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able discovery of Tet(X) inhibitors
that combat tetracycline destructase resistance†

Matthew J. Beech, a Edmond C. Toma, a Helen G. Smith, a Maria M. Trush, b

Jit H. J. Ang,c Mei Y. Wong,c Chung H. J. Wong,c Hafiz S. Ali, a Zakia Butt,a

Viha Goel,a Fernanda Duarte, a Alistair J. M. Farley, a Timothy R. Walsh b

and Christopher J. Schofield *a

The Tet(X) flavin-dependent monooxygenases enable tetracycline antibiotic resistance by catalysing

inactivating hydroxylation, so preventing inhibition of bacterial ribosomes. Tet(X) resistance is growing

rapidly, threatening the efficacy of important last-resort tetracyclines such as tigecycline. Tet(X) inhibitors

have potential to protect tetracyclines in combination therapies, but their discovery has been hampered

by lack of high-throughput assays. We report the development of an efficient fluorescence polarisation

Tet(X) binding assay employing a tetramethylrhodamine-glycyl-minocycline conjugate that enables

inhibitor discovery. The assay was applied to tetracycline substrates and reported inhibitors, providing

insight into their binding modes. Screening of a bioactive molecule library identified novel Tet(X)

inhibitors, including psychoactive phenothiazine derivatives and the 5-HT4 agonist tegaserod, the

activities of which were validated by turnover assays. Crystallographic studies of Tet(X4)-inhibitor

complexes reveal two new inhibitor binding modes, importantly providing evidence for active site

binding of Tet(X) inhibitors that do not share structural similarity with tetracycline substrates. In some

cases, potentiation of tigecycline activity was observed in bacteria expressing Tet(X4). The combined

results provide non-tetracycline scaffolds for development of potent Tet(X) inhibitors and highlight the

need to evaluate the impact of non-antibiotics on antimicrobial resistance.
Introduction

Tetracyclines are a medicinally vital family of polyketide anti-
biotics with broad-spectrum antibacterial activity; they are one
of the most utilised classes of antibiotics in humans1 and are on
the World Health Organisation's list of essential medicines.2

Tetracyclines are also extensively administered to livestock
worldwide and used in feed as growth promoters.3 As a conse-
quence of their vast clinical and agricultural use, the thera-
peutic effectiveness of tetracyclines is increasingly being
compromised by resistance.4

The two best characterised mechanisms of resistance to
tetracyclines in clinical isolates are tetracycline-specic efflux
pumps, such as Tet(A) and Tet(K)5 (Fig. 1a), and ribosomal
protection proteins, such as Tet(M) and Tet(O)5,9 (Fig. 1b). The
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emergence of these mechanisms inspired the development of
clinically-used third-generation tetracyclines, that is the semi-
synthetic minocycline derivatives tigecycline (Tigacyl™) and
omadacycline (Nuzyra™),10,11 as well as the fully synthetic
derivative eravacycline (Xerava™).12 These tetracyclines possess
substitutions at the C9 position of the D-ring, which extend
interactions with the ribosome, thereby improving potency.13

Tigecycline, in particular, is a widely used last-resort antibiotic
for treatment of multidrug-resistant infections.14 Importantly,
the common efflux pump and ribosomal protection resistance
mechanisms confer minimal resistance to third-generation
tetracyclines.15

Tetracycline destructases (TDases) are an emerging family of
avin-dependent monooxygenase (FMO) enzymes providing
resistance to tetracyclines by catalysing C11a hydroxylation16

(Fig. 1c). C11a hydroxylation is proposed to hinder chelation of
the tetracycline core to Mg2+ ions, thereby blocking binding to
ribosomes and abolishing antibiotic activity.16 There are two
proposed classes of TDases:17,18 the type 2 TDases, which are
predominantly found in soil-derived bacteria17 and are typied
by the well-studied Tet(50) enzyme;19,20 and the type 1 TDases,
encompassing the Tet(X) enzymes.16,21 The type 1 TDases
represent the most immediate threat to the long-term efficacy of
all tetracycline antibiotics. Plasmid-borne tet(X) genes have
Chem. Sci., 2025, 16, 9691–9704 | 9691
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Fig. 1 Mechanisms of resistance to tetracycline antibiotics found on
mobile genetic elements. (A) Tetracycline-specific efflux pumps
reduce intracellular concentrations of tetracyclines by utilising proton-
motive force. (B) Ribosomal protection proteins displace tetracyclines
from the ribosomal decoding centre (PDB: 3J9Y and 8CF1).6,7 (C)
Tetracycline destructases, such as Tet(X4),8 are flavin-dependent
monooxygenases catalysing hydroxylation of tetracyclines at the 11a-
position, resulting in decreased affinity for Mg2+ and lower potency.
Tet(X) enzymes are active against 3rd generation tetracyclines, such as
tigecycline, to which the other mechanisms do not usually confer
resistance. Conventional tetracycline scaffold carbon numbering (1–
12) and ring nomenclature (A–D) are illustrated with tigecycline and its
hydroxylation product, respectively.
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rapidly emerged in pathogens including Escherichia coli,22,23

Acinetobacter baumanii,24 Klebsiella pneumoniae25 and Pseudo-
monas aeruginosa,26 and co-occur with b-lactam and colistin
resistance genes.27,28 This has resulted in the identication of
tet(X)-harbouring resistant bacteria in hospitals across the
world.29–32 Importantly, Tet(X) enzymes, unlike their type 2
TDase counterparts, degrade third-generation tetracyclines,
including tigecycline.17,21,33,34

A strategy to overcome type 1 TDase resistance mechanisms
is to develop specic small molecule inhibitors to be adminis-
tered in combination with tetracycline antibiotics. An analo-
gous approach has proved remarkably successful for
combatting b-lactam antibiotic resistance caused by b-
lactamase-catalysed degradation, with several combination
therapies containing a b-lactam antibiotic and b-lactamase
inhibitor currently in clinical use.35,36 A limited number of
TDase inhibitors are reported. Anhydrotetracycline (aTC),
a naturally-occurring biosynthetic intermediate and decompo-
sition product of tetracycline, and several semi-synthetic anhy-
drotetracycline derivatives thereof, have shown activity in
biochemical inhibition assays17,33,37 and are able to rescue the
activity of tetracycline antibiotics against E. coli expressing type
1 TDases.17,33,34 Other reported type 1 TDase inhibitors include
the naphthoquinone-based natural products plumbagin38 and
2-methoxy-1,4-naphthoquinone (2-MNQ),39 the anti-retroviral
drug azidothymidine (AZT),40 and various bismuth salts.41 The
9692 | Chem. Sci., 2025, 16, 9691–9704
exact mechanisms of inhibition by these molecules have not
been identied, although all have been proposed to bind to the
Tet(X) active site based on docking studies.38–41

Presently, the only biochemical assays that have been imple-
mented for characterising inhibitors of TDases rely on optical
absorbance measurements.17,33,34,37,38,40 Due to the chromophores
of both the conjugated phenyl-enol moiety of the tetracyclines
and the cofactor NADPH, the TDase-catalysed reaction can be
monitored by measuring the decrease in optical density of either
absorbancemaxima; 380–400 nm for the tetracycline substrate or
340 nm for NADPH. However, assays with an absorbance-based
readout are prone to interference from inhibitors that absorb
light of a similar wavelength and are inherently difficult to
miniaturise into sensitive, high-throughput assays.

Here we report on the development of a uorescence polar-
isation (FP) binding assay and its application for the discovery
of new type 1 TDase inhibitors. A minocycline-uorophore
conjugate probe was designed based on analysis of a crystal
structure of Tet(X4) in complex with tigecycline. FP measure-
ments show that the probe binds type 1 TDases with low
nanomolar affinity and that substrates and inhibitors of TDases
can displace the probe, enabling identication of active site-
binding compounds in a robust, high-throughput manner.
Use of the assay to screen an approved drug library identied six
hit compounds; inhibition of Tet(X4) by them was validated
through further biochemical and crystallographic studies. The
combined studies reveal the binding modes of two new classes
of type 1 TDase inhibitors, providing scaffolds for the develop-
ment of potent compounds that can restore tetracycline activity
against resistant bacterial strains and highlighting the need to
explore the effects of non-antibiotic treatments on AMR.

Results and discussion
Design and synthesis of uorescence polarisation probes

Crystal structures of tigecycline complexed with Tet(X2) (PDB
ID: 4A6N)42 and Tet(X4) (PDB ID:7EPW)8 served as a basis for the
design of potential uorescent probes (4–6) for type 1 TDases.
Examination of the structures showed that the 9-tert-butylgly-
cylamido group of tigecycline projects out of the active site
towards bulk solvent (Fig. 2a and b), and therefore was a plau-
sible vector for attachment of a uorophore. 9-Glycylamido-
minocycline (3) was thus synthesised from 9-amino minocy-
cline (1) following a reported route43 and coupled with uores-
cein isothiocyanate (FITC) to form the desired uorescein-5-
thiourea probe 4 (Fig. 2c); interestingly, the coupling conditions
yielded predominantly the (4R)-epimer. However, whilst initial
FP experiments suggested 4 may bind to recombinant Tet(X4),
substantial background uorescence was observed in controls
lacking the uorescent molecule (ESI Fig. S1†); experiments
showed this is likely due to the intrinsic uorescence of the
avin cofactor overlapping with that of uorescein (ESI
Fig. S2†).

