsequently, 8 mL of the supernatant was extracted with 2
mL of chloroform. The lower (chloroform) layer (1 mL) was
transferred to a new centrifuge tube, mixed with 300 pL of 0.2
mol/L. HCI, vortex-mixed, and centrifuged. Finally, 200 pL of

pink supernatant was taken to determine ODs;o. The experiments
were analyzed in triplicate.

4.3.7.  Rhamnolipid production inhibition assay

The overnight culture was diluted to an ODgg of 0.01, supple-
mented with compound STY17 at the target concentration, and
incubated with shaking (200 rpm, 37 °C) for 24 h. Following
incubation, the culture was centrifuged at 4 °C, 10,000 rpm for 10
min. Subsequently, 2 mL of the supernatant was extracted with 4
mL of diethyl ether by thorough mixing. The ether layer (1 mL)
was transferred to a 1.5 mL centrifuge tube and evaporated to
dryness. The residue was reconstituted in 100 pL of ultrapure
water, mixed with 900 pL of freshly prepared 0.2% orcinol re-
agent, vortex-mixed thoroughly, and incubated at 80 °C for 30 min
in a thermostatic water bath. After cooling to room temperature,
200 pL of the solution was aliquoted for OD,4,; measurement. The
experiments were analyzed in triplicate.

4.3.8.  Imaging of biofilm structure by CLSM

Different concentrations of compound STY17 were inoculated
with P. aeruginosa PAOI in 96-well glass-bottom plates and
incubated at 37 °C for 24 h. The supernatant was discarded and
the surface of the well plates was washed with PBS three times.
100 pL of PBS containing 1 pmol/L SYTO9 and 10 pmol/L PI
dye was added to each well. After incubation for 15 min away
from light, the effect of STY17 on the formation of bacterial
biofilm was observed by a fluorescence confocal microscope
(Zeiss LSMS800).

4.3.9.  Motility assay

For swarming motility, 20 mL medium (LB agar medium con-
taining 0.5% agar) was added to a Petri dish containing different
concentrations of STY17. The mixture was used to prepare solid
plates, and then 1 pL of P. aeruginosa PAO1 was inoculated onto
the surface of the Petri dish. For swimming motility, 20 mL me-
dium (LB agar medium with 0.3% agar) was added to the Petri
dish containing different concentrations of STY17. The mixture
was used to prepare solid plates, and then 1 pL of P. aeruginosa
PAO1 was inoculated into the middle of the medium. For
twitching motility, 20 mL medium (LB agar medium with 1%
agar) was added to the Petri dish containing different concentra-
tions of STY17. The mixture was used to prepare solid plates, and
then 1 pL of P. aeruginosa PAO1 was inoculated into the bottom
of the Petri dish. The Petri dishes were incubated at 37 °C for 16
h. The experiments were analyzed in triplicate.

4.3.10.  Scanning electron microscope assay

Overnight cultured P. aeruginosa PAO1 was diluted with LB
medium to an ODggy of 0.05 and then incubated with different
concentrations of STY17 for 16 h. The precipitates were then
eluted with gradients of 30%, 50%, 70%, 90% and 100% ethanol.
Finally, these samples were placed on silicon wafers for SEM
(Ultra-55, Zeiss) analysis.

4.3.11.
assay

The overnight cultured P. aeruginosa PAO1 was diluted with LB
to ODgpo = 0.05, and incubated with different concentrations of
compound STY17 at 37 °C for 24 h. Next, the biofilm was washed
with 200 pL of physiological saline and sonicated for 40 min.
After heating at 80 °C for 30 min, the mixture was cooled and
centrifuged for 10 min (4 °C, 10,000 rpm). Take 100 pL of

Extracellular polysaccharide production inhibition
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supernatant with the addition of 100 pL 5% phenol solution, 500
pL concentrated H,SOy4. It was mixed well and the ODy4gy was
measured by a microplate reader. The experiments were analyzed
in triplicate.

4.3.12.  Determination of iron concentration

The overnight cultured P. aeruginosa PAO1 was diluted to an
ODgq value of 0.05. The diluted bacterial solution was added to
ABTGC medium containing different concentrations of the com-
pound and incubated in a shaker at 37 °C, 200 rpm for 16 h. The
culture was centrifuged (4000 rpm, 10 min, 4 °C) and the super-
natant was discarded. Next, it was washed by adding 5 mL of PBS
buffer and finally mixed with 2 mL of PBS buffer. The total
intracellular iron ion content was determined using the Elabs-
cience Total Cellular Iron Colorimetric Test Kit. The appropriate
reagents and samples were added to the slats according to the
manufacturer’s instructions, and ODsg3 was determined using a
microplate reader after the incubation was completed. The ex-
periments were analyzed in triplicate.

