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Antibiotic resistance is an enormous problem that is accountable for over a million deaths annually, with
numbers expected to significantly increase over the coming decades. Although some of the underlying
causes leading up to antibiotic resistance are well understood, many of the molecular processes
involved remain elusive. To better appreciate at a molecular level how resistance emerges, customized
chemical biology tools can offer a solution. This Feature Article attempts to provide an overview of the

Received 17th February 2023, wide variety of tools that have been developed over the last decade, by highlighting some of the more

Accepted 5th April 2023 illustrative examples. These include the use of fluorescent, photoaffinity and activatable antibiotics and
bacterial components to start to unravel the molecular mechanisms involved in resistance. The antibiotic

crisis is an eminent global threat and requires the continuous development of creative chemical tools to
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1. Introduction

Over the last decades it has become evident that antibacterial
resistance is a severe menace to global public health®* and is
likely to impose a large threat to modern medicine.” Increasing
reports of truly pan-drug resistant bacteria emphasize the
severity and reality of the antibiotic crisis.

The introduction of antibiotics in the twentieth century
revolutionized medicine* and allowed clinicians to routinely per-
form invasive surgery,” treat cancer patients with chemotherapy®
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dissect and ultimately counteract resistance.

and perform risky transplantations, without having to worry
about bacterial infections. Dentists can safely perform dental
procedures” and veterinarians can treat pets with seemingly
innocent infections.® All these advances might be undone if the
resistance problem is not adequately tackled.’

The societal causes underlying bacterial resistance are well
studied.'® It is generally believed that resistance emerges due to
the (mis)use of large quantities of antimicrobials in human
healthcare and animal husbandry, leading to the build-up
of enormous amounts of antibiotics in the environment."'
This results in a strong evolutionary pressure on bacteria,
causing the transfer and capture of resistance genes and the
up-regulation of intrinsic resistance mechanisms.'® Important
mechanisms for resistance include changes in antibiotic influx/
efflux and permeability, enzymatic degradation of antibiotics
and alteration of antibiotic targets."?

Though some of the societal aspects that cause resistance
are largely understood, the molecular mechanisms involved
can be challenging to study.'? This has created a unique
opportunity for chemists to leverage their synthetic capabilities
and develop tailored chemical tools to dissect the many (bio)-
molecular mechanisms that underlie antibiotic resistance*™”
and to explain antibiotic mechanisms of action. Many innovative
chemical approaches have been reported that have led to a
plethora of new insights into resistance and how to potentially
deal with this global threat.'® For example, fluorogenic B-lactam
probes are helping to understand B-lactamase activity and its
involvement in resistance’® while proteomic experiments with
photoaffinity labels have helped identify new potential antibac-
terial targets®*> (vide infra).

In this Feature Article, I will discuss some of the most
inspiring examples from recent literature together with several

This journal is © The Royal Society of Chemistry 2023
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of our own contributions to this exciting field. I will first focus
on the use of chemically modified antibiotics to study interac-
tions with their bacterial targets and how this has been
exploited to study antibiotic mechanisms of action and inves-
tigate resistance mechanisms. In the second part of this
Feature Article, the application of chemically modified endo-
genous bacterial small molecules, here referred to as bacterial
components, to explore resistance mechanisms is central.

The aim of this Feature Article is not to provide an exhaustive
list of all the exciting studies performed, for which I refer to
other reviews on the individual topics,'®'***7° but to highlight
various recent chemical approaches to investigate the mecha-
nism of action of antibiotics and how resistance develops. I hope
that the examples discussed here will inspire scientists to further
expand efforts to counteract the frightening yet real prospect of
rising cases of pan-drug resistant bacteria.

2. Modified antibiotics as chemical tools

Since many resistance mechanisms involve altered interactions
between antibiotics and bacteria, ie. mutated targets and
upregulation of antibiotic-inactivating enzymes,'? it is sensible
to modify existing antibiotics with chemical reporter groups to
tetracycline®"*> to study permeability of intracellular pathogens,
chromomycins®® to investigate DNA content, antibacterial
macrolide polyenes®* like filipin III to explore their interaction
with lipids and bacterial uptake of fluoroquinolones (Fig. 1(A)).>>
A variation on this approach entails the chemical modification
of existing antibiotics with fluorophores with early studies
focusing on polymyxins,*® gramicidin C,*”** macrolides®® and
aminoglycosides (Fig. 1(B)).*

Photoreactive groups have been appended to antibiotics
to render them crosslinkable to their targets with early exam-
ples applied to streptomycin,*! puromycin,** macrolides®® and
chloramphenicol**** among others (Fig. 1(C)),*” and forms the
basis for photoaffinity labeling.*®

More recently, (spatio)temporally activated antibiotics have
gathered attention and can be used for temporarily activating
antibiotics>*"” to dissect their mechanism of action and how
bacteria develop resistance against them.*®

Here, I will discuss these three different types of modifications
and highlight several of their successful applications. For a
comprehensive overview I refer the reader to recent reviews on
the individual topics.'®**°

2.1 Fluorogenic antibiotics

The concept of employing fluorescent antibiotics to study their
interactions with bacteria has been applied for over half a
century.***” With the looming threat of antibacterial resistance,
exploiting fluorescent antibiotics to investigate resistance
mechanisms is a viable strategy.>® For example, Blaskovich and
coworkers have adapted this approach to study efflux mediated
resistance mechanisms of several antibiotics.**" In a recent
study,’® they appended fluorophores including nitrobenzofurazan
(Fig. 2(A)) to the fluoroquinolone ciprofloxacin. The fluorescently
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Fig.1 Early examples of modified antibiotics to explore resistance
mechanisms. (A) Molecular structure of inherently fluorescent antibiotics,
with chromophores displayed in red and cyan. (B) The structure of
fluorescently labeled antibiotics with fluorophores shown in red. (C)
Examples of antibiotics that are modified with photoaffinity groups (shown
in red).

labeled ciprofloxacin 01 (Fig. 2(A)) was speculated to be rapidly
cleared from the cytoplasm to reduce its activity. When tested on
efflux impaired Escherichia coli (E. coli) a marked 64-fold increase
in activity was observed, supporting the hypothesis. To further
investigate this, the researchers applied the fluorescent ciproflox-
acin 01 to E. coli at 50-100 uM and used fluorescent confocal
microscopy. Bacteria did not display fluorescence, indicating that
the antibiotic was quickly removed from the cytoplasm (Fig. 2(A)).
However, when the efflux inhibitor, carbonyl cyanide 3-chloro-
phenylhydrazone (CCCP) was applied at 10 pM, the cytoplasm
displayed bright fluorescence, implying that impaired activity is
mostly established through an efflux mechanism.>

One particularly attractive and recent strategy entails the use
of fluorogenic molecules®>*® to study resistance mechanisms
and antibiotic mechanism of action. In this case, a fluorophore
appended to an antibiotic is temporarily ‘turned off’ and
increases in fluorescence upon interaction with its biological
target.>® This approach has been prominently exploited by Tsien,
Rao and others™®?***° to investigate B-lactamases that notor-
iously provide resistance against B-lactam antibiotics including
penicillins and cephalosporins. In a recent example that is
noteworthy for its simplicity and applicability to urine samples,
a cephalosporin was caged with a 3,7-diesterphenoxazine
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Fig. 2 Recent examples of fluorescent antibiotics. (A) Structure of cipro-
floxacin modified with a nitrobenzofurazan fluorophore. This probe accu-
mulates in the cytoplasm of E. coli (green fluorescence) when treated with
the efflux inhibitor CCCP, which is not observed without the efflux
inhibitor. Red fluorescence is the membrane dye FM4-64X. Microscopy
images are reproduced from ref. 50 with permission from RSC, copyright
2019. (B) Structure of fluorogenic cefazolin probe, which is converted into
resorufin upon B-lactamase and esterase activities. (C) A quenched neo-
mycin probe was activated by bacterial nitroreductases and used to image
bacterial infections in vivo.

yielding probe 02 (Fig. 2(B)) that released resorufin, a bright
fluorophore with a quantum yield of ~0.75. 3,7-Diester-
phenoxazine was attached to the cephalosporin, cefazolin,
through a selfimmolative linker, that was cleaved upon
B-lactamase activity (Fig. 2(B)).>” Intracellular esterases hydro-
lyzed the acetate esters and finally the pro-fluorophore scaffold
was oxidized to resorufin, resulting in a ~1200 fold fluorescent
turn-on, only when all triggers were present. Employing probe
02, the authors could detect B-lactam-resistant strains of E. coli,
Klebsiella pneumoniae, Enterobacter cloacae and Serratia marces-
cens in urine samples, which could guide clinical decision
making and prescription behavior.