We therefore investigated red-shied tetramethylrhodamine
dyes as uorophores because they possess relatively long exci-
tation and emission wavelengths,44 decreasing potential for
interference. 5-Carboxytetramethylrhodamine (5-TAMRA) and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The binding mode of tigecycline in complex with Tet(X4) informed the design of fluorophore-minocycline conjugates as fluorescence
polarisation probes. (A) View of tigecycline in the active site of Tet(X4)8 (PDB: 7EPW), highlighting key residues predicted to interact with the
substrate. C9 of the tetracycline scaffold is directed towards bulk solvent, allowing attachment of a fluorophore conjugates for FP experiments.
(B) Schematic of the Tet(X4) active site architecture illustrating design considerations for development of a fluorescent probe. (C) Synthesis of
fluorescent probes 4–6. Reagents: (a) DIPEA, HATU, Boc-Gly; (b) 4N HCl, dioxane, 95% over 2 steps; (c) 5-TAMRA, HATU, DIPEA, DMF, 44%; (d)
FITC, NEt3, DMF, 74% or 5-TRITC, DIPEA, DMF, 64%.
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tetramethylrhodamine-5-isothiocyanate (5-TRITC) dyes were
reacted with 9-glycylamido minocycline to give uorescent
conjugates 5 and 6, respectively (Fig. 2c). Probe 5 was syn-
thesised using standard amide coupling conditions with hexa-
uorophosphate azabenzatriazole tetramethyl uronium (HATU)
as the coupling agent and N,N-diisopropylethylamine (DIPEA)
as the base. As with 4, following purication, only the C4-(R)
epimer was observed. Probe 6 was synthesised utilising 5-TRITC
and DIPEA and, aer purication, the product was obtained as
an ∼1 : 1 mixture of (4S) and (4R) epimers.
Table 1 Equilibrium binding constants (Kd) measured for FP probes 5
and 6 with a selection of purified TDases show a low nanomolar
binding affinity for Tet(X) variants

Enzyme

Kd
a/nM

Probe 5 Probe 6

Tet(X2) 66.9 � 10.3 22.4 � 4.0
Tet(X3) 24.3 � 2.2 7.7 � 0.3
Tet(X4) 46.5 � 4.1 17.3 � 1.9
Tet(X5) 29.9 � 2.7 10.6 � 1.3
Tet(X7) 126 � 15 40.5 � 5.1
Tet(50) >5000 >5000

a Using 100 mM Tris (pH 7.0) and 0.01% Triton X-100 with 25 nM 5 or 6,
5 mM MgCl2 and 1 mM FAD. Fluorescence polarisation was measured
with lex = 540 ± 20 nm, lem = 590 ± 20 nm.
Binding of uorescent probes to tetracycline destructases

The equilibrium binding dissociation constants, Kd, for probes
5 and 6 with the Tet(X) isoforms Tet(X2), Tet(X3), Tet(X4),
Tet(X5) and Tet(X7), as well as homologous Tet(50), were
determined by titrating increasing concentrations of recombi-
nantly overproduced and highly puried enzymes (>90% purity
by SDS-PAGE analysis, ESI Fig. S3†) with a constant concentra-
tion of uorescent probe in the presence of excess MgCl2 and
xed concentration of FAD (Table 1, ESI Fig. S4†). NADPH was
not included to prevent turnover of the probe to the hydroxyl-
ated product, which would likely have a lower binding affinity
than the initial probes. Screens were conducted in pH 7.0 buffer
with addition of 0.01% Triton-X100 detergent in non-binding
plates to minimise adsorption to the plate wells.45
© 2025 The Author(s). Published by the Royal Society of Chemistry
With both 5 and 6, the binding affinities were strongest for
Tet(X3) and weakest for Tet(X7). The difference however was
relatively small, with a ∼5-fold difference in Kd between Tet(X3)
and Tet(X7) for both probes, consistent with the high Tet(X3)
and Tet(X7) sequence identity and conserved active site residues
and topology of Tet(X) enzymes8,17,34,46 (ESI Fig. S5–S7†). Notably,
probe 6 appeared to bind to all Tet(X) enzymes tested with
greater affinity than 5, and was therefore chosen for further
Chem. Sci., 2025, 16, 9691–9704 | 9693
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experiments. We focused on Tet(X4) as a model type 1 TDase
because it has a particularly high prevalence,47 has been well-
characterised biochemically and structurally,8 and can be
produced in high yields (∼60 mg puried protein per litre of
culture).

In contrast to the results with all tested type 1 TDases, 5 and
6 displayed no detectable binding to type 2 TDase Tet(50) up to
a concentration of 5 mM of enzyme (ESI Fig. S8†). Lack of Tet(50)
binding is likely due to the large C9 substituents of 5 and 6
sterically clashing with the C-terminal helix found in Tet(50)
and other type 2 TDases, which is not present in the Tet(X)
enzymes (ESI Fig. S9†). This proposal agrees with the observed
lack of turnover of tigecycline by Tet(50),19,34 which also
possesses a C9-substituted D-ring.

To investigate whether uorescent probe 6 binds to the
active site of the Tet(X) enzymes, we carried out docking of the
probe with Tet(X4)8 (ESI Fig. S10†). Inspection of the docked
complex suggested that probe 6 binds similarly to tigecycline,
with the reactive minocycline core binding proximal to the FAD
cofactor. We thus considered that probe 6 may be hydroxylated
by Tet(X4) when NADPH was added to initiate turnover. We
monitored turnover of probe 6 using an absorbance-readout
assay with Tet(X4) adapted from previous studies.33 A decrease
Fig. 3 Optimisation of competitive binding experiments with probe 6 en
inhibitor binding. All experiments were conducted in buffer containing 10
5 mM MgCl2 and 1 mM FAD. See materials and methods for details. (A) D
tolerance of the fluorescence polarisation assay (n = 66). (C) Dependenc
For (A)–(C), the top graph shows the average and standard deviation fo
shows the Z0 factor calculated from three independent replicates for each
6 in the presence and absence of 5 mM MgCl2 demonstrating a clear d
measured were 18.1 ± 2.4 nM and 188 ± 33 nM, with and without M
experiments with select tetracycline derivatives (n = 12). (F) Dose–resp
inhibitors described in previous studies (n = 12).33,38,39 aTC = anhydro
methoxy-1,4-naphthoquinone. In all cases, error bars represent standar

9694 | Chem. Sci., 2025, 16, 9691–9704
in absorbance at 400 nm was observed, consistent with
hydroxylation, but was not seen in a control reaction lacking
Tet(X4) (ESI Fig. S11†). This observation was corroborated by
LC-MS analysis of the reaction (ESI Fig. S12†). Appearance of an
apparently mono-hydroxylated species with mass 989.348 Da
(calculated mass: 989.3504 Da) was observed, +16 Da relative to
the starting material (measured mass: 973.355 Da; calculated
mass: 973.3555 Da). These experiments demonstrate 6 can be
turned over by Tet(X4) and therefore likely binds to the active
site in a similar manner to other tetracyclines. Subsequent
competitive binding studies showed that tetracycline substrates
can displace 6 (see below), providing further evidence for this
proposal.
Assay optimisation

We optimised the conditions to give a robust FP binding assay
for measuring Tet(X4) binding in a 384-well format. The assay
showed good tolerance for the inclusion of DMSO (Fig. 3a). The
difference in signal between the positive and negative control
remained high (>100 mP) up to a concentration of 5% DMSO;
the Z0 factor for the assay remained >0.8 over this same range
with minimal variability in triplicate independent repeats,
indicating robustness over the typical DMSO concentrations
abled high-throughput and quantitative measurement of substrate and
0 mM Tris (pH 7.0), 0.01%v/v Triton X-100 with 25 nM 6, 40 nM Tet(X4),
MSO tolerance of the fluorescence polarisation assay (n = 48). (B) pH
y of the fluorescence polarisation assay on incubation time (n = 396).
r positive and negative controls for each condition, the bottom graph
condition. (D) Apparent Kd curves for the binding of Tet(X4) with probe
ependence of binding on presence of Mg2+. The apparent Kd values
gCl2, respectively. (E) Dose–response curves for competitive binding
onse curves for competitive binding experiments with selected Tet(X)
tetracycline, 9-Br-aTC = 9-bromoanhydrotetracycline, 2-MNQ = 2-
d deviations across 3 independent experiments.

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc00964b


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

9.
07

.2
02

5 
06

:4
7:

52
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
used for compound screening.48 Over a pH range of 5.5–9,
values of >7.0 were preferred, with a substantial decrease in the
positive control response and Z0 factor observed at acidic pH
values (Fig. 3b). The incubation time with probe 6 was varied to
determine the optimal time to incubate the components prior
to measuring the FP response (Fig. 3c). The positive control
response and Z0 factor rapidly increased to a plateau at the
10 min timepoint and remained relatively stable over the course
of 6 hours before signicantly decreasing. The combination of
high Z0 factors, 384-well format and low enzyme and probe
requirements make this assay amenable to high-throughput
screening approaches.