4.3.13.  Activity of succinate dehydrogenase

The overnight cultured P. aeruginosa PAO1 was diluted to an
ODgq value of 0.01. The diluted bacterial solution was added to
LB broth containing different concentrations of the compound and
incubated in a shaker at 37 °C, 200 rpm for 8 h. Then, the samples
were centrifuged (4000 rpm, 10 min, 4 °C) to remove the super-
natant and washed with PBS buffer. Succinate dehydrogenase
activity was next measured using the Solarbio Succinate Dehy-
drogenase (SDH) Activity Assay Kit. The samples were sonicated
with the appropriate reagents according to the manufacturer’s
instructions, centrifuged, and the supernatant assayed. The ex-
periments were analyzed in triplicate.

4.3.14.  Determination of pH in bacteria

The overnight cultured P. aeruginosa PAO1 was diluted to an
ODgq value of 0.01, and the diluted bacterial solution was added
to LB broth containing different concentrations of the compounds
in a 96-well black plate, and incubated overnight in an incubator at
37 °C. The samples were centrifuged (3000 rpm, 5 min, 4 °C) and
the supernatant was discarded. The 2',7'-bis(2-carboxyethyl)-5-
(and 6)-carboxyfluorescein acetoxymethyl ester (BCECF-AM)
probe was formulated to a working concentration of 5 pmol/L, and
200 pL of it was added to each well and incubated for 30 min
under the protection of light. Finally, the fluorescence value of
excitation 500, emission 522 nm was detected by using a micro-
plate reader. The experiments were analyzed in triplicate.

4.3.15.  Determination of INT reduction

The overnight cultured P. aeruginosa PAO1 was diluted to an
ODgq value of 0.01, and the diluted bacterial solution was added
into ABTGC medium containing different concentrations of the
compounds, added into a 96-well black plate, and incubated in an
incubator at 37 °C overnight. The samples were centrifuged (3000
rpm, 5 min, 4 °C) and the supernatant was discarded. The iodine
nitrotetrazolium (INT) probe was prepared to a working concen-
tration of 10 pmol/L, and 200 pL of it was added to each well and
incubated for 30 min under the protection of light, and ODy4gq
absorbance was detected by using a microplate reader. The ex-
periments were analyzed in triplicate.

4.3.16.  Determination of ATP

The overnight cultured P. aeruginosa PAO1 was diluted to an
ODgpo value of 0.01. The diluted bacterial solution was added to
LB broth containing different concentrations of compounds and
incubated in a shaker at 37 °C, 200 rpm for 16 h. The samples
were centrifuged (4000 rpm, 10 min, 4 °C) and the ATP content
was determined using the CheKine™ ATP Content Assay Kit. The
experiments were analyzed in triplicate.

4.3.17.  Determination of membrane potential

The overnight cultured P. aeruginosa PAO1 was diluted to an
ODgqp value of 0.01, and the diluted bacterial solution was added
to ABTGC medium containing different concentrations of com-
pounds. They were added to 96-well black plates and incubated
overnight in a 37 °C incubator. Next, wash them three times with
PBS buffer, 200 pL of 10 umol/L thioflavin (ThT) dye was added
to each well for incubation of 30 min away from light, and the
effect of STY17 on the membrane potential was observed using a
fluorescence confocal microscope (Zeiss LSM800).

4.3.18.  Determination of iron chelating ability

The fluorescent probe CP645 was diluted with MOPS (Solarbio,
China) buffer to a final concentration of 6 umol/L. FeCl; and
nitrilotriacetic acid (NTA) were added so that the concentration of
Fe* " in the mixture was 30 pmol/L, and the concentration of NTA
was 5 pmol/L and incubated away from light for 1 h. Then, the
compound STY17 (30 umol/L) was added to the samples with 30
pmol/L EGCG used as a positive control. After the mixture was
incubated for 24 h away from light, the fluorescence intensity was
determined using a microplate reader at an excitation wavelength
of 435 nm and an emission wavelength of 475 nm. The fluores-
cence intensity of CP654 and CP654 bound to Fe* was recorded
as 100% and 0%, respectively. pFe®™ was calculated by Eq. (1):

Fluorescence (%) = 11.743 pFe(IlD)-169 (D)

The experiments were analyzed in triplicate.

4.3.19. RT-PCR assay

Total RNA from PAOL1 cells was extracted using the Hipure
Universal RNA kit (Magen, Shanghai, China), and RNA con-
centration was measured using a NanoDrop2000 Ultra-Micro
Spectrophotometer. RNA was then reverse transcribed using
Hieff® qPCR SYBR Green Master Mix (without Rox). Real-time
fluorescent quantitative PCR was performed using a LightCycler®
480 Instrument II (Roche, Switzerland). Specific primers are listed
in the Supporting Information Table S3. The experiments were
analyzed in triplicate.