Fluorogenic antibiotics have further been applied for in vivo
monitoring of (resistant) bacterial infections.”® Hu and coworkers
developed an attractive probe that was effective at imaging infec-
tions in vivo based on a neomycin analogue with an appended Cy7
fluorophore that was quenched by a para-nitro aromatic group to
afford probe 03 (Fig. 2(C)).”° Nitroreductases within bacterial
pathogens reduced the nitro moiety to an amino group, resulting
in an ~8-fold increase in emission at 801 nm. To establish that
the probe could be used to image bacterial infections in vivo using
near infrared (NIR) fluorescence, an infectious mouse model was
used. Mice were inoculated with Staphylococcus aureus (S. aureus)
in their hind leg. To investigate selectivity over cancerous tumors,
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CT26 colon cancer cells were injected in the other hind leg. Mice
were injected with 100 pL of 20 pM 03 and scanned using a whole-
body fluorescent imager. No detectable signal was observed in the
tumor region, while the infection site displayed a ~2.5-fold
background-to-signal fluorescence. The researchers concluded
that the probe will likely prove useful to distinguish between
bacterial infections, inflammation and cancer, underlining the
strength of antibiotic-derived probes to provide selectivity.

2.2 Photoaffinity antibiotics

To better understand the mechanism of action of antibiotics
and investigate how resistance arises, it is important to explore
what cellular components the antibiotic interacts with. A
powerful method that is frequently used to this end is photo-
affinity labeling.*® Antibiotics under investigation can be deco-
rated with a photoreactive group and a reporter or ligation
group (Fig. 3(A)). Upon activation of the photoreactive moiety, a
covalent bond is established between the antibiotic and its
interaction partners (Fig. 3(A)).*® Subsequent readout through
the reporter group or modification of the ligation handle with a
fluorophore or biotin group allows for analysis of the inter-
action (Fig. 3(A)).

One of the last antibiotic classes to have been approved are
the oxazolidinones, including linezolid.*® These compounds
were developed in the ‘90s and finally approved for use in the
2000s.°" It was known that they exert their antibacterial proper-
ties by inhibiting protein synthesis, but the exact mechanism
and site of interaction with the ribosome remained elusive.®*
To address this, Colca and coworkers developed an oxazolidi-
none photoaffinity analogue 04 (Fig. 3(B)), that could crosslink
to its target through an aryl azide group and could be quanti-
fied with an '*°I radiolabel.®* Bacteria were incubated with
1-2 pM probe 04 and exposed to 254 nm for 2 minutes to
effectuate crosslinking. After isolation of ribosomal RNA
(rRNA), RNAse H mapping was performed to pinpoint the exact
location of labeling, which appeared to be the universally
conserved A2602 (Fig. 3(B)). Interestingly, when the experiment
was performed in the presence of the unmodified antibiotic, it
outcompeted the probe and a reduced signal was observed,
underlining the selectivity of the interaction. Furthermore,
when analyzing mutations that result in resistance to oxazoli-
dinones they found that these are all in close proximity to the
linezolid-interacting site, including G2032 in E. coli, and G2447,
G2505 and G2576 in Gram-positive bacteria (Fig. 3(B)). This
could be highly useful information when designing new anti-
bacterials that will be less prone to resistance development.

Very recently, a chimeric peptidomimetic has been described®
that is active against all ESKAPE pathogens.®* The molecular
scaffold was based on the structure of murepavadin, a macrocyclic
B-hairpin, and peptide macrocycle polymyxin and these resulting
chimeras displayed excellent activity against ESKAPE pathogens
with Minimal Inhibitory Concentrations (MIC) in the range of
0.06-0.25 mg L™ '. To investigate the mechanism of action,
photoaffinity probe 05 (Fig. 3(C)) was prepared that contained a
diazirine photoreactive group and biotin enrichment handle.** To
ensure that the activity profile remained unchanged, MIC studies

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Examples of photoaffinity antibiotics. (A) Schematic illustration of a
photoaffinity probe interacting with its biological target. The affinity group
is shown in orange, the photoreactive group in red and the ligation handle
in blue. (B) Structure of an oxazolidinone modified with an aryl azide
photoreactive group and 2l radiolabel. This probe revealed the exact
interaction site of oxazolidinones within the bacterial ribosome, which
labeled nucleotide A2602 (in red). Nucleotides that are involved in resis-
tance when mutated are depicted. Image reproduced from ref. 62 with
permission from Elsevier, copyright 2003. (B) Structure of chimeric pepti-
domimetic photoaffinity probe. A diazirine (red) was included as photo-
reactive group and biotin (green) as purification handle. (C) A photoaffinity
probe based on rifamycin B includes a benzophenone (red) photoreactive
group and biotin handle (green) for quantification.

were conducted with probe 05 and values of 0.1 mg L™" were
found against E. coli, similar to the parent compound. Cells were
then incubated with the photoaffinity probe and exposed to

This journal is © The Royal Society of Chemistry 2023
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350 nm light for 30 minutes to effectuate crosslinking. Using
the biotin handle, proteins were enriched with a Streptavidin
resin. Captured proteins were digested and analyzed with a mass
spectrometer, which lead to the identification of BamA, BamD
and LamB as interaction partners. The Bam proteins are essential
components of the BAM foldase complex that is responsible for
the folding and insertion of B-barrel proteins into the outer
membrane of Gram-negative bacteria.®> From this and additional
in vitro experimentation, it was concluded that the interaction of
the chimeric peptidomimetic with BAM proteins are responsible
for the antibiotic effect.®®

In another recent example, Wright and coworkers investi-
gated rifamycin resistance using a photoaffinity strategy.®®
Rifamycin antibiotics exert their activity by inhibiting RNA
polymerase (RNAP) but suffer from a high frequency of resis-
tance, which is established through diverse mechanisms. One
of which is inactivation through enzymes that are under the
control of a 19-bp palindromic sequence termed the rifamycin-
associated element (RAE).*” Interestingly, it was found that this
RAE was also present upstream of several putative helicases®”
and the researchers hypothesized that these might be involved
in rifamycin resistance. To further investigate the mechanism
by which these helicases mediate resistance, a photoaffinity
probe 06 (Fig. 3(D)) was synthesized based on the rifamycin B
scaffold. A benzophenone photoreactive group was appended
to secure labeling and a biotin moiety was included for Strep-
tavidin Horseradish peroxidase (HRP) quantification. When
incubated in vitro, probe 06 readily labeled RNAP after light
activation. Interestingly, it was found that the suspect helicase
decreases labeling of RNAP by probe 06, indicating that this
enzyme can displace RNAP-bound rifamycins and counteract
their effect.®®

These studies illustrate the power of photoaffinity probes
based on antibiotic scaffolds to both elucidate their mecha-
nism of action and explore resistance mechanisms.