MgCl2 is required for TDase activity,16,21,33 though to our
knowledge, the mechanism for the Mg2+ dependence of TDases
is unknown. With a xed concentration of probe 6 and Tet(X4),
titration of MgCl2 increased the polarisation response in a dose-
dependent manner (ESI Fig. S13†). Furthermore, measuring the
Kd of Tet(X4) for probe 6 with and without the addition of 5 mM
MgCl2 manifested a 10-fold increase in binding affinity when
Mg2+ was present (18.1 ± 2.5 nM versus 188 ± 33 nM, Fig. 3d).
These results suggest that one or more Mg2+ ions facilitates
binding of tetracyclines to the Tet(X4) active site and, possibly,
that TDases act preferentially upon a tetracycline-Mg2+ complex,
in an analogous manner to the isocitrate-Mg2+ complex binding
to isocitrate dehydrogenase.49 However, as no Mg2+ ions have
been assigned in crystal structures of TDases in complex with
tetracyclines, further biochemical and structural biology
experiments are required to understand the exact function of
Mg2+ in TDase catalysis, which may be important to inform
inhibitor design. By contrast, varying the added FAD concen-
tration had a minimal effect on the polarisation response (ESI
Fig. S14†).
Table 2 Half maximal inhibitory concentration (IC50) values measured f
polarisation and orthogonal activity assays

Compounda

Tetracycline substrates Tigecycline
Minocycline
Tetracycline
Chlortetracycline
Oxytetracycline
Doxycycline
Demeclocycline
Methacycline
Omadacycline
Eravacycline
Sarecycline
Sancycline

Tet(X) inhibitors Anhydrotetracycline
9-Bromo-anhydrotetracycline
Plumbagin
2-Methoxy-1,4-naphthoquinone
Azidothymidine

a Structures for compounds are given in ESI Fig. S15 and S16. b Mean ±
40 nM Tet(X4), 5 mM MgCl2 and 1 mM FAD in 100 mM Tris (pH 7.0) wit
mM NADPH, 5 mM MgCl2 and 1 mM FAD in 100 mM TAPS (pH 8.5).33,37 e

and 1 mM FAD in 100 mM TAPS (pH 8.5). f Mean ± standard deviations f

© 2025 The Author(s). Published by the Royal Society of Chemistry
Competitive binding assays with Tet(X4)

To evaluate the utility of probe 6 for inhibitor discovery, we rst
tested the ability of known TDase substrates and inhibitors to
displace it, which should be accompanied by a dose-dependent
reduction in the FP response enabling calculation of apparent
half-maximal inhibitory concentration (IC50

app) values. We
observed clear displacement of the probe with a selection of
marketed tetracyclines in dose–response competitive binding
experiments (Fig. 3e). Across nine assay plates measuring
IC50

app values in triplicate for these compounds, we measured
average Z0 factors of 0.85 ± 0.03, well above the accepted cut-off
limit of 0.4,48 indicating a robust assay amenable to high-
throughput screening approaches. Most tetracyclines gave
IC50

app values in the low nanomolar range (Table 2), indicating
a high affinity for Tet(X4). The lowest IC50

app values were
observed for tigecycline and eravacycline (18.6 ± 4.9 and 13.7 ±

1.6 nM, respectively), which both possess a C9-glycylamido
group. A crystal structure of tigecycline complexed with
Tet(X2) (PDB: 4A6N) reveals the C9 amine may be positioned to
interact with the conserved active site residue Glu367,42 which
may account for the higher affinity of these substrates.

Of interest within the tested tetracycline set, methacycline,
doxycycline and oxytetracycline displayed substantially weaker
affinity for Tet(X4) than the other tetracyclines, with IC50

app values
of 310 ± 36 nM, 1.58 ± 0.15 mM and 4.43 ± 0.26 mM, respectively.
These tetracyclines share a (5R)-hydroxyl group on their B-ring, as
well as substitution at the C6 position of the C-ring (Fig. 4a). In the
structures of type 1 TDases complexed with a tetracycline antibi-
otic, C5 is proximal to Phe224 (Fig. 4b).8 We propose that addition
of an (R)-hydroxyl group at C5 may cause a steric clash with
Phe224, reducing the affinity of these tetracyclines for Tet(X4).
or known inhibitors and substrates of Tet(X) enzymes in fluorescence

IC50 values, Tet(X4)
b

FP assayc/nM Absorbance assayd/mM UPLC assaye/mM

18.6 � 4.9f — —
51.5 � 3.6 — —
69.6 � 8.8 — —
39.0 � 9.6 — —
4430 � 260 — —
1580 � 150 — —
29.0 � 4.6 — —
311 � 36 — —
24.3 � 4.0 — —
13.7 � 1.6 — —
31.5 � 10.0 — —
47.0 � 7.1 — —
26.8 � 5.3 7.6 � 2.0 2.6 � 0.3
40.4 � 10.5 4.5 � 0.6 2.7 � 0.5
>100 000 49.1 � 4.9 37.2 � 8.2
>100 000 421 � 50 >100
>100 000 >1000 >100

standard deviations for three independent replicates. c Using 25 nM 6,
h 0.01%v/v Triton X-100. d Using 25 mM tigecycline, 50 nM Tet(X4), 250
Using 20 mM tigecycline, 50 nM Tet(X4), 100 mM NADPH, 5 mM MgCl2
or nine independent replicates.
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Fig. 4 Increasing C5 and C6 steric bulk of tetracyclines results in
weaker affinity, offering a strategy for development of tetracyclines
that evade Tet(X) resistance. (A) Structure of C5- and C6-substiuted
tetracyclines tested in this study. (B) Distance measurements between
C5/C6 of tigecycline and nearby active site residues (PDB: 7EPW).8 (C)
Displacement of chlortetracycline, a C6-substituted tetracycline, in
complex with Tet(X2) relative to tigecycline (PDB: 2Y6R).46 This
displacement is likely necessary to avoid steric clashes of the C6-
substitutions with active site residues. Superimposition of structures
was performed in PyMOL v2.5.0 (Schrödinger, LLC).
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The IC50
app also increases with increasing steric bulk at the C6

position, with C6-di-substituted oxytetracycline having the lowest
affinity for Tet(X4). The only type 1 TDase complex structure with
a C6-substituted tetracycline is that of Tet(X2) complexed with
chlortetracycline (PDB: 2Y6R),46 the binding mode of which is
shied by 1.2 Å relative to other tetracycline substrate complexes
(Fig. 4c), likely to accommodate the substitution. These observa-
tions suggest that a potential strategy for developing a tetracycline
that evades type 1 TDase-mediated resistance is to explore the
structure–activity relationships of substituents at the tetracycline
C5 and C6 positions, which could hinder binding to the active
site. There is precedent for tetracyclines with substituents at these
positions50–52 with some manifesting antibacterial activity,50 sug-
gesting retention of potency whilst evading TDase-mediated
resistance may be possible.

We then tested the binding of reported type 1 TDase inhib-
itors to Tet(X4) (Fig. 3f, ESI Fig. S17†).33,38,39 We observed clear
Fig. 5 A novel chromatography-based activity assay allows measuremen
(A) UPLC chromatograms demonstrating dose-dependent inhibition o
Chromatograms show the absorbance at 254 nm in arbitrary units. (B)
UPLC peak integrals to calculate turnover, with previously reported inhib
FAD, 5 mM MgCl2 and 100 mM NADPH in 100 mM TAPS buffer (pH 8.5)

9696 | Chem. Sci., 2025, 16, 9691–9704
dose-dependent displacement of probe 6 with aTC and 9-Br-
aTC. These compounds gave similar apparent IC50

app values,
in accord with trends in IC50 measurements performed by
Markley et al.33 With the other reported Tet(X) inhibitors
plumbagin, 2-MNQ and AZT, minimal competitive binding was
observed up to a maximum concentration of 100 mM. To vali-
date these results, we performed orthogonal activity assays of
Tet(X4) with tigecycline by monitoring changes in absorbance at
400 nm utilising a protocol adapted from that of Markley et al.,33

miniaturised to a 384-well format (Table 2, ESI Fig. S18†). We
also developed a complementary endpoint activity assay where
the turnover of tigecycline by Tet(X4) in a 96-well plate was
quenched by addition of 1%v/v formic acid and analysed chro-
matographically. The peak integrals of tigecycline and its
hydroxylated degradation product at 254 nm following UPLC
analysis were measured to determine turnover (Fig. 5a). As this
method separates components by chromatography, it enables
IC50 measurements independent of potential interference from
UV-active inhibitors (Fig. 5b). No inhibition was seen up to
1 mM for AZT in the absorbance assay or up to 100 mM in the
UPLC assay, suggesting that AZT is not a potent Tet(X4) inhib-
itor (Table 2). The apparent synergy of AZT with tetracyclines
against whole cells expressing Tet(X4)40 is therefore interesting
and may derive from the proposed ability of AZT to interfere
with DNA synthesis in bacteria,40,53 or other unidentied
mechanisms. Plumbagin and 2-MNQ displayed moderate and
weak inhibition, respectively, in both activity assays (Table 2).
That the naphthoquinone derivatives inhibit Tet(X4) but do not
readily outcompete probe 6 suggests an inhibition mechanism
that does not involve binding to the Tet(X4) tetracycline-binding
pocket, such as binding to the proposed NADPH binding site.
Plumbagin was observed to bind to isolated Tet(X4) through
bio-layer interferometry measurements,38 supporting this
hypothesis. Note, however, that plumbagin and 2-MNQ are
naphthoquinones, which are well-characterised redox-active
pan-assay interference (PAINS) moieties.54
High-throughput screening and hit validation

To evaluate the utility of our FP assay for discovery of novel
Tet(X) inhibitors, we screened 3200 Pharmacopeia reference
drugs across 10 assay plates at 10 mM nal concentration
t of IC50 values with reduced interference from UV-active compounds.
f Tet(X4) using known inhibitor anhydrotetracycline as an example.
Dose–response curves for inhibition of Tet(X4) activity, monitored by
itors.33,38,39 Conditions were: 20 mM tigecycline, 50 nM Tet(X4), 10 mM
with a final concentration of 1%v/v DMSO.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 6a). We selected a 15% inhibition cut-off so as not to lose
potential weak-binding compounds which could serve as start-
ing points for further optimisation. We prioritised hits by
removing those with known uorescence or long-wavelength
absorbance, which interfered with the uorescence readout.
We discounted tetracyclines that had already been tested and
compounds that were not commercially accessible. Binding of
the resultant 21 compounds was investigated by dose–response
experiments in our FP readout assay (Fig. 6b, ESI Table S1†). Of
Fig. 6 High-throughput screening identifies known pharmacologically
modes. (A) Results of screening of pharmacopeia reference drugs. Binding
concentration (10 mM), normalised to positive (no inhibitor) and negative
5mMMgCl2 and 1 mM FAD in 100mM Tris (pH 7.0) with 0.01%v/v Triton X-
FP binding assay. Conditions: 25 nM 6, 40 nM Tet(X4), 5 mM MgCl2 and 1
response validation of selected hit compounds using a UPLC-readout
NADPH, 5 mM MgCl2 and 1 mM FAD in 100 mM TAPS (pH 8.5). (D) Struc
conformations of trifluoperazine in complex with Tet(X4) (PDB: 9HKE).
9HJV). (G) Active site view of tegaserod in complex with Tet(X4) (PDB: 9
maps55 contoured to 3s (trifluoperazine) or 4s (prochlorperazine and teg
were predicted using protein-ligand interaction profiler.56 (H) Active site
cline-Tet(X4) binding mode (PDB: 7EPW).8 (I) Active site view of the pro
binding mode. (J) Active site view of the tegaserod-Tet(X4) complex c
superimposition of structures was performed using PyMOL v2.5.0 (Schrö