4.3.20.  Development of bacterial resistance assay

Bacteria were cultured using MH medium by picking single col-
onies in a shaker for 16 h. Antibiotics in combination with or
without compounds to be tested were added and cultured for 20 h.
The ODg( of each group was then determined using a microplate
reader, and the MIC values were recorded. Next, take 10 pL 1/2
MIC concentration of the culture to 3 mL of fresh MH medium.
The resulting bacterial solution was cultured overnight as the next
generation of bacteria, and 12 consecutive generations were
cultured until the MIC reached the plateau stage.
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4.3.21.  Checkerboard assay

First, STY17 and antibiotics (Tobramycin, Ciprofloxacin) were
diluted in MH medium. 50 pL of each was added to a 96-well
plate in columns and rows to form an 8 x 8 arrangement. Next, a
bacterial suspension (ODgyy = 0.01) was added to the same 96-
well plate at 100 pL per well. After incubation at 37 °C for
16-24 h, the absorbance was read at 600 nm. FICI was calculated
using the following formula: FICI = (MIC, combination/MIC,
combination) + (MICg combination/MICg alone). The calculated
FICI was defined as a synergistic effect (FICI <0.5), indifferent
effect (0.5 < FICI <4), and antagonistic effect (FICI >4).

4.3.22.  Expression and purification of the SdhB protein

First, the plasmid pET-28a-sdhB was transformed into E. coli
BL21 (DE3) in which the SdhB protein was expressed contains a
6-His tag. The pET-28a-sdhB strain was induced at a 1:100 ratio.
Upon reaching an ODggg of approximately 0.4-0.8, 0.2 mmol/L
IPTG was added, followed by overnight incubation at 20 °C for 24
h. The next day, the pellet was resuspended in lysis buffer con-
taining the protease inhibitor PMSF (20 mmol/L Tris-HCI, 150
mmol/L NaCl, pH 7.5). After high-pressure homogenization,
remove cellular debris by density gradient centrifugation and
collect the membrane fraction (10,000 rpm, 40 min, 4 °C/100,000
rpm, 60 min, 4 °C). The membrane fraction was then precipitated
in solubilization buffer containing detergent (LMNG) and incu-
bated at 4 °C with gentle shaking for 1-2 h. Insoluble material
was removed by ultracentrifugation (13,000 rpm, 40 min, 4 °C) to
remove insolubles. The supernatant was incubated with affinity
chromatography resin bearing a specific tag (His-tag) at 4 °C.
After washing with buffer containing detergent and 30 mmol/L
imidazole to remove non-specifically bound proteins, the target
protein was collected using elution buffer containing 60 mmol/L
imidazole or tag-specific competitive inhibitors. Finally, sample
purity and concentration were verified via SDS-PAGE and protein
concentration measurement. Purified membrane proteins were
stored on ice or at 4 °C for MST experiments. All steps were
performed on ice or at 4 °C to maintain protein stability.

4.3.23.  Microscale thermophoresis (MST) assay

The MST assay employed the Monolith His-Tag Labeling Kit
RED-tris-NTA 2nd Generation (Nano Temper, MO-L00S8). At a
concentration of 100 nmol/L, fluorescent labeling of the SdhB-His
protein was performed using the His-Tag Labeling Kit (Nano
Temper, MO-L008), strictly adhering to the operational guidelines
in the user manual. Following labeling, 10 uL of the fluorescently
labeled SdhB-His protein was mixed with 10 pL. of PBST buffer,
followed by the addition of 1 mmol/L STY17. This mixture was
subsequently subjected to serial dilutions. Micro-scale thermo-
electrophoresis analysis was performed on the NanoTemper
Monolith NT.115 instrument, set at 100% LED power and me-
dium MST power level. Experimental data were analyzed using
MO Affinity Analysis software (X86 version).

4.3.24.  Cytotoxicity assay

RAW264.7, Vero, and BT549 cells cultured to logarithmic growth
phase were seeded in plates at a density of 6000 cells/well and 0.1
mL/well and incubated in an incubator at 37 °C and 5% CO, for
24 h to make the cells adhere to the wall, respectively. On the
following day, the plates were removed, and the original medium
was aspirated. 100 pL of the desired concentration of compound
was added and the incubation was continued for 24 h. After that,
20 pL of MTT solution (5 mg/mL) was added to each well, and

the incubation was continued for 4 h. The cells were then incu-
bated for 4 h with a syringe. Then the supernatant in the 96-well
plate was carefully aspirated with a syringe, and 150 pL. of DMSO
solution was added to each well to dissolve the mezzanine.
Finally, the plate was shaken for 15 min, the treated 96-well plate
was immediately used to measure its absorbance at 570 nm with a
microplate reader to calculate the cell survival rate. The experi-
ments were analyzed in triplicate.