2.3 Activatable antibiotics

A relatively new approach to study antibacterial properties is to
control its activity in space and time.®® This spatiotemporal
control® allows for locally and temporarily increasing or decreas-
ing the concentration of antibiotic, which can help to elucidate
the mechanism of action and potential resistance mechanisms.
Most commonly used approaches rely on the use of photoprotect-
ing groups to temporarily inactivate an antibiotic,”® that can be
removed by light for reactivation; and photoswitchable groups
that can be incorporated in the structure of an antibiotic and can
be isomerized by light exposure to switch between different states
of activity.*® A third approach entails the use of photodynamic
therapy (PDT) agents that can be activated by light to generate
reactive oxygen species that kill bacteria,”* this approach mostly
lacks selectivity and its use to investigate resistance mechanisms
is therefore limited.

In one of the earliest examples, we appended an azobenzene
photoswitch to the molecular scaffold of a quinolone
antibiotic.*” Azobenzenes can switch between a trans and cis
isomer upon irradiation with light. A small library of nine

Chem. Commun., 2023, 59, 6148-6158 | 6151
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Fig. 4 Activatable antibiotics. (A) Structure of azobenzene (red) contain-
ing quinolone antibiotic, which can be switched between a trans and cis
isomer with 365 nm and visible light, respectively. Using a mask, bacterial
growth could be controlled to predetermined zones on an agar plate.
Image reproduced from ref. 47 with permission from Springer Nature,
copyright 2013. (B) Structure of photoswitchable cystobactamid 08, with
the azobenzene photoswitch displayed in red. (C) Molecular structure of a
motor-based antibiotic. A schematic representation depicts a potential
mode-of-action of the motor-based antibiotic 09 by incorporating itself in
the cell membrane and sequential mechanical disruption. Image repro-
duced from ref. 72 with permission from AAAS, copyright 2022.

different compounds were prepared with a varied substitution
pattern on the azobenzene and were subjected to MIC studies
on E. coli CS1562 and Micrococcus luteus (M. luteus) in both the
trans- and cis isomeric form. In particular compound 07
(Fig. 4(A)) displayed a promising 8-fold difference in activity
with a MIC of >64 ug mL ™" for the trans form and 16 pg mL ™"
for the cis isomer and 16 ug mL ™" for the trans and 2 pg mL~" for
the cis isomer on E. coli and M. Iuteus, respectively. To demon-
strate the spatiotemporal resolution of the photoswitchable qui-
nolone 07, a bacterial patterning experiment was conducted.
Compound 07 was dissolved in an agar plate and only part of it
was irradiated with light using a mask (Fig. 4(A)) to yield the active
cis isomer. E. coli were inoculated and the plate incubated over-
night, resulting in bacterial colonies only at the sections where the
antibiotic was not activated because it was covered by the mask.

More recently, Bronstrup and coworkers developed a photo-
switchable antibiotic to investigate resistance mechanisms of
cystobactamids.*® This new class of natural product antibiotics is
active against a broad range of pathogens by targeting bacterial
gyrase.”® This study was one of the first to employ photoswitches
to directly investigate resistance. Several resistance mechanisms

6152 | Chem. Commun., 2023, 59, 6148-6158
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against cystobactamids have been reported, one of which is
binding to AlbA. This protein can bind the antibiotics with
nanomolar affinity, which effectively neutralizes its antibacterial
properties.”> The researchers developed photoswitchable cysto-
bactamid 08 (Fig. 4(B)), which contained an azobenzene photo-
switch. To test if the photoswitch could interfere with the
resistance mechanism of binding to AlbA, an agar diffusion assay
was performed. When compound 08 was used at a concentration
of 50 ug mL ™" E. coli growth was fully inhibited in the presence of
AlbA. Interestingly, when the antibiotic was isomerized to the cis-
isomer, no antibiotic activity was observed in the presence of
AlbA. This was a particularly striking result, since the cis-isomer
was found to have higher antibacterial activity than the trans-
isomer, 0.35 pg mL ™" versus 0.18 ug mL ™. This report for the first
time employs photoswitches to modulate resistance mechanisms
in bacteria and it is expected that this will be extended further to
other classes of antibiotics in the coming years.

In a final example, Tour and coworkers developed an
activatable antibiotic based on an overcrowded alkene mole-
cular motor.”” and is noteworthy for its suspected mechanism
of action. They synthesized a library of 19 visible-light activated
motors with positively charged groups appended to them that
could potentially interact with the negatively charged bacterial
membrane. The library was screened against E. coli BW25113
while being irradiated with 405 nm light and it was found that
in particular fast-rotating molecular motors displayed favorable
antimicrobial activity ranging 0.625-32 uM. Conversely, slow-
rotating motors did not exhibit antibiotic activity. Compound
09 (Fig. 4(C)), with a tertiary amine appended to the motor,
displayed promising antibacterial properties with activity
against a broad range of pathogens including Pseudomonas
Aeruginosa (P. aeruginosa), S. Aureus and Methicillin Resistant
Staphylococcus Aureus (MRSA). To further explore the mechanism
of action of the antibiotic motors, RNA-seq experiments were
conducted. Samples treated with 09 and 405 nm irradiation
displayed decreased levels of transcripts involved in membrane-
associated biological processes as compared to a DMSO control,
from which was concluded that the membrane is likely the major
target of 09. This was further validated by membrane integrity
studies with fluorescent probes, N-phenyl-1-naphtylamine and
propidium iodide. Up to 2.5-fold increase in fluorescent signal
was observed when E. coli was treated with the molecular motor
antibiotic. From these and other experiments it was concluded
that the likely mechanism of action is a mechano-bactericidal
effect through physical membrane disruption (Fig. 4(C)). Interest-
ingly, the researchers were unable to isolate resistant mutants,
implying that this physical disruption is difficult to counteract by
bacteria.”

3. Modified bacterial components as
chemical tools

Apart from modifying antibiotics themselves to render them
tools, bacterial metabolites, signaling molecules, and other
cellular components (here referred to as bacterial components)

This journal is © The Royal Society of Chemistry 2023
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that are involved in resistance development can be used as
templates for chemical tools as well.>' Popular approaches
follow a similar trend as compared to modified antibiotic and
include the use of fluorescently labeled metabolites, photoaffi-
nity metabolite analogues and activatable bacterial components.

3.1 Fluorescent bacterial components

To spectroscopically or microscopically visualize the effect of
antibiotics on changes in bacterial functioning, it is possible to
label metabolites or other bacterial components with a fluor-
ophore or fluorescent rotor (Fig. 5(A)).”* One recent elegant
example that illustrates this possibility involves the use of an
environmentally sensitive dye to detect metallo-p-lactamases.
Resistance to many f-lactam antibiotics can be effectuated by
New Delhi metallo-B-lactamases (NDM).”> These metallopro-
teins rely on the availability of zinc for their activity. To study
metal ion sequestration, Fast, Que and coworkers developed a
fluorescent probe that reports on the metalation state of NDM
enzymes in bacteria.”® Probe 10 (Fig. 5(B)) bears an environ-
mentally sensitive 4-N,N-dimethylaminopthalimide (4-DMAP)
fluorophore that was conjugated to the methyl ester of cysteine
that was predicted to bind to zinc in the NDM active site
through the thiol group. When 10 uM probe 10 was incubated
with the promiscuous NDM-1, a 12-fold increase in fluores-
cence was observed. When applied in E. coli, a clear fluorescent
signal was observed around the bacterial periphery using con-
focal microscopy, in line with the expected location of the NDM
enzyme.”” Using 1 mM of the B-lactam antibiotic cephalexin in
a competition experiment, the observed signal was fully sup-
pressed for a few minutes, after which it quickly recovered
which was ascribed to hydrolysis of cephalexin.