© 2025 The Author(s). Published by the Royal Society of Chemistry
these 21 compounds, 11 demonstrated evidence for competitive
binding (ESI Fig. S20†) and were subjected to the orthogonal
UPLC-based assay (ESI Fig. S21†) to determine whether they
inhibited activity of Tet(X4). Dose-dependent inhibition of
Tet(X4) activity was observed for 8 compounds (Fig. 6c), with 6
having a measured IC50 < 100 mM. These compounds included:
raloxifene, a hormone replacement therapy57 (IC50

app = 19.8 ±

5.4 mM, IC50 = 8.3 ± 2.1 mM); ebselen, a thiol-reactive organo-
selenium compound with several bioactivities56 (IC50

app = 40.9
-active molecules as Tet(X4) inhibitors with novel active site binding
wasmeasured bymonitoring the FP response of compounds at a fixed
controls (10 mM tigecycline). Conditions were 25 nM 6, 80 nM Tet(X4),
100. (B) Dose–response validation of selected hit compounds using the
mM FAD in 100 mM Tris (pH 7.0) with 0.01%v/v Triton X-100. (C) Dose–
activity assay. Conditions: 20 mM tigecycline, 50 nM Tet(X4), 100 mM
tures of validated hit compounds. (E) Active site view of two alternate
(F) Active site view of prochlorperazine in complex with Tet(X4) (PDB:
HJW). Orange mesh in (E)–(G) represent mFobs–DFmodel polder OMIT
aserod) and carved around ligands at 1.8 Å. Enzyme-ligand interactions
view of the trifluoperazine-Tet(X4) complex compared to the tigecy-
chlorperazine-Tet(X4) complex compared to the tigecycline-Tet(X4)
ompared to the tigecycline-Tet(X4) binding mode. Visualisation and
dinger, LLC).
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± 11.4 mM, IC50 = 4.7 ± 1.5 mM); tafenoquine, an antimalarial58

(IC50
app = 94.9 ± 64.8 mM, IC50 = 76.0 ± 2.4 mM); bictegravir, an

anti-viral integrase inhibitor59 (IC50
app = 54.8 ± 10.6 mM, IC50 =

76.0± 14.0 mM); tegaserod, a 5-hydroxytryptamine receptor 4 (5-
HT4) agonist60 (IC50

app = 43.2 ± 2.2 mM, IC50 = 25.9 ± 2.4 mM);
and triuoperazine, a phenothiazine drug with anti-psychotic
activity61 (IC50

app = 55.6 ± 14.2 mM, IC50 = 83.8 ± 21.4 mM)
(Fig. 5d).

Phenothiazine derivatives as inhibitors of Tet(X4)

Triuoperazine possessed moderate activity against Tet(X4),
with apparent IC50 values of 55.6 ± 14.2 mM and 83.8 ± 21.4 mM
in FP- and UPLC-based assays, respectively. Another phenothi-
azine drug, promazine, also displayed a weak dose-dependent
response against Tet(X4) (ESI Fig. S20 and S21†), although the
IC50 values were above the 100 mMhighest concentration tested.
Based on this evidence, we evaluated other phenothiazine drugs
for Tet(X4) inhibition. Several phenothiazine derivatives were
observed to elicit dose-dependent responses in binding and
activity assays (ESI Fig. S22 and S23, ESI Table S2†). Pro-
chlorperazine displayed improved activity compared to triuo-
perazine, differing by replacement of the 2-triuoromethyl-
substituent with a chlorine, with an IC50

app of 39.9 ± 7.0 and
IC50 49.5 ± 24.9 mM in the FP- and UPLC-based assays,
respectively. Perazines, with a 3-(4-methylpiperazin-1-yl)propyl
group attached to their 10-phenothiazinyl amine, bound with
greater affinity than their promazine counterparts, which
possess a N,N-dimethylpropan-1-amine group at the same
position. These structure–activity relationships suggest that
phenothiazines are promising scaffolds for further develop-
ment of Tet(X) inhibitors.

Crystallographic studies reveal novel Tet(X) inhibitor binding
modes

To investigate interactions between the validated inhibitor
compounds and Tet(X4), we carried out co-crystallisation with
a Tet(X4) construct with the N-terminal tag cleaved. Recombi-
nant Tet(X4) was crystallised in the presence of excess FAD,
MgCl2 and >3 molar equivalents of the compounds. Structures
were obtained for Tet(X4) complexes with triuoperazine
(Fig. 6e, PBD: 9HKE, 1.9 Å resolution), prochlorperazine (Fig. 6f,
PBD: 9HJV, 2.2 Å resolution) and tegaserod (Fig. 6g, PBD: 9HJW,
1.9 Å resolution). These complexes crystallised in the P6522
space group with one copy per asymmetric unit, consistent with
reported Tet(X4) structures.8 The overall fold was in good
agreement with both the apo-Tet(X4) structure and its
tigecycline-bound structure (Ca RMSD < 0.2 Å in all cases).8 The
three compounds bind to the active site in a manner over-
lapping with the tigecycline binding site (Fig. 6h–j), validating
their proposed mechanism of action as non-covalent competi-
tive inhibitors. With all three compounds, the FAD cofactor
appears in the so-called FAD-IN position (ESI Fig. S24†),
wherein the catalytically-important isoalloxazine FAD ring is
directed toward the tetracycline binding pocket, rather than the
FAD-OUT conformation, where the isoalloxazine is instead
directed towards the putative NADPH binding site.62 Amongst
9698 | Chem. Sci., 2025, 16, 9691–9704
TDases, the FAD-OUT conformation has so far only been
observed in the type 2 aTC-Tet(50) complex, whilst all substrate
and inhibitor complex structures with type 1 TDases display the
FAD-IN conformation. It is therefore likely that inhibitor design
should be focused around active site binding with the FAD-IN
conformation of type 1 TDases.

Clear electron density in the active site of Tet(X4) is observed
for the tricyclic phenothiazine group in both the triuoperazine
and prochlorperazine complexes (Fig. 6e and f), including their
2-triuoromethyl- and 2-chloro-substituents, respectively. The
phenothiazine rings adopt near identical conformations (ESI
Fig. S25†), suggesting a conserved binding mode. They occupy
a similar space in the active site as does the A-ring of tigecycline
(Fig. 6h and i) and have high shape complementarity to the
Tet(X4) substrate binding pocket (ESI Fig. S26†). Analysis of the
binding mode using Protein–Ligand Interaction Proler
(PLIP)63 reveals the phenothiazine groups make conserved
hydrophobic contacts with residues Asn190, Gln192, Phe224
and Phe319 (Fig. 6e and f). A uorine of the triuoromethyl-
group in triuoperazine can potentially form a halogen bond
with the Leu214 backbone carbonyl (Fig. 6e).

In contrast to the phenothiazine rings, the 3-(4-
methylpiperazin-1-yl)propan-1-amine tails of both triuopera-
zine and prochlorperazine molecules display weaker electron
density (Fig. 6e and f) and higher B-factors (ESI Fig. S27†), which
can likely be attributed to their intrinsic conformational lability.
Triuoperazine potentially binds in two conformations, with
one appearing similar to the observed binding mode of pro-
chlorperazine (ESI Fig. S25†). In the prochlorperazine complex
and equivalent conformation with triuoperazine, the proton-
ated quaternary amine of the 4-methyl-piperazine group is
proximal to Asp61 and Glu114 near the active site entrance,
allowing for formation of a charge–charge interaction. In the
case of triuoperazine, it is predicted that this amine also forms
a water bridge with the backbone amide of Asp61 and
a hydrogen bond with Arg213.

In the tegaserod-Tet(X4) complex structure, clear electron
density was observed for the 5-methoxyindole and guanidine
moieties (Fig. 6g). The exible n-pentyl terminus is directed
towards the active site entrance and has weak electron density.
The indole amine forms a hydrogen bond with Ser238, a residue
which forms a water bridge with the A-ring of tetracyclines. The
indole also makes several hydrophobic contacts and an edge-to-
face p-stacking interaction with Phe319. Remarkably, the
Phe224 side chain is rotated through nearly 180° to accommo-
date the 5-methoxyindole group of tegaserod (ESI Fig. S28†),
with which it would sterically clash if it remained in the
conformation found in the tigecycline-bound structure. This
conformation of Phe224 has not previously been observed in
any Tet(X) crystal structures. The guanidine group is positioned
to form multiple polar interactions, forming hydrogen bonds
with Arg213, the backbone carbonyl of Phe319 and the C4-
carbonyl of the FAD isoalloxazine moiety. The latter is of
particular interest, as it mimics the binding modes of hydroxyl
groups on A and B rings of the tetracycline scaffold to the FAD
C4-carbonyl.8,42,46 Additionally, the tegaserod guanidine group is
positioned to plausibly forms water bridged interactions with
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc00964b


Table 3 Broth microdilution checkerboard assay results for selected Pharmacopeia active compounds and tigecycline against E. coli TOP10
containing plasmid pBAD-TOPO-Tet(X4), induced with 0.2%w/v L-arabinose

Antibiotic
MIC (mg mL−1)