4.3.25.  Hemolysis assay

An appropriate amount of fresh mouse or rabbit erythrocytes was
centrifuged (2500 rpm, 5 min) and the supernatant was discarded.
After being washed three times with PBS, the washed erythrocytes
were prepared into 2% erythrocyte suspension with PBS. Next,
150 pL of 2% erythrocyte suspension was added to 1.5 mL
centrifuge tubes in each group, and 50 pL of the compound was
diluted to the desired concentration. PBS was added to the blank
group and 0.4% Triton X-100 solution was used as the positive
control group (100% hemolysis). Incubate them at 37 °C for 2 h,
during which time gently shake several times. After incubation,
100 pL of supernatant was centrifuged (2500 rpm, 5 min) into a
96-well plate. The absorbance value was measured at 575 nm. The
experiments were analyzed in triplicate.

4.3.26.  Zebrafish toxicity assay

In the evening of the day before the experiment, 7-18-month-old
zebrafish were placed into the mating tank in the ratio of female:
male = 1:1 or 2:1, and the following morning, the partition was
removed to allow them to mate naturally. The fertilized eggs
spawned within 30 min were collected and added with the
appropriate amount of embryonic medium to be incubated in a
constant-temperature incubator. Zebrafish embryos incubated up
to 4 hpf were cultured in PTU embryo medium containing
different concentrations of compound in the quantity of 10 em-
bryos/well. Survival rates were recorded at different times, and
normally developing juveniles were recorded as survivors, while
those that died, developed abnormally, or showed signs of toxicity
such as behavioral abnormalities or locomotor disorders were
recorded as dead fish.

4.3.27.  Biological activity and toxicity of STY17 in G.
mellonella

Overnight cultured P. aeruginosa PAO1 was diluted with PBS to
an ODggo value of 0.01. For the G. mellonella infection experi-
ment, 10 G. mellonella larvae in each group were injected with 5
pL of a PBS mixture containing the bacteria with different con-
centrations of the drug, and the survival rate at different times was
recorded. For the toxicity experiment in G. mellonella, 10 G.
mellonella larvae per group were injected with 5 plL. of PBS
containing different concentrations of compound and the survival
rate was recorded at different times.

4.3.28.  Mice wound infection model

The wound infection model was conducted in BALB/c mice
purchased from SPF (Beijing) Biotechnology Co., Ltd. This ani-
mal experiment was performed following the National Regula-
tions on Animal Experimentation (IACUC approval number:
Szwwbio-IACUC-20241014-01). Healthy 4-week-old female
mice (n = 5) of were selected for acclimatization for 1 week. P.
aeruginosa PAO1, PA185, and PA187 cultured overnight were
adjusted to a bacterial concentration of 5 x 10® CFU/mL with
saline. The compound was dissolved in saline containing 0.1%
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DMSO, and the antibiotics were dissolved in saline. First, a wound
of approximately 5 mm in diameter was created on the back of the
mice, and then 30 pL of bacterial solution was dripped on the
surface of the wound to establish infection for 24 h. After the
wound was infected, it was treated with saline, antibiotics, or
antibiotics in combination with compound, respectively, for three
consecutive days. After that, the mice were euthanized, and the
skin at the wound of some mice in each group was homogenized
and plated on agar plates for CFU counting. Meanwhile, the mice
were monitored daily for wound recovery and body weight
changes. After 9 days, the remaining mice in each group were
euthanized, and their hearts, livers, spleens, lungs, and kidneys
were taken for H&E staining analysis.

4.3.29.  Acute toxicity study

Four-week-old female and male BALB/c mice were randomly
divided into eight groups (n = 3). After a 12-h fast, all mice
received single oral doses of either vehicle, 50, 100, or 200 mg/kg
STY17. The vehicle consisted of physiological saline containing
5% DMSO and 10% Tween 80. Subsequently, mouse survival,
body weight, and physiological activity were continuously
monitored for 2 weeks. All mice were euthanized on Day 14, and
major organs were collected for H&E staining analysis.

4.3.30.  In vivo pharmacokinetic studies

Six female BALB/c mice were randomly divided into two groups
(n = 3), receiving intraperitoneal injection and intravenous in-
jection of 10 mg/kg STY17, respectively. Blood samples were
collected at 5, 15, 30 min, 1, 2, 4, 7 and 24 h. Samples were then
transferred to microcentrifuge tubes containing EDTA-K2 anti-
coagulant. After centrifugation at 4 °C and 4000x g for 5 min, the
supernatant was collected and stored at —80 °C for subsequent
LC-MS/MS analysis of compound concentrations in plasma
samples. Finally, pharmacokinetic parameters were calculated
using WinNonlin software based on the obtained analytical data.
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