The bacterial cell wall and membrane are prominent targets
of several antibiotics and many studies have focused on applying
fluorescently labeled cell wall components.”® Moreover, the com-
position of the cell membrane can differ significantly between
bacterial species and mammalian cells, opening up the possibility
of selective detection when targeting these different components.
For example, it was found that the disaccharide trehalose is an
attractive target to image Mycobacterium tuberculosis (Mtb) by
appending a fluorophore to the trehalose scaffold.”® Using this
strategy, Bertozzi and coworkers studied mycobacterial membrane
dynamics using trehalose probe 11 (Fig. 5(C)).** The mycomem-
brane is part of the cell envelope that is extraordinarily capable of
protecting mycobacteria from antibiotics, rendering Mtb infections
difficult to treat.** Applying probe 11 at a concentration of 100 uM
to Mycobacterium smegmatis (M. smegmatis), it was found that the
tuberculosis drug ethambutol affects the fluidity of the membrane.
At concentrations as low as 0.5 g mL~ " ethambutol, the trehalose
probe 11 was redistributed across the entire cell surface and finally
accumulated at the poles, concluding that ethambutol (Fig. 5(C))
likely acts in part by modulation of the mycomembrane.

One recent example, involves the use of fluorogenic probes
to selectively image and detect live mycobacteria. To yield
trehalose fluorogenic light-up probes,®*®* molecular rotors
were used that only emit once incorporated into the mycomem-
brane (Fig. 5(A)).*> The advantage is that no wash conditions

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Fluorescent metabolites and bacterial components. (A) Schematic
illustration of fluorescent rotor probes. (B) Structure of zinc-binding NDM-
reporting probe 10 (C) Structure of trehalose labeled with fluorescein (red)
and ethambutol. (D) Trehalose conjugated to a red-emitting fluorophore.
When M. smegmatis, was treated with this probe they became bright red
fluorescent. Image reproduced from ref. 82 with permission from John
Wiley and Sons, copyright 2023. (E) Molecular structure of a b-lysine probe
that contains a red-emitting rotor and was used to study transpeptidation
in bacteria.

are required and a light-up signal is indicative of the presence
of mycobacteria allowing rapid detection. The fluorescent rotor
can transition to a twisted internal charge transfer (TICT) state
when photoexcited, after which it relaxes through non-radiative
relaxation. However, when rotational freedom is limited in a
more crowded environment such as the mycomembrane, the
TICT state is suppressed resulting in fluorescent emission
(Fig. 5(A)). To test this fluorogenic behaviour, compound 12
(Fig. 5(D)) was incubated with M. smegmatis at a concentration
of 100 pM and immediately imaged without a washing step. A
strong fluorescent signal was apparent from the probe treated
sample, whereas the untreated and fluorophore only samples
did not display any signal (Fig. 5(D)). Using flow cytometry, the
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signal-to-background was determined when Mth was incubated
with probe 12, resulting in an impressive ~419-fold signal-to-
background signal, clearly demonstrating the potential of using
this probe for detection of Mtb.

The peptidoglycan (PG) cell wall is common to most bacter-
ial species and is a prime target for antibiotics including
vancomycin and pB-lactams.®> Developing selective fluorescent
probes that can image peptidoglycan could therefore be useful
to study drug resistance against these antibiotics. The PG cell
wall consists of glycan strands that are crosslinked by short
peptides that contain p-amino acids. Recently, VanNieuwenhze
and coworkers reported p-amino acids labeled with fluorescent
molecular rotors to study transpeptidation in real-time.®®

A red-emitting fluorescent rotor was conjugated to p-lysine
to afford probe 13 (Fig. 5(E)). Interestingly, when probe 13 was
applied in an agarose pad on which Streptomyces venezuelae
were grown, a clear red signal was observed in growing bacteria
using time-lapse microscopy, allowing the visualization of the
transpeptidation process. To study the effect of antibiotics
on transpeptidation, a high-throughput assay was devised.
One mM probe 13 was incubated with the transpeptidase
enzyme PBP4 from S. aureus and 10 mM synthetic substrates
for transpeptidation. A ~2-fold increase in fluorescence over
time was observed, indicative of enzyme activity. The B-lactam
antibiotics cefoxitin and carbenicillin fully inhibited the reac-
tion as was apparent from the lack of fluorescence signal,
whereas piperacillin, a selective inhibitor for PBP3, displayed
no effect on PBP4.

3.2 Affinity/activity-based bacterial components

To better understand the molecular processes involved in antibiotic
action and resistance and identify important pathways, endogen-
ous metabolites and bacterial components can be labeled with
photoaffinity groups to study their biological interactions.*"*’

To expand our arsenal of effective antibiotic drugs to fight
resistant bacteria, it is important to identify new potential
antibiotic targets.®® To this end, Sieber and coworkers set out
to uncover pyridoxal phosphate-dependent enzymes that were
anticipated to be involved in crucial metabolic processes.>
Interestingly, the pyridoxal analogues contain an aldehyde
functionality that is essential for its function, which forms a
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covalent bond with lysine residues of interacting proteins
through a Schiff base, foregoing the necessity of a photoreactive
group. A small library of pyridoxal-based probes bearing azide
or alkyne click handles was prepared. The probes were applied
at 100 pM to clinically relevant pathogens including P. aerugi-
nosa resulting in 42 enriched proteins after avidin bead enrich-
ment. In particular probe 14 (Fig. 6(A)) enriched many proteins.
To decipher if these proteins could be targeted with potential
inhibitors, competition experiments were conducted with
probe 14 and phenelzine, a non-selective hydrazine-based
irreversible inhibitor, in S. aureus. The previously uncharacter-
ized protein AOAOH2XHJ5 that is essential for cell growth was
identified and was found to act as a cysteine desulfurase.
Importantly, this enzyme could be inhibited by phenelzine with
an apparent ICs, of ~14 pM and it was speculated that this
contributes to phenelzine’s overall antibiotic effect.

In a different study to identify potential antibiotic targets,
Jessen and coworkers developed photoaffinity probes of Magic
Spot Nucleotides (MSN).>* This class of specialized nucleotides
are central to the so-called ‘stringent response’ that controls
bacterial adaptation to stress, which is important during anti-
biotic treatment.®® To explore the cellular interaction partners
of MSN, trifunctional photoaffinity probes were prepared that
contain an MSN core, a biotin purification handle and pheny-
lazide photoaffinity group. Probe 15 (Fig. 6(B)) was applied to
E. coli lysate and irradiated with 310 nm light, to initiate
crosslinking. Using streptavidin beads, captured proteins were
enriched and analyzed by mass spectrometry. 64 proteins were
enriched >4-fold using probe 15, many of which were not
known to be interaction partners of MSN. To further validate
the results, the authors focused on one enriched enzyme, the
phosphatase ApaH, and analyzed if it can process MSN using
mass spectrometry. Interestingly, ppGpp on which probe 15
was based, was not converted by ApaH, but pppGpp was. Some
of the obtained protein hits may prove to be essential players in
the ‘stringent response’ and open up possibilities for antibiotic
targeting.