Tet(X) inhibitor MIC
(mg mL−1)

Combinationa (antibiotic/inhibitor)
MIC (mg mL−1) FICIb Outcomec

Tigecycline 4 Anhydrotetracycline 8 0.5/2 0.4 Synergy
Prochlorperazine 64 2/16 0.8 Indifferent
Raloxifene >128 0.5/128 1.1 Indifferent
Tegaserod 16 1/8 0.8 Indifferent
Triuoperazine 64 2/8 0.6 Indifferent
Tafenoquine 16 2/4 0.8 Indifferent

a Combination MICs reported are the combinations which gave the lowest FICI value. b FICI was calculated as FICantibiotic + FICinhibitor, where each
FIC = MICcombination/MICalone.

c Outcomes are dened by the FICI value as follows: synergy (#0.5), indifferent (0.5–4.0) or antagonistic ($4.0).58
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Thr59 and the backbone amides of Pro318 and Gly321 which
may also contribute to its binding.
Microbiological studies

To investigate whether biochemical inhibition of Tet(X4)
translates to restoration of tetracycline activity against bacterial
cells, we tested the compounds against E. coli cells expressing
Tet(X4). Tet(X4) encoding DNA from the pET28b-(+) expression
vector was subcloned into a pBAD vector via TOPO cloning. This
vector contains the araBAD operon, allowing strict control of
expression through the addition of L-arabinose. Tigecycline MIC
values for commercial TOP10 E. coli transformed with pBAD-
TOPO-Tet(X4) were found to be dependent on the L-arabinose
concentration, with 0.2%w/v L-arabinose being optimal for
further experiments (ESI Table S4†).

We then performed checkerboard broth microdilution anti-
biotic susceptibility assays for tigecycline in combination with
selected compounds against our model E. coli strain (Table 3).
Anhydrotetracycline was used as a reference and gave a frac-
tional inhibitory concentration index (FICI) of 0.4 indicating
synergy,64 consistent with previous reports.17,20,33 Tafenoquine,
tegaserod, prochlorperazine and triuoperazine are able to
reduce the tigecycline MIC 2–4 fold at high concentrations of
inhibitor, though this only corresponds to FICIs between 0.5-1,
a value which is indicative of no interaction between the
combination.64 Note that all four compounds alone possess
weak activity against this strain (16–64 mg mL−1), consistent
with previous reports,65,66 meaning that MICs of combinations
could be a contribution of both Tet(X) inhibition and antibac-
terial activity. Checkerboard assays with the same strain
without presence of L-arabinose gave identical MICs for the
compounds alone but resulted in increases in FICI values (all
$1, ESI Table S5†), suggesting that Tet(X) inhibition is at least
partially involved in restoration of tigecycline activity, although
further experiments are necessary to validate this. Comparable
antibiotic activity and FICIs in combination with tigecycline
were observed for the compounds with a panel consisting of
tigecycline resistant Salmonella, E. coli¸ Acinetobacter and
Proteus isolates containing tet(X) genes (ESI Table S6†). Tega-
serod, in particular, displayed a consistent ability to reduce the
tigecycline MIC by 2–8 fold in combination against all of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
strains tested. Similar results were obtained in combination
with tetracycline and doxycycline (ESI Table S7†), although
FICIs indicating synergy were not observed.
Conclusions

Type 1 TDases are a rapidly emerging AMR mechanism with
clear clinical consequences, including for last-resort tetracy-
clines such as tigecycline;29–32 however, no strategies to combat
TDase resistance have progressed towards clinical develop-
ment. Although the global spread of TDase-mediated resistance
is perhaps not yet at the stage that justies substantial
commercial investment, the history of AMR suggests waiting to
implement interventions is a risk. This is evidenced by the
dissemination of metallo-b-lactamases, which have progressed
within a few decades from an academic curiosity to the point
where they threaten the use of all penicillins and cephalospo-
rins.35,36 Despite the clinical success of serine b-lactamase
inhibitors, analogous inhibitors have not yet been developed for
TDases. In part this likely reects the (to date) relatively rare
occurrence of TDase-mediated resistance and in part that the
nature of both the tetracyclines and the avin/O2/NADP(H)-
dependent TDases are more experimentally challenging than
b-lactamases.

To help us and others to identify starting points to progress
towards rst-in-class TDase inhibitors, we developed and opti-
mised a robust FP-based competition assay using probe 6 that
has enabled the discovery of new active-site binding inhibitors
of type 1 TDases. A screen of known bioactive compounds uti-
lising our FP assay revealed promising new scaffolds for Tet(X)
inhibition. Six structurally-diverse compounds were identied
with <100 mM IC50 values in both the FP and the UPLC activity
assays, providing new scaffolds for inhibitor development. Of
the hit compounds, psychoactive phenothiazine derivatives and
the 5-HT4 agonist tegaserod were co-crystallised successfully
with Tet(X4); the resultant structures enabled the discovery of
two previously unidentied reversible binding modes of
Tet(X4). Importantly, this is the rst structural evidence for
active site binding of Tet(X) inhibitors that do not share struc-
tural similarity with the tetracycline substrates.

These compounds have micromolar potency but do not
restore tigecycline activity in bacteria to a level of synergy, hence
Chem. Sci., 2025, 16, 9691–9704 | 9699
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optimisation will be necessary to improve potency, improve
accumulation in bacterial cells, enhance restoration of tigecy-
cline activity in cells and obtain selectivity over their human
targets. The latter will be important to eliminate known off-
target anti-psychotic61 and motility stimulant60 activities of the
phenothiazines and tegaserod, respectively. Our results further
highlight the potential for drug-repurposing approaches to
combat AMR to overcome resistance mechanisms, an approach
which has shown considerable promise in the discovery of novel
antibiotics and modes of action.67,68 Note, however, that the
bioactive molecules tested, including the phenothiazines and
tegaserod, also show antimicrobial activity alone. Taken
together with their inhibition of type 1 TDases, the moderate
activity of these ‘non-antibiotics’ emphasises the need to eval-
uate the impact of non-antibiotics on the evolution of AMR.68 It
may be that long-term treatments with such drugs can promote
AMR in oen vulnerable patients.
Materials and methods
Compound synthesis

Compounds 2–6 were synthesised as described in the ESI.† 9-
Bromoanhydrotetracycline was synthesised according to the
reported procedure.33 All other compounds were purchased
from commercial suppliers.
Recombinant protein purication

TDase genes (Genbank accessions: Tet(X2), AJ311171.1; Tet(X3),
KU547176.1; Tet(X4), MK134376.1; Tet(X5), CP044520.1;
Tet(X7), KU547185.1; Tet(50), KR857684.1) were synthesised
and cloned into the pET28b-(+) vector using restriction enzymes
NdeI and BamHI (GenScript, UK). The resulting constructs
contained a thrombin-cleavable N-terminal His6-tag. For
Tet(X2), the full-length protein was prepared rather that the D1–
10 mutant used previously for crystallographic studies.42,69

Plasmids were transformed into chemically-competent E. coli
BL21(DE3) cells (NEBiolabs) and grown on plates containing
2xYT agar supplemented with kanamycin (30 mg mL−1) over-
night (37 °C). Single colonies were picked and cultured in
100 mL liquid 2xYT media overnight (37 °C, 180 rpm). Over-
night cultures were used to inoculate large-scale growths in
2xYT media (12 × 600 mL, 1 : 100v/v) supplemented with kana-
mycin (30 mg mL−1). Cultures were incubated (37 °C, 180 rpm)
until an OD600 of 0.6–0.8 was recorded. Expression was induced
by the addition of isopropyl b-D-1-thiogalactopyranoside (nal
concentration of 0.1 mM for Tet(X3), 0.5 mM for all other
constructs) and cultures were subsequently incubated overnight
(18 °C 180 rpm). Cells were harvested by centrifugation (11
325×g, 10 min, 4 °C) and cell pellets were stored at−80 °C prior
to purication.

Tet(X2) was prepared as reported with minor modica-
tions.33 The cell pellet was thawed and resuspended in lysis
buffer containing 50 mM K2HPO4 (pH 8.0), 500 mM NaCl,
20 mM imidazole, 5 mM b-mercaptoethanol and 10%v/v glycerol
(100 mL) supplemented with a cOmplete EDTA-free protease
inhibitor cocktail tablet (Roche), DNAase I (0.1 mg mL−1,
9700 | Chem. Sci., 2025, 16, 9691–9704
Roche), lysozyme (1 mg mL−1, Sigma Aldrich) and FAD (1 mg
mL−1, Sigma Aldrich). Cells were lysed at 25 kPSI using
a continuous ow cell disruptor (Constant Systems). Cell debris
was removed by centrifugation (58 500×g, 30 min, 4 °C) and
ltration of the resulting supernatant through a 0.45 mM lter
(Sartorius). The ltrate was loaded onto a 5 mL HisTrap HP
column (GE Healthcare) previously equilibrated with lysis
buffer using an ÄKTApure fast-liquid purication chromatog-
raphy system (GE Healthcare). The column was washed with
lysis buffer (15 CV), then eluted by applying a gradient of 20–
300 mM imidazole (12 CV) with the other buffer components
kept constant. Fractions containing recombinant protein were
identied using SDS-PAGE analysis, concentrated in a 30 kDa
molecular weight cut-off centrifugal lter (Merck Millipore),
loaded onto a size exclusion column (Superdex 75 HiLoad 26/
600, 320 mL, GE Healthcare) and eluted with storage buffer
containing 50 mM K2HPO4 (pH 8.0), 150 mM NaCl, 1 mM DTT
(1.2 CV). Fractions containing recombinant protein were pooled
and concentrated. Concentrations were estimated using
a NanoDrop One spectrophotometer (Thermo Fisher),
assuming full occupancy of the FAD cofactor (3280 = 22
869 M−1 cm−1). Protein was ash frozen in single-use aliquots
and stored at−80 °C prior to use. Purity was determined by SDS-
PAGE analysis. Tet(X3) and Tet(50) were puried using identical
conditions to Tet(X2), except using a gradient of 20–500 mM
imidazole over 12 CV for elution from the 5 mL HisTrap HP
column. Tet(X4) and Tet(X5) were puried as for Tet(X2), except
that the lysis buffer contained 20 mM Tris (pH 8.5), 300 mM
NaCl, 20 mM imidazole, 2 mM b-mercaptoethanol and the
storage buffer contained 20mMTris (pH 7.5), 150 mMNaCl and
2 mM b-mercaptoethanol. Tet(X7) was puried identically to
Tet(X2), except that the lysis buffer contained 50 mM Tris (pH
8.0), 100 mMNaCl, 20 mM imidazole, 2 mM b-mercaptoethanol
and that the storage buffer contained 10 mM Tris (pH 8.0),
150 mM Tris and 2 mM b-mercaptoethanol.

For crystallisation, DNA encoding Tet(X4) was subcloned
from the pET28b-(+) construct into a modied pRSETa vector,70

incorporating an N-terminally His6-tagged lipoyl domain from
B. stearothermophilus dihydrolipoamide acetyl transferase at the
N-terminus of the tet(X4) gene, with a TEV protease cleavage site
located between the lipoyl domain and the Tet(X4) domain.
Overexpression and purication were performed as described
for PBP3 70 with minor modications. The recombinant protein
was overproduced in E. coli C41(DE3) cells grown in 2xYT
media, with expression induced by treatment with 1 mM IPTG
overnight (18 °C, 180 rpm). Cells were harvested by centrifu-
gation, resuspended in buffer containing 20 mM Tris (pH 8.0),
100 mM NaCl, 20 mM imidazole, 5 mM b-mercaptoethanol and
1 mg mL−1 FAD, then lysed by sonication (30 min, 70%
amplitude, pulse programme 2 s on, 7 s off). Following clari-
cation by centrifugation, the lysates were loaded onto a 50 mL
Ni-NTA column and eluted with a gradient of 20–500 mM
imidazole. The puried protein was digested with His-tagged
TEV protease, then dialysed overnight into buffer containing
20 mM Tris (pH 8.0), 100 mM NaCl and 5 mM b-mercaptoe-
thanol. The digestion was passed through a pre-equilibrated Ni-
NTA column, removing proteins with an intact His-tag. Tet(X4)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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was concentrated to 15 mg mL−1 in a 30 kDa molecular weight
cut-off centrifugal lter (Merck Millipore), ash-frozen in liquid
N2 and stored at −20 °C prior to crystallisation.

Tetracycline destructase binding assays

Aliquots of TDases were thawed and serially diluted with the assay
buffer (100 mM Tris, pH 7.0 with 0.01% Triton X-100) in a V-
bottom 96-well plate (Greiner Bio-One). 12.5 mL of each concen-
tration of enzyme was transferred in quadruplicate to a 384-well
black, non-binding microtiter plate (Greiner Bio-One). Aliquots of
2 mM stock of uorescent probes 5 and 6 in DMSO were thawed
and diluted to 50 nM in the assay buffer with 2 mM FAD and
10 mM MgCl2. 12.5 mL of this solution was added to wells con-
taining enzyme. A negative control of 12.5 mL of the probe solu-
tion with 12.5 mL of the assay buffer was included on each plate.
The plate was briey centrifuged (1000 rpm), then incubated at
ambient temperature for 30 min before measuring the FP
response using a PHERAstar FS microplate reader (BMG Labtech)
equipped with an FP optic module (excitation = 540 ± 20 nm,
Emission = 590 ± 20 nm, 200 ashes per well). DmP values were
calculated by subtracting the average mP of the negative controls
from the mP measured for each well. To calculate Kd values, the
derived DmP values were plotted as a function of enzyme
concentration and a one-site specic binding model was applied
(GraphPad Prism 9.4.1). To assess the effect of MgCl2 on the Kd of
the interaction between the probe and Tet(X4), the above proce-
dure was repeated with the probe solution containing 50 nM
probe 6 and 2 mM FAD with or without the addition of 10 mM
MgCl2 in the Tet(X4) enzyme solution.

Competitive displacement experiments

A 2× solution containing 80 nM Tet(X4), 2 mM FAD and 10 mM
MgCl2 in the assay buffer was dispensed into the rst 22 columns
of a 384-well black, non-binding microtiter plate (Greiner Bio-
One), 12.5 mL per well, using a microplate reagent dispenser. A
solution of 2 mM FAD and 10 mM MgCl2 in the assay buffer was
dispensed into the remaining columns to serve as a no enzyme
control. A 3-fold, 10-point dilution series of substrates and
inhibitors wasmade in DMSO in a V-bottom 96-well plate (Greiner
Bio-One) with a highest concentration of 5 mM or 0.5 mM. Into
one column was added DMSO with no inhibitor or substrate, to
serve as a positive control. Tigecycline was included as a reference
on every plate to ensure reproducibility. 0.5 mL of each dilution
was transferred in quadruplicate to the 384-well plate containing
enzyme solution using a CyBi-Well liquid-handling robot (CyBio).
A solution of 50 nM 6 in the assay buffer was then dispensed, with
12.5 mL per well. The plate was briey centrifuged (1000 rpm),
then incubated at ambient temperature for 30 min prior to
measuring the FP. Data points were normalised between the
positive and negative controls. Normalised % response was
plotted as a function of log10([Inhibitor]), and the IC50

app was
determined by tting the data to the equation: Y= Bottom + (top-
bottom)/(1 + 10Log(IC50) − X)×HillSlope in GraphPad Prism 9.4.1,
where Y = % response and X = log10([Inhibitor]). Wells with
unusual uorescence intensities were manually identied and
removed from the analysis.
© 2025 The Author(s). Published by the Royal Society of Chemistry
For screening of the Pharmacopeia library, the abovemethod
was used with minor modications. Compounds were
dispensed into assay plates using a LabCyte Echo 650, 25 nL per
well (nal DMSO concentration = 0.1%v/v). The Tet(X4) solution
concentration was increased to 160 nM (nal concentration in
well = 80 nM). The 0% response was dened as the response
with addition of 10 mM tigecycline. The nal concentration for
all compounds screened was 10 mM. One technical replicate was
performed for each compound; hits identied were retested; the
purities of the hit compounds were determined to be >80% by
LC-MS analysis.

Optimisation of assay parameters

Optimisation of assay parameters (DMSO %v/v, pH and incu-
bation time) was performed using the above method with
modications. The positive controls contained nal concen-
trations of 25 nM probe 6, 40 nM Tet(X4), 1 mM FAD and 5 mM
MgCl2 in the assay buffer, 25 mL nal volume, whilst varying the
parameter to be optimised. Negative controls contained the
same solution with the addition of 10 mM tigecycline. Detailed
methodology can be found in the ESI.†

UPLC activity assays

A solution containing 100 mM TAPS (pH 8.5), 20 mM FAD,
10 mM MgCl2 and 100 nM Tet(X4) was dispensed into a 96-well
skirted PCR plate (Sarstedt), 50 mL per well, using a microplate
reagent dispenser. A 3-fold, 10-point dilution series of the
substrates and inhibitors was made in DMSO with a top
concentration of 10 mM, unless otherwise stated, and trans-
ferred to the enzyme solution using a CyBi-Well liquid-handling
robot (CyBio), 1 mL per well. On each plate, a column of no
enzyme negative controls and no inhibitor (DMSO only) positive
controls were included. The plate was incubated at 30 °C for
15 min. A solution containing 100 mM TAPS (pH 8.5), 40 mM
tigecycline and 200 mM NADPH was then dispensed, with 49 mL
per well. The plate was incubated at 30 °C for 20min at 600 rpm.
10 mL of 10%v/v formic acid solution was then dispensed into all
wells. Samples were analysed using an ACQUITY H-Class PLUS
UPLC instrument (Waters) equipped with a pre-equilibrated
ACQUITY BEH C18 column (20 × 50 mm, 1.7 mM pore size,
Waters) using a gradient of 1–50%v/v acetonitrile with 0.1%v/v

formic acid in water with 0.1%v/v formic acid over 1.83 minutes
at a ow rate of 0.5 mL min−1. Instrument control and data
processing were performed using MassLynx V4.1 soware. The
peaks representing tigecycline and 11a-hydroxy-tigecycline were
integrated, used to calculate % conversion and then normalised
between positive and negative controls. The normalised %
response was plotted as a function of log10[Inhibitor], and the
IC50 determined as described above.