One potential new target for antibiotics are riboswitches.
These structured RNA motifs® are usually found 5’ of coding
transcripts and can bind small molecule metabolites with high
affinity.”>®> Upon binding, the RNA structure can change and

Affinity/Activity-based Bacterial Components
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Fig. 6 Affinity/activity-based metabolites and bacterial components. (A) Structure of pyridoxal probe 14 with the alkyne ligation handle displayed
in green (B) Structure of Magic Spot Nucleotide (MSN) probe 15, with the photoreactive arylazide shown in red and biotin purification handle
shown in green. (C) Flavin Mononucleotide (FMN) photoaffinity probe 16 with the diazirine photoreactive group in red and the alkyne ligation handle
shown in green.
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alter the expression of the coding transcript. Since riboswitches
directly control gene expression, they have been speculated as
attractive antibiotic targets.”® In particular the flavin mononucleo-
tide (FMN) riboswitch is a compelling potential target because it
controls essential genes in riboflavin biosynthesis.”* Recently, we
developed photoaffinity probe 16 (Fig. 6(C)) based on the FMN
scaffold, that bears a diazirine photoreactive group and alkyne
ligation handle.”” Probe 16 was used to measure binding of
potential antibiotics to the riboswitch in competition experiments.
To demonstrate this, probe 16 was incubated at 10 uM with 2 M
RNA and increasing concentration of the naturally occurring anti-
biotic roseoflavin that targets the FMN riboswitch. After UV expo-
sure and labeling with fluorescein azide, the amount of labeled
RNA was quantified and an ICs, value of ~7.0 uM for roseoflavin
was determined. To measure roseoflavin binding in live cells, a
similar experiment was performed in E. coli. After labeling with
probe 16, bacteria were lysed and biotin was appended to labeled
RNA using a click reaction. Captured RNA was enriched using
streptavidin beads and quantified using RT-qPCR. A clear dose-
response curve was obtained with a similar ICs, for roseoflavin as
was found in vitro. It is anticipated that similar approaches can be
employed to measure binding of potential antibiotics to RNA
targets in live bacteria.

3.3 Activatable bacterial components

An attractive approach to investigate molecular processes
that are involved in antibiotic activity, bacterial virulence and
the emergence of resistance, is to apply chemically modified
metabolites and other bacterial components that can be spa-
tially and temporally activated.>**°

One example of this strategy involves the application of
photoswitchable trivalent mannoside to study bacterial patho-
gen adhesion to host cells. Host cells are covered by a thick
layer of glycoconjugates that can be recognized by bacterial
proteins to adhere to the host.?® To study this process in detail,
Lindhorst and coworkers synthesized photoswitchable mannose
ligand 17 (Fig. 7(A)), that can alter its orientation upon light
exposure.”” Probe 17 was first conjugated to an azido lysine
residue of a model glycoprotein that forms a thermodynamically
stable four-helix bundle (Fig. 7(A)). Using simulations, the switch-
ing trajectories between trans 17 and cis 17 when conjugated to
the model protein were analyzed. It was found that the trivalent
mannose ligand was closer to the protein surface, when in its cis
configuration with a difference between 2-8 A compared to
the trans configuration, depending on the amino acid residue
that was used as a reference point. To verify their findings, they
applied probe 17 to study bacterial adhesion to human endothe-
lial cells HMEC-1. First, HMEC-1 cells were incubated with an
azide-bearing mannosamine for two days to ensure incorporation
into glycoproteins on the cell surface. Using click chemistry, probe
17 (200 uM) was attached to the azide groups on the cell surface.
GFP-expressing E. coli were then incubated with the treated
HMEC-1 cells and adhesion was analyzed by fluorescence micro-
scopy. When in the trans-form, significant bacterial adhesion was
observed, which was normalized to 1.0. However, when probe 17
was switched to its cissisomer by 365 nm light irradiation,
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Fig. 7 Activatable bacterial components. (A) Structure of photoswitchable
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reproduced from ref. 97 with permission from John Wiley and Sons,
copyright 2019. (B) Structure of photoswitchable quorum sensing auto-
inducer 18, with the azobenzene shown in red. (C) Molecular structure of
photoswitchable trehalose probe 19, with the visible light addressable
ortho-fluoro azobenzene shown in red.

adhesion was significantly decreased to ~0.5, which was at the
same level as the negative control. This confirmed the results of
the simulations that when in the cis-configuration, the trivalent
mannose ligand is closer to the surface and likely less available to
take part in adhesion.

Bacteria are known to organize themselves and communi-
cate through a process called quorum sensing that allows them
to synchronize their gene expression and regulate pathogenicity
and antibiotic tolerance.’® To accomplish this, bacteria excrete
small signaling molecules, called auto-inducers that are recognized
by bacterial receptors. We attempted to study and manipulate this
process by employing photoswitchable auto-inducers.”® N-Acyl
Homoserine Lactones are an important class of autoinducers that
contain a lipophilic tail of varying length. To render these com-
pounds photoresponsive, an azobenzene photoswitch was installed
in the aliphatic tail (Fig. 7(B)) to afford compound 18. Using
modified E. coli expressing the Las quorum sensing system'®
that produces luminescence when activated, compound 18
was tested. Compound 18 effectively activated the Las system in a
dose-dependent manner with an ECso ~25 pM as determined
by luminescent signal. When compound 18 was switched to its cis-
isomer by 365 nm light irradiation an ECs, ~6 pM was found,
implying that the cis-isomer more effectively activates the quorum
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sensing system. To further display the potential of probe 18,
toxin production that is under the control of quorum sensing
was studied. Pyocyanin is produced by P. aeruginosa to kill
competing bacteria and mammalian cells and has a character-
istic absorbance pattern.'®" Using UV-VIS absorption spectro-
scopy, the effect of probe 18 on pyocyanin production was
investigated. When probe 18 (50 puM, 2x) was incubated with
P. aeruginosa, only a marginal amount of pyocyanin was mea-
sured. However, when probe 18 was switched to the cis isomer a
significant increase in pyocyanin was observed, estimated at
15 pM. These studies showed that photoswitchable probes can
be used to study the natural communication processes between
bacteria, which are speculated as antibiotic targets.

In a recent example, Feringa, Szymanski and coworkers
developed a photoswitchable trehalose probe 19 that could be
addressed with visible light applying ortho-fluoro substituents
(Fig. 7(C)) and used this to study the mycobacterium
membrane.'®® The trehalose moiety can be recognized by myco-
bacteria machinery and incorporate it into the cell wall.
M. smegmatis were grown overnight in the presence of 100 pM
19 and washed. To assess if the probe was metabolically stable,
the bacteria were lysed and the lipid fraction was extracted and
analyzed by '°F NMR. M. smegmatis is believed to not contain any
fluorinated compounds, so all signals should originate from
probe 19.%> The untreated control indeed showed no peaks,
whereas the experimental signal displayed clear signals. Upon
530 nm light irradiation, the trehalose probe 19 was switched
to its predominant cis confirmation and clear shifts in signals
were observed by '°F NMR. Exposure to 430 nm shifted the peaks
back to their original values, indicating that photoswitching
properties were still fully intact after incorporation into the cell
wall. After these early yet exciting experiments, the authors
anticipate that improved variants of probe 19 will be subjected
to live mycobacteria to control the membrane, which has proven
to be a major barrier to antibiotic delivery.'®

4. Conclusions and future perspectives

With the eminent threat of pan-drug resistant bacteria, it is
clear that continued research efforts will be necessary to tackle
this global problem. The WHO estimates that by 2050 ten
million people will die annually from bacterial infections.'**
Although clear progress is being made to investigate the under-
lying causes and mechanisms that result in antibacterial resis-
tance, many essential molecular processes remain poorly
understood. Chemists now have the opportunity to synthesize
sophisticated chemical tools and apply them to answer some
of these fundamental questions together with biological scientists.
In particular, relatively poorly understood mechanisms warrant
further exploration. Examples include antibiotic target pro-
tection,'® wherein a protein physically associates with an anti-
biotic target and antibiotic persistence, in which a subpopula-
tion of bacteria is naturally less susceptible to antibiotics,"°
among others. Chemists are uniquely positioned to help eluci-
date these processes.
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Future research will have to focus on identifying new
antibacterial targets to expand our arsenal of effective drugs,
while remaining harmless against mammals. Adjuvant'”’ and
combination'® therapies will likely be necessary to combat severe
cases of resistant bacteria. Creative chemical solutions such as
hybrid antibiotics might offer a solution.'® Lastly, improvements
in diagnostic tools will help to identify pathogens at an early stage,
opening up doors for more targeted therapies, minimizing the
risk for evoking resistance. Chemists will likely be necessary to
play a central role in all these scenarios.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

Support from the Dutch Research Council, OCENW.M20.338 to
W. A. V. is acknowledged.