Crystallisation

An aliquot of the Tet(X4) crystallography construct was thawed
and stored on ice prior to set up of crystallisation trays. Tet(X4) at
15 mg mL−1 was mixed with each inhibitor dissolved in DMSO,
with a nal concentration of 2–5 mM inhibitor and 2%v/v DMSO.
Sitting-drop crystal plates were dispensed using a Mosquito Xtal3
Chem. Sci., 2025, 16, 9691–9704 | 9701
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machine (SPT Labtech) in 300 nL drops. Well solutions were used
as purchased from Hampton Research or Molecular Dimensions.
Co-crystals with prochlorperazine formed with a well solution
containing 27 %w/v PEG3350, 0.1 M bis–tris propane (pH 7.0),
0.2 M lithium sulfate. Co-crystals with triuoperazine formed
with a well solution containing 29 %w/v PEG4000, 0.1 M sodium
citrate (pH 6.5), 0.1 M magnesium acetate, 0.1 M ammonium
sulfate. Co-crystals with tegaserod formed with a well solution
containing 30%w/v PEG4000, 0.2 M ammonium acetate, 0.1 M
sodium citrate (pH 5.6). Prior to harvesting, crystals were cry-
oprotected by addition of 600 nL of 15 %v/v glycerol in the mother
liquor to the drops. Single crystals were harvested with nylon
loops and ash frozen in liquid nitrogen. X-ray datasets were
collected at Beamline I03 or I04 at Diamond Light Source, United
Kingdom. Diffraction data were integrated and scaled using xia2
with DIALS.71 Tet(X4) crystals were in the P6522 space group with
one copy per asymmetric unit, consistent with previous reports.8

Structures were solved by molecular replacement with Phaser
using the reported apo-Tet(X4) structure (PDB: 7EPV) as the search
model. Iterative rounds of renement in Phenix72 and manual
model building in Coot73were performed until convergence of the
Rfree and Rwork was observed. Data collection and renement
statistics are given in ESI Table S3.†

Construction of a model Tet(X4)-bearing E. coli strain

Tet(X4) was sub-cloned from the Tet(X4) pET28b-(+) expression
vector via TOPO cloning. The insert was amplied using the taq
polymerase with the forward primer 50- ATGAGCAATAAA-
GAAAAACAAATGAATTTACTTAGTG-30 and the reverse primer 50-
TTATACATTTAACAATTGCTGAAACGTAAAGTCG-3’. Following
PCR purication (Thermo Fisher Scientic), the A-tailed PCR
product was ligated into the pBAD-TOPO vector using a TOPO
cloning kit (Invitrogen) according to the manufacturer's
protocol. Following amplication in E. coli NEB5a cells
(NEBiolabs), the delity of the insert was conrmed by Sanger
sequencing (Eurons). For microbiological experiments, E. coli
TOP10 cells were used as the recipient strain. Cells were plated
on Mueller-Hinton agar (MHA) plates containing ampicillin at
100 mg mL−1. The introduction of pBAD-TOPO-Tet(X4) was
conrmed by colony PCR. Strains were stored in a freezer at
−80 °C in cryopreservation beads.

Antibiotic susceptibility assays

MIC tests and checkerboard assays were performed in U-
bottom, 96-well microtiter plates using a modied broth
microdilution protocol following CLSI guidelines. Cation-
adjusted Mueller-Hinton Broth (CAMHB) was prepared fresh
on the day of testing.74 In brief, assays were set up in a total
volume of 100 mL per well and titrations comprised seven 2-fold
dilutions of inhibitors and ten 2-fold dilutions of tigecycline in
CAMHB. Bacterial colonies were selected from an overnight
culture on MHA plates (supplemented with 0.2%w/v L-arabinose
for E. coli TOP10 containing pBAD-TOPO-Tet(X4)) and were
suspended in 0.9% saline solution to achieve a 0.5 McFarland
standard. A 100 mL aliquot of this suspension was then diluted
into 9.9 mL of CAMHB to yield approximately 1.5 × 106 cfu
9702 | Chem. Sci., 2025, 16, 9691–9704
mL−1. 50 mL of the suspension was then added to each well of
a microtiter plates. Plates were incubated at 37 °C for 18 h. At
least 2 replicates were conducted for each combination. E. coli
TOP10 + pBAD-TOPO-Tet(X4) cells were grown in the absence
and presence of 0.2%w/v L-arabinose. Analysis of the MIC and
checkerboard results were carried out by visual inspection of
growth, with and without resazurin dye, an oxidation–reduction
indicator.75 As a measure of synergy, fractional inhibitory
concentration index (FICI) was calculated as FICA + FICB, where
FICA and FICB are the MICcombination/MICalone for each agent,
respectively.76 Results were interpreted as follows: synergistic
(<0.5), indifferent (1.0–4.0) or antagonistic (>4.0).64 In cases
where the MIC exceeded or was below the measured range, the
borderline value was taken to calculate the FIC index.

Statistical analyses

All Kd, IC50 and IC50
app values are presented as the mean value

from three independent experiments with errors representing
the standard deviation from the mean. All enzymatic experi-
ments were performed in at least technical quadruplicate on the
same plate, apart from UPLC-based assays which were con-
ducted with one technical replicate.
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9HKE (triuoperazine-Tet(X4) complex), 9HJV
(prochlorperazine-Tet(X4) complex) and 9HJW (tegaserod-
Tet(X4) complex). Requests for further materials or data
should be made to Christopher J. Schoeld
(christopher.schoeld@chem.ox.ac.uk).

Author contributions

M. J. B. produced proteins, developed and performed biochem-
ical assays with assistance from H. G. S, Z. B. and V. G.; E. C. T.
performed chemical synthesis; H. G. S. collected and processed
crystallographic data with assistance from M. J. B.; M. M. T.
performed microbiological experiments with assistance from M.
J. B.; J. H. J. A., M. Y.W.W. and C. H. J.W. performed screening of
the pharmacopeia library; H. S. A. performed molecular
docking; M. J. B., E. C. T., A. J. M. F. and C. J. S. conceptualised
and designed the study; M. J. B., E. C. T., A. J. M. F., F. D., T. R. W.
and C. J. S. supervised the study; M. J. B. and C. J. S. wrote the
manuscript with input from all other authors.

Conflicts of interest

The authors declare that there are no conicts of interests.

Acknowledgements

We thank the Ineos Oxford Institute for Antimicrobial Research
(IOI) for funding and the Diamond Light Source for beamtime
© 2025 The Author(s). Published by the Royal Society of Chemistry

mailto:christopher.schofield@chem.ox.ac.uk
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc00964b


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

9.
07

.2
02

5 
06

:4
7:

52
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
(proposal mx31353). We thank Prof. Yang Wang (China Agri-
cultural 630 University) for providing bacterial strains for
testing. We thank Dr Mark Allen for vital assistance with prep-
aration of the crystallographic construct of Tet(X4).

References

1 A. J. Browne, M. G. Chipeta, G. Haines-Woodhouse,
E. P. A. Kumaran, B. H. K. Hamadani, S. Zaraa, N. J. Henry,
A. Deshpande, R. C. Reiner, N. P. J. Day, A. D. Lopez,
S. Dunachie, C. E. Moore, A. Stergachis, S. I. Hay and
C. Dolecek, Lancet Planet. Health, 2021, 5, e893–e904.

2 WHO Model List of Essential Medicines – 23rd List WHO/MHP/
HPS/EML/2023.02, World Health Organization, Geneva,
2023.

3 F. Granados-Chinchilla and C. Rodŕıguez, J. Anal. Methods
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A. S. Gin, D. J. Hoban and J. A. Karlowsky, Drugs, 2016, 76,
567–588.

13 L. Jenner, A. L. Starosta, D. S. Terry, A. Mikolajka,
L. Filonava, M. Yusupov, S. C. Blanchard, D. N. Wilson and
G. Yusupova, Proc. Natl. Acad. Sci. U.S.A., 2013, 110, 3812–
3816.

14 E. Tasina, A.-B. Haidich, S. Kokkali and M. Arvanitidou,
Lancet Infect. Dis., 2011, 11, 834–844.

15 T. H. Grossman, A. L. Starosta, C. Fyfe, W. O'Brien,
D. M. Rothstein, A. Mikolajka, D. N. Wilson and
J. A. Sutcliffe, Antimicrob. Agents Chemother., 2012, 56,
2559–2564.

16 W. Yang, I. F. Moore, K. P. Koteva, D. C. Bareich,
D. W. Hughes and G. D. Wright, J. Biol. Chem., 2004, 279,
52346–52352.

17 H. Kumar, E. E. Williford, K. S. Blake, B. Virgin-Downey,
G. Dantas, T. A. Wencewicz and N. H. Tolia, Commun.
Biol., 2023, 6, 1–10.
© 2025 The Author(s). Published by the Royal Society of Chemistry
18 K. S. Blake, H. Kumar, A. Loganathan, E. E. Williford,
L. Diorio-Toth, Y.-P. Xue, W. K. Tang, T. P. Campbell,
D. D. Chong, S. Angtuaco, T. A. Wencewicz, N. H. Tolia
and G. Dantas, Commun. Biol., 2024, 7, 1–16.

19 K. J. Forsberg, S. Patel, T. A. Wencewicz and G. Dantas,
Chem. Biol., 2015, 22, 888–897.

20 J. Park, A. J. Gasparrini, M. R. Reck, C. T. Symister,
J. L. Elliott, J. P. Vogel, T. A. Wencewicz, G. Dantas and
N. H. Tolia, Nat. Chem. Biol., 2017, 13, 730–736.

21 I. F. Moore, D. W. Hughes and G. D. Wright, Biochemistry,
2005, 44, 11829–11835.

22 J. Sun, C. Chen, C.-Y. Cui, Y. Zhang, X. Liu, Z.-H. Cui,
X.-Y. Ma, Y. Feng, L.-X. Fang, X.-L. Lian, R.-M. Zhang,
Y.-Z. Tang, K.-X. Zhang, H.-M. Liu, Z.-H. Zhuang,
S.-D. Zhou, J.-N. Lv, H. Du, B. Huang, F.-Y. Yu,
B. Mathema, B. N. Kreiswirth, X.-P. Liao, L. Chen and
Y.-H. Liu, Nat. Microbiol., 2019, 4, 1457–1464.

23 M. Mohsin, B. Hassan, W. M. B. S. Martins, R. Li,
S. Abdullah, K. Sands and T. R. Walsh, Sci. Total Environ.,
2021, 787, 147613.

24 L. Wang, D. Liu, Y. Lv, L. Cui, Y. Li, T. Li, H. Song, Y. Hao,
J. Shen, Y. Wang and T. R. Walsh, Antimicrob. Agents
Chemother., 2019, 64, DOI: 10.1128/aac.01326-19.

25 W. Zhai, Y. Tian, M. Lu, M. Zhang, H. Song, Y. Fu, T. Ma,
C. Sun, L. Bai, Y. Wang, D. Liu and Y. Zhang, Microbiol.
Spectrum, 2022, 10, e01081.

26 N. Dong, C. Liu, Y. Hu, J. Lu, Y. Zeng, G. Chen, S. Chen and
R. Zhang, Microbiol. Spectrum, 2022, 10, e02283.

27 X. Lu, Y. Du, K. Peng, W. Zhang, J. Li, Z. Wang and R. Li,
Microbiol. Spectrum, 2022, 10, e00196.

28 M. Shaq, M. Zeng, B. Permana, H. Bilal, J. Huang, F. Yao,
A. M. Algammal, X. Li, Y. Yuan and X. Jiao, Front.
Microbiol., 2022, 13, DOI: 10.3389/fmicb.2022.1031688.

29 M. Deng, M.-H. Zhu, J.-J. Li, S. Bi, Z.-K. Sheng, F.-S. Hu,
J.-J. Zhang, W. Chen, X.-W. Xue, J.-F. Sheng and L.-J. Li,
Antimicrob. Agents Chemother., 2014, 58, 297–303.

30 T. A. Leski, U. Bangura, D. H. Jimmy, R. Ansumana,
S. E. Lizewski, D. A. Stenger, C. R. Taitt and G. J. Vora, Int.
J. Antimicrob. Agents, 2013, 42, 83–86.

31 Y.-C. Hsieh, J.-W. Wu, Y.-Y. Chen, T. L. T. Quyen, W.-C. Liao,
S.-W. Li, Y.-C. Chen and Y.-J. Pan, Antibiotics, 2021, 10, 1239.

32 D. T. Talsma, R. Monteiro, R. del C. Flores-Vallejo,
M. Heuvelmans, T.-N. Le, A. P. Hendrickx, S. Rosema,
I. Maat, J. M. van Dijl and E. Bathoorn, Eurosurveillance,
2024, 29, 2400019.

33 J. L. Markley, L. Fang, A. J. Gasparrini, C. T. Symister,
H. Kumar, N. H. Tolia, G. Dantas and T. A. Wencewicz,
ACS Infect. Dis., 2019, 5, 618–633.

34 A. J. Gasparrini, J. L. Markley, H. Kumar, B. Wang, L. Fang,
S. Irum, C. T. Symister, M. Wallace, C.-A. D. Burnham,
S. Andleeb, N. H. Tolia, T. A. Wencewicz and G. Dantas,
Commun. Biol., 2020, 3, 1–12.

35 C. L. Tooke, P. Hinchliffe, E. C. Bragginton, C. K. Colenso,
V. H. A. Hirvonen, Y. Takebayashi and J. Spencer, J. Mol.
Biol., 2019, 431, 3472–3500.

36 K. Bush and P. A. Bradford, Cold Spring Harbor Perspect.
Med., 2016, 6, a025247.
Chem. Sci., 2025, 16, 9691–9704 | 9703

https://doi.org/10.1128/aac.01326-19
https://doi.org/10.3389/fmicb.2022.1031688
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc00964b


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

9.
07

.2
02

5 
06

:4
7:

52
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
37 E. E. Williford, C. M. DeAngelo, K. S. Blake, H. Kumar,
K. K. Lam, K. V. Jones, N. H. Tolia, G. Dantas and
T. A. Wencewicz, J. Med. Chem., 2023, 66, 3917–3933.

38 L. Xu, Y. Zhou, S. Niu, Z. Liu, Y. Zou, Y. Yang, H. Feng, D. Liu,
X. Niu, X. Deng, Y. Wang and J. Wang, eBioMedicine, 2022,
78, 103943.

39 L. Xu, Y. Zhou, D. Ou, H. Yang, H. Feng, H. Song, N. Xie,
X. Niu, X. Deng, M. Sun, P. Zhang, D. Liu and J. Wang, One
Health Adv., 2024, 2, 1.

40 Y. Liu, Y. Jia, K. Yang, R. Li, X. Xiao and Z. Wang, Commun.
Biol., 2020, 3, 1–10.

41 T. Deng, Y. Jia, Z. Tong, J. Shi, Z. Wang and Y. Liu,Microbiol.
Spectrum, 2022, 10, e01578.

42 G. Volkers, J. M. Damas, G. J. Palm, S. Panjikar, C. M. Soares
and W. Hinrichs, Acta Crystallogr., Sect. D:Biol. Crystallogr.,
2013, 69, 1758–1767.

43 C. Chen, A. R. Zeiger and E. Wickstrom, Bioorg. Med. Chem.
Lett., 2007, 17, 6558–6562.

44 R. W. Sabnis,Handbook of Fluorescent Dyes and Probes, Wiley,
New Jersey, 2015.

45 M. D. Hall, A. Yasgar, T. Peryea, J. C. Braisted, A. Jadhav,
A. Simeonov and N. P. Coussens, Methods Appl. Fluoresc.,
2016, 4, 022001.

46 G. Volkers, G. J. Palm, M. S. Weiss, G. D. Wright and
W. Hinrichs, FEBS Lett., 2011, 585, 1061–1066.

47 S. Zhang, J. Wen, Y. Wang, M. Wang, R. Jia, S. Chen, M. Liu,
D. Zhu, X. Zhao, Y. Wu, Q. Yang, J. Huang, X. Ou, S. Mao,
Q. Gao, D. Sun, B. Tian and A. Cheng, Front. Microbiol.,
2022, 13, 969769.

48 J. Hughes, S. Rees, S. Kalindjian and K. Philpott, Br. J.
Pharmacol., 2011, 162, 1239–1249.

49 S. Liu, M. I. Abboud, T. John, V. Mikhailov, I. Hvinden,
J. Walsby-Tickle, X. Liu, I. Pettinati, T. Cadoux-Hudson,
J. S. O. McCullagh and C. J. Schoeld, Commun. Biol., 2021,
4, 1243.

50 C. Sun, Q. Wang, J. D. Brubaker, P. M. Wright, C. D. Lerner,
K. Noson, M. Charest, D. R. Siegel, Y.-M. Wang and
A. G. Myers, J. Am. Chem. Soc., 2008, 130, 17913–17927.

51 M. L. Nelson, M. Y. Ismail, L. McIntyre, B. Bhatia, P. Viski,
P. Hawkins, G. Rennie, D. Andorsky, D. Messersmith,
K. Stapleton, J. Dumornay, P. Sheahan, A. K. Verma,
T. Warchol and S. B. Levy, J. Org. Chem., 2003, 68, 5838–5851.

52 M. L. Nelson, B. H. Park, J. S. Andrews, V. A. Georgian,
R. C. Thomas and S. B. Levy, J. Med. Chem., 1993, 36, 370–
377.

53 D. L. Cooper and S. T. Lovett, DNA Repair, 2011, 10, 260–270.
54 J. Sun, H. Zhong, K. Wang, N. Li and L. Chen, Acta Pharm.

Sin. B, 2021, 11, 3417–3432.
55 D. Liebschner, P. V. Afonine, N. W. Moriarty, B. K. Poon,

O. V. Sobolev, T. C. Terwilliger and P. D. Adams, Acta
Crystallogr., Sect. D: Struct. Biol., 2017, 73, 148–157.

56 C. Santi, C. Scimmi and L. Sancineto, Molecules, 2021, 26,
4230.

57 D. Hochner-Celnikier, Eur. J. Obstet. Gynecol. Reprod. Biol.,
1999, 85, 23–29.
9704 | Chem. Sci., 2025, 16, 9691–9704
58 M. Crockett and K. C. Kain, Expert Opin. Investig. Drugs, 2007,
16, 705–715.

59 M. Tsiang, G. S. Jones, J. Goldsmith, A. Mulato, D. Hansen,
E. Kan, L. Tsai, R. A. Bam, G. Stepan, K. M. Stray,
A. Niedziela-Majka, S. R. Yant, H. Yu, G. Kukolj, T. Cihlar,
S. E. Lazerwith, K. L. White and H. Jin, Antimicrob. Agents
Chemother., 2016, 60, 7086–7097.

60 S. A. Müller-Lissner, I. Fumagalli, K. D. Bardhan, F. Pace,
E. Pecher, B. Nault and P. Rüegg, Aliment. Pharmacol.,
2001, 15, 1655–1666.

61 S. C. Mitchell, Curr. Drug Targets, 2006, 7, 1181–1189.
62 J. L. Markley and T. A. Wencewicz, Front. Microbiol., 2018, 9,

1058.
63 M. F. Adasme, K. L. Linnemann, S. N. Bolz, F. Kaiser,

S. Salentin, V. J. Haupt and M. Schroeder, Nucleic Acids
Res., 2021, 49, W530–W534.

64 F. C. Odds, J. Antimicrob. Chemother., 2003, 52, 1.
65 H. Nehme, P. Saulnier, A. A. Ramadan, V. Cassisa, C. Guillet,

M. Eveillard and A. Umerska, PLoS One, 2018, 13, e0189950.
66 C. J. Lacriola, S. P. Falk and B. Weisblum, J. Antibiot., 2017,

70, 918–920.
67 M. A. Farha and E. D. Brown, Nat. Microbiol., 2019, 4, 565–

577.
68 M. Noto Guillen, C. Li, B. Rosener and A. Mitchell, Science,

2024, 384, 93–100.
69 K. Walkiewicz, M. Davlieva, G. Wu and Y. Shamoo, Proteins,

2011, 79, 2335–2340.
70 H. G. Smith, S. Basak, V. Aniebok, M. J. Beech, F. M. Alshref,

M. D. Allen, A. Farley and C. J. Schoeld, Chem. Sci., 2024, 15,
16928–16937.

71 J. Beilsten-Edmands, G. Winter, R. Gildea, J. Parkhurst,
D. Waterman and G. Evans, Acta Crystallogr., Sect. D:Biol.
Crystallogr., 2020, 76, 385–399.

72 D. Liebschner, P. V. Afonine, M. L. Baker, G. Bunkóczi,
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