Notes and references

1 J. A. Jernigan, K. M. Hatfield, H. Wolford, R. E. Nelson, B. Olubajo,
S. C. Reddy, N. McCarthy, P. Paul, L. C. McDonald, A. Kallen,
A. Fiore, M. Craig and J. Baggs, N. Engl J. Med., 2020, 382,
1309-1319.

2 C.J. Murray, K. S. Ikuta, F. Sharara, L. Swetschinski, G. R. Aguilar,
A. Gray, C. Han, C. Bisignano, P. Rao, E. Wool, S. C. Johnson,
A. J. Browne, M. G. Chipeta, F. Fell, S. Hackett, G. Haines-
Woodhouse, B. H. K. Hamadani, E. A. P. Kumaran, B. McManigal,
R. Agarwal, S. Akech, S. Albertson, J. Amuasi, J. Andrews, A. Aravkin,
E. Ashley, F. Bailey, S. Baker, B. Basnyat, A. Bekker, R. Bender,
A. Bethou, J. Bielicki, S. Boonkasidecha, J. Bukosia, C. Carvalheiro,
C. Castaneda-Orjuela, V. Chansamouth, S. Chaurasia, S. Chiurchiu,
F. Chowdhury, A. J. Cook, B. Cooper, T. R. Cressey, E. Criollo-Mora,
M. Cunningham, S. Darboe, N. P. J. Day, M. D. Luca, K. Dokova,
A. Dramowski, S. J. Dunachie, T. Eckmanns, D. Eibach, A. Emami,
N. Feasey, N. Fisher-Pearson, K. Forrest, D. Garrett, P. Gastmeier,
A. Z. Giref, R. C. Greer, V. Gupta, S. Haller, A. Haselbeck, S. 1. Hay,
M. Holm, S. Hopkins, K. C. Iregbu, J. Jacobs, D. Jarovsky,
F. Javanmardi, M. Khorana, N. Kissoon, E. Kobeissi, T. Kostyanev,

Krapp, R. Krumkamp, A. Kumar, H. H. Kyu, C. Lim,

Limmathurotsakul, M. J. Loftus, M. Lunn, J. Ma, N. Mturi,
Munera-Huertas, P. Musicha, M. M. Mussi-Pinhata,

. Nakamura, R. Nanavati, S. Nangia, P. Newton, C. Ngoun,

. Novotney, D. Nwakanma, C. W. Obiero, A. Olivas-Martinez,

. Olliaro, E. Ooko, E. Ortiz-Brizuela, A. Y. Peleg, C. Perrone,

Plakkal, A. Ponce-de-Leon, M. Raad, T. Ramdin, A. Riddell,

. Roberts, ]J. V. Robotham, A. Roca, K. E. Rudd, N. Russell,

Schnall, J. A. G. Scott, M. Shivamallappa, J. Sifuentes-Osornio,

. Steenkeste, A. J. Stewardson, T. Stoeva, N. Tasak, A. Thaiprakong,

. Thwaites, C. Turner, P. Turner, H. R. van Doorn, S. Velaphi,

. Vongpradith, H. Vu, T. Walsh, S. Waner, T. Wangrangsimakul,

. Wozniak, P. Zheng, B. Sartorius, A. D. Lopez, A. Stergachis,

. Moore, C. Dolecek and M. Naghavi, Lancet, 2022, 399, 629-655.

. Karakonstantis, E. 1. Kritsotakis and A. Gikas, J. Antimicrob.
Chemother., 2020, 75, 271-282.

4 M. L. Hutchings, A. W. Truman and B. Wilkinson, Curr. Opin.
Microbiol., 2019, 51, 72-80.

5 J. Wolf, Lancet Infect. Dis., 2015, 15, 1368-1369.

6 S. Ghanem, C. j Kim, D. Dutta, M. Salifu and S. h Lim, J. Intern.
Med., 2021, 290, 40-56.

7 N. S. Dar-Odeh, O. A. Abu-Hammad, M. K. Al-Omiri, A. S. Khraisat
and A. A. Shehabi, Ther. Clin. Risk Manage., 2010, 6, 301-306.

8 A. C. Tompson, A. L. P. Mateus, D. C. Brodbelt and
C. I. R. Chandler, Front. Vet. Sci., 2021, 8, 719547.

9 E. D. Brown and G. D. Wright, Nature, 2016, 529, 336-343.

woHpPpOZTRZYpaa0R

w

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cc00759f

Open Access Article. Published on 05 April 2023. Downloaded on 6/14/2026 3:00:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Feature Article

10

12

13
14

15

16
17

18

19

20

21

22

23

24

25
26

27

28

29

30

31

32

33

34

35

36
37

38
39

40
41

42

43
44

45

46

47

48

D. G. J. Larsson and C.-F. Flach, Nat. Rev. Microbiol., 2022, 20,
257-269.

G. K. Innes, P. R. Randad, A. Korinek, M. F. Davis, L. B. Price,
A. D. So and C. D. Heaney, Annu. Rev. Public Health, 2020, 41,
141-157.

E. M. Darby, E. Trampari, P. Siasat, M. S. Gaya, L Alav,
M. A. Webber and ]J. M. A. Blair, Nat. Rev. Microbiol., 2022, 1-16.
C. T. Walsh and G. Wright, Chem. Rev., 2005, 105, 391-394.

M. M. Konai, B. Bhattacharjee, S. Ghosh and ]J. Haldar, Biomacro-
molecules, 2018, 19, 1888-1917.

P. J. Yeh, M. J. Hegreness, A. P. Aiden and R. Kishony, Nat. Rev.
Microbiol., 2009, 7, 460-466.

R. Wise, J. Antimicrob. Chemother., 2002, 49, 585-586.

C. Ghosh, P. Sarkar, R. Issa and J. Haldar, Trends Microbiol., 2019,
27, 323-338.

R. R. Miranda, A. Parthasarathy and A. O. Hudson, Front. Trop. Dis.,
2022, 3, 845469.

Y. Ding, Z. Li, C. Xu, W. Qin, Q. Wu, X. Wang, X. Cheng, L. Li and
W. Huang, Angew. Chem., Int. Ed., 2021, 60, 24-40.

M. Pfanzelt, T. E. Maher, R. M. Absmeier, M. Schwarz and
S. A. Sieber, Angew. Chem., Int. Ed., 2022, 61, €202117724.

I. V. L. Wilkinson, M. Pfanzelt and S. A. Sieber, Angew. Chem., Int.
Ed., 2022, 61, €202201136.

T. M. Haas, B.-J. Laventie, S. Lagies, C. Harter, I. Prucker, D. Ritz,
R. Saleem-Batcha, D. Qiu, W. Hiittel, J. Andexer, B. Kammerer,
U. Jenal and H. ]. Jessen, Angew. Chem., Int. Ed., 2022,
61, €202201731.

M. Bispo, J. M. van Dijl and W. Szymanski, Molecular Photoswitches,
John Wiley & Sons, Ltd, 2022, pp.843-871.

M. R. L. Stone, M. S. Butler, W. Phetsang, M. A. Cooper and
M. A. T. Blaskovich, Trends Biotechnol., 2018, 36, 523-536.

J. R. Hill and A. A. B. Robertson, J. Med. Chem., 2018, 61, 6945-6963.
N. R. Burton, P. Kim and K. M. Backus, Org. Biomol. Chem., 2021,
19, 7792-7809.

M. R. Hamblin and H. Abrahamse, Future Med. Chem., 2019, 11,
2427-2445.

Z. ]. Zhang, Y.-C. Wang, X. Yang and H. C. Hang, ChemBioChem,
2020, 21, 19-32.

M. S. Cole, P. V. Hegde and C. C. Aldrich, ACS Infect. Dis., 2022, 8,
1992-2018.

S. Louzoun-Zada, Q. Z. Jaber and M. Fridman, Angew. Chem., Int.
Ed., 2019, 58, 15584-15594.

H. G. du Buy, F. Riley and J. L. Showacre, Science, 1964, 145,
163-165.

M. Schnarr, M. Matthies and W. Lohmann, Z. Naturforsch., C:
J. Biosci., 1979, 34, 1156-1161.

M. A. Van Dilla, R. G. Langlois, D. Pinkel, D. Yajko and
W. K. Hadley, Science, 1983, 220, 620-622.

G. B. Whitfield, T. D. Brock, A. Ammann, D. Gottlieb and
H. E. Carter, J. Am. Chem. Soc., 1955, 77, 4799-4801.

J. S. Chapman and N. H. Georgopapadakou, Antimicrob. Agents
Chemother., 1989, 33, 27-29.

B. A. Y. Newton, Microbiology, 1955, 12, 226-236.

W. R. Veatch, R. Mathies, M. Eisenberg and L. Stryer, J. Mol. Biol.,
1975, 99, 75-92.

W. R. Veatch and E. R. Blout, Biochemistry, 1976, 15, 3026-3030.
R. Vince, D. Weiss and S. Pestka, Antimicrob. Agents Chemother.,
1976, 9, 131-136.

Y. Wang and R. R. Rando, Chem. Biol., 1995, 2, 281-290.

A. S. Girshovich, E. S. Bochkareva and Y. A. Ovchinnikov, Mol. Gen.
Genet., 1976, 144, 205-212.

R. Vince, J. Brownell and K. L. Fong, Biochemistry, 1978, 17,
5489-5493.

P. E. Nielsen, V. Leick and O. Buchardt, FEBS Lett., 1978, 94, 287-290.
P. E. Nielsen, V. Leick and O. Buchardt, Acta Chem. Scand., Ser. B,
1975, 29, 662-666.

B. S. Cooperman, M. A. Buck, C. L. Fernandez, C. J. Weitzmann and
B. F. D. Ghrist, in Photochemical Probes in Biochemistry, ed.
P. E. Nielsen, Springer, Netherlands, Dordrecht, 1989, pp.123-139.
E. Smith and 1. Collins, Future Med. Chem., 2015, 7, 159-183.

W. A. Velema, J. P. van der Berg, M. J. Hansen, W. Szymanski,
A. ]J. M. Driessen and B. L. Feringa, Nat. Chem., 2013, 5, 924-928.
G. Testolin, J. Richter, A. Ritter, H. Prochnow, ]J. Kohnke and
M. Bronstrup, Chem. — Eur. J., 2022, 28, €202201297.

This journal is © The Royal Society of Chemistry 2023

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

View Article Online

ChemComm

W. Phetsang, R. Pelingon, M. S. Butler, M. E. Pitt, G. Kaeslin,
M. A. Cooper and M. A. T. Blaskovich, ACS Infect. Dis., 2016, 2,
688-701.

M. R. L. Stone, M. Masi, W. Phetsang, J.-M. Pages, M. A. Cooper
and M. A. T. Blaskovich, Med. Chem. Commun., 2019, 10, 901-906.
M. R. L. Stone, U. Lapinska, S. Pagliara, M. Masi, J. T. Blanchfield,
M. A. Cooper and M. A. T. Blaskovich, RSC Chem. Biol., 2020, 1,
395-404.

W. Chyan and R. T. Raines, ACS Chem. Biol., 2018, 13, 1810-1823.
M. ]. Pals and W. A. Velema, Angew. Chem., Int. Ed., 2023, €202302796.
G. Zlokarnik, P. A. Negulescu, T. E. Knapp, L. Mere, N. Burres,
L. Feng, M. Whitney, K. Roemer and R. Y. Tsien, Science, 1998, 279,
84-88.

W. Gao, B. Xing, R. Y. Tsien and J. Rao, J. Am. Chem. Soc., 2003, 125,
11146-11147.

H. Xie, J. Mire, Y. Kong, M. Chang, H. A. Hassounah,
C. N. Thornton, ]J. C. Sacchettini, J. D. Cirillo and J. Rao, Nat.
Chem., 2012, 4, 802-809.

J. Xie, R. Mu, M. Fang, Y. Cheng, F. Senchyna, A. Moreno, N. Banaei
and J. Rao, Chem. Sci., 2021, 12, 9153-9161.

L. Miao, W. Liu, Q. Qiao, X. Li and Z. Xu, J. Pharm. Anal., 2020, 10,
444-451.

L.-L. Wu, Q. Wang, Y. Wang, N. Zhang, Q. Zhang and H.-Y. Hu,
Chem. Sci., 2020, 11, 3141-3145.

D. L. Stevens, B. Dotter and K. Madaras-Kelly, Expert Rev. Anti-
Infect. Ther., 2004, 2, 51-59.

C. W. Ford, G. E. Zurenko and M. R. Barbachyn, Curr. Drug Targets:
Infect. Disord., 2001, 1, 181-199.

J. R. Colca, W. G. McDonald, D. J. Waldon, L. M. Thomasco,
R. C. Gadwood, E. T. Lund, G. S. Cavey, W. R. Mathews,
L. D. Adams, E. T. Cecil, J. D. Pearson, ]J. H. Bock, J. E. Mott,
D. L. Shinabarger, L. Xiong and A. S. Mankin, J. Biol. Chem., 2003,
278, 21972-21979.

Luther, M. Urfer, M. Zahn, M. Miiller, S.-Y. Wang, M. Mondal,
Vitale, J.-B. Hartmann, T. Sharpe, F. L. Monte, H. Kocherla,
Cline, G. Pessi, P. Rath, S. M. Modaresi, P. Chiquet, S. Stiegeler,
. Verbree, T. Remus, M. Schmitt, C. Kolopp, M.-A. Westwood,
. Desjonqueres, E. Brabet, S. Hell, K. LePoupon, A. Vermeulen,
. Jaisson, V. Rithié, G. Upert, A. Lederer, P. Zbinden, A. Wach,
Moehle, K. Zerbe, H. H. Locher, F. Bernardini, G. E. Dale,
Eberl, B. Wollscheid, S. Hiller, J. A. Robinson and D. Obrecht,
Nature, 2019, 576, 452-458.

M. P. De Oliveira David, M. Forde Brian, ]J. Kidd Timothy,
N. A. Harris Patrick, A. Schembri Mark, A. Beatson Scott,
L. Paterson David and J. Walker Mark, Clin. Microbiol. Rev., 2020,
33, €00181-19.

L. Han, J. Zheng, Y. Wang, X. Yang, Y. Liu, C. Sun, B. Cao, H. Zhou,
D.Ni, J. Lou, Y. Zhao and Y. Huang, Nat. Struct. Mol. Biol., 2016, 23,
192-196.

M. D. Surette, N. Waglechner, K. Koteva and G. D. Wright, Mol.
Cell, 2022, 82, 3151-3165.€9.

P. Spanogiannopoulos, N. Waglechner, K. Koteva and G. D. Wright,
Proc. Natl. Acad. Sci. U. S. A., 2014, 111, 7102-7107.

W. A. Velema, M. J. Hansen, M. M. Lerch, A. J. M. Driessen,
W. Szymanski and B. L. Feringa, Bioconjugate Chem., 2015, 26,
2592-2597.

W. A. Velema, W. Szymanski and B. L. Feringa, J. Am. Chem. Soc.,
2014, 136, 2178-2191.

E. Contreras-Garcia, C. Lozano, C. Garcia-Iriepa, M. Marazzi,
A. H. Winter, C. Torres and D. Sampedro, Pharmaceutics, 2022,
14, 1070.

Y. Liu, R. Qin, S. A. J. Zaat, E. Breukink and M. Heger, J. Clin.
Transl. Res., 2015, 1, 140-167.

A. L. Santos, D. Liu, A. K. Reed, A. M. Wyderka, A. van Venrooy,
J. T. Li, V. D. Li, M. Misiura, O. Samoylova, J. L. Beckham, C. Ayala-
Orozco, A. B. Kolomeisky, L. B. Alemany, A. Oliver, G. P. Tegos and
J. M. Tour, Sci. Adv., 2022, 8, eabm2055.

A. Sikandar, K. Cirnski, G. Testolin, C. Volz, M. Bronstrup,
0. V. Kalinina, R. Miiller and ]J. Koehnke, J. Am. Chem. Soc., 2018,
140, 16641-16649.

Y. Huang, W. Chen, J. Chung, J. Yin and J. Yoon, Chem. Soc. Rev.,
2021, 50, 7725-7744.

P. Linciano, L. Cendron, E. Gianquinto, F. Spyrakis and D. Tondi,
ACS Infect. Dis., 2019, 5, 9-34.

omEp

Z

R

Chem. Commun., 2023, 59, 6148-6158 | 6157


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cc00759f

Open Access Article. Published on 05 April 2023. Downloaded on 6/14/2026 3:00:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

76 R. Mehta, D. D. Rivera, D. J. Reilley, D. Tan, P. W. Thomas,
A. Hinojosa, A. C. Stewart, Z. Cheng, C. A. Thomas,
M. W. Crowder, A. N. Alexandrova, W. Fast and E. L. Que, J. Am.
Chem. Soc., 2021, 143, 8314-8323.

77 L.J. Gonzalez, G. Bahr, T. G. Nakashige, E. M. Nolan, R. A. Bonomo
and A. J. Vila, Nat. Chem. Biol., 2016, 12, 516-522.

78 W. Liu, L. Miao, X. Li and Z. Xu, Coord. Chem. Rev., 2021,
429, 213646.

79 K. M. Backus, H. I. Boshoff, C. S. Barry, O. Boutureira, M. K. Patel,
F. D’Hooge, S. S. Lee, L. E. Via, K. Tahlan, C. E. Barry and
B. G. Davis, Nat. Chem. Biol., 2011, 7, 228-235.

80 F. P. Rodriguez-Rivera, X. Zhou, J. A. Theriot and C. R. Bertozzi,
J. Am. Chem. Soc., 2017, 139, 3488-3495.

81 Y. Zhang, Annu. Rev. Pharmacol. Toxicol., 2005, 45, 529-564.

82 N. Banahene, D. M. Gepford, K. J. Biegas, D. H. Swanson, Y.-P. Hsu,
B. A. Murphy, Z. E. Taylor, I. Lepori, M. S. Siegrist, A. Obregon-
Henao, M. S. Van Nieuwenhze and B. M. Swarts, Angew. Chem., Int.
Ed., 2023, 62, €202213563.

83 M. Kamariza, P. Shieh, C. S. Ealand, J. S. Peters, B. Chu,
F. P. Rodriguez-Rivera, M. R. Babu Sait, W. V. Treuren,
N. Martinson, R. Kalscheuer, B. D. Kana and C. R. Bertozzi, Sci.
Transl. Med., 2018, 10, eaam6310.

84 H. L. Hodges, R. A. Brown, J. A. Crooks, D. B. Weibel and

L. L. Kiessling, Proc. Natl. Acad. Sci. U. S. A., 2018, 115, 5271-5276.

5 A. L. Koch, Clin. Microbiol. Rev., 2003, 16, 673-687.

6 Y.-P. Hsu, E. Hall, G. Booher, B. Murphy, A. D. Radkov,
J. Yablonowski, C. Mulcahey, L. Alvarez, F. Cava, Y. V. Brun,
E. Kuru and M. S. VanNieuwenhze, Nat. Chem., 2019, 11, 335-341.

87 H.]J. Benns, C. J. Wincott, E. W. Tate and M. A. Child, Curr. Opin.
Chem. Biol., 2021, 60, 20-29.

88 K. Lewis, Cell, 2020, 181, 29-45.

89 ]. K. Hobbs and A. B. Boraston, ACS Infect. Dis., 2019, 5, 1505-1517.

90 W. A. Velema and Z. Lu, JACS Au, 2023, 3, 316-332.

91 K. Kavita and R. R. Breaker, Trends Biochem. Sci., 2022, 48,119-141.

8
8

6158 | Chem. Commun., 2023, 59, 6148-6158

92

93
94

95

96

97

98

99

100

101

102

103

104
105

106

107
108

109

View Article Online

Feature Article

K. F. Blount and R. R. Breaker, Nat. Biotechnol., 2006, 24,
1558-1564.

V. Panchal and R. Brenk, Antibiotics, 2021, 10, 45.

W. C. Winkler, S. Cohen-Chalamish and R. R. Breaker, Proc. Natl.
Acad. Sci. U. S. A., 2002, 99, 15908-15913.

S. Crielaard, R. Maassen, T. Vosman, I. Rempkens and
W. A. Velema, J. Am. Chem. Soc., 2022, 144, 10462-10470.

L. L. Kiessling and R. A. Splain, Annu. Rev. Biochem., 2010, 79,
619-653.

G. Despras, L. Mockl, A. Heitmann, I. Stamer, C. Briauchle and
T. K. Lindhorst, ChemBioChem, 2019, 20, 2373-2382.

S. E. Darch, S. A. West, K. Winzer and S. P. Diggle, Proc. Natl. Acad.
Sci. U. S. A., 2012, 109, 8259-8263.

J. P. V. der Berg, W. A. Velema, W. Szymanski, A. J. M. Driessen and
B. L. Feringa, Chem. Sci., 2015, 6, 3593-3598.

M. J. Bottomley, E. Muraglia, R. Bazzo and A. Carfi, J. Biol. Chem.,
2007, 282, 13592-13600.

A. Price-Whelan, L. E. P. Dietrich and D. K. Newman, J. Bacteriol.,
2007, 189, 6372-6381.

J. Volari¢, J. Buter, A. M. Schulte, K.-O. van den Berg, E. Santamaria-
Aranda, W. Szymanski and B. L. Feringa, J. Org. Chem., 2022, 87,
14319-14333.

R. Bansal-Mutalik and H. Nikaido, Proc. Natl. Acad. Sci. U. S. A.,
2014, 111, 4958-4963.

T. Thompson, Nature, DOI: 10.1038/d41586-022-00228-x.

D. N. Wilson, V. Hauryliuk, G. C. Atkinson and A. J. O’Neill, Nat.
Rev. Microbiol., 2020, 18, 637-648.

M. Huemer, S. Mairpady Shambat, S.
A. S. Zinkernagel, EMBO Rep., 2020, 21, €51034.
R. J. Melander and C. Melander, ACS Infect. Dis., 2017, 3, 559-563.
N. Wang, J. Luo, F. Deng, Y. Huang and H. Zhou, Front. Pharmacol.,
2022, 13, 839808.

R. Domalaon, T. Idowu, G. G. Zhanel and F. Schweizer, Clin.
Microbiol. Rev., 2018, 31, e00077-17.

D. Brugger and

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1038/d41586-022-00228-x
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cc00759f



