
RSC Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 7

/1
0/

20
25

 1
2:

39
:4

8 
PM

. 
 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Harnessing bioca
aDepartment of Chemistry, University Coll

WC1H 0AJ, UK. E-mail: d.castagnolo@ucl.a
bSchool of Pharmacy, University College Lo

WC1N 1AX, UK
cInstitute of Pharmaceutical Science, Scho

King's College London, 150 Stamford Street

† These authors contributed equally.

Cite this: RSC Adv., 2024, 14, 30396

Received 3rd July 2024
Accepted 16th September 2024

DOI: 10.1039/d4ra04824e

rsc.li/rsc-advances

30396 | RSC Adv., 2024, 14, 30396–
talysis as a green tool in antibiotic
synthesis and discovery

Guilherme F. S. Fernandes, †*ab Seong-Heun Kim†c and Daniele Castagnolo *a

Biocatalysis offers a sustainable approach to drug synthesis, leveraging the high selectivity and efficiency of

enzymes. This review explores the application of biocatalysis in the early-stage synthesis of antimicrobial

compounds, emphasizing its advantages over traditional chemical methods. We discuss various

biocatalysts, including enzymes and whole-cell systems, and their role in the selective functionalization

and preparation of antimicrobials and antibacterial building blocks. The review underscores the potential

of biocatalysis to advance the development of new antibiotics and suggests directions and potential

applications of enzymes in drug development.
1. Introduction

The pioneering discovery of penicillin by Sir Alexander Fleming
in 1928 revolutionized medicine and marked a signicant
milestone in scientic history.1,2 Throughout the 20th century,
the discovery, commercialization, and widespread use of new
antimicrobial compounds allowed to successfully treat life-
threatening infections and contributed to the increased
average life expectancy in the developed world. However,
already in 1945 Fleming predicted that the high public demand
of antibiotics would determine an “era of abuse” and that, as
a consequence of such abuse, antibiotic-resistant bacterial
strains would emerge. This prediction has become a stark
reality, and a century aer the discovery of penicillin, the world
is facing up a global “antibiotic resistance health emergency”.3

In fact, pathogens that were once susceptible to standard anti-
biotic regimes for decades, have now developed resistance to
most antimicrobial therapies, carrying signicant economic
and health implications.4 The rise and spread of antibiotic
resistance present a challenge to science and medicine.
Consequently, the scientic community has launched action
plans to identify solutions to combat antimicrobial resistance
(AMR), including the development of new and alternative
therapeutic strategies.5,6 Currently, one of the most signicant
AMR challenges is the spread of the ‘ESKAPE’ pathogens,
(Enterococcus spp., Staphylococcus aureus, Klebsiella spp., Acine-
tobacter baumannii, Pseudomonas aeruginosa and Enterobacter
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spp.), which are becoming resistant to all the currently available
antibiotics.7,8

According to a recent survey, bacterial AMR contributed to
an estimated 4.95 million deaths in 2019. Shockingly, 1.27
million of these deaths were directly caused by drug-resistant
infections, surpassing the death toll from both HIV/AIDS (864
000 deaths) and malaria (643 000 deaths).9,10 Another report
emphasized the criticality of the situation, as it alerts that
failing to take immediate action against this crisis could lead to
a staggering increase in deaths, with estimates 10 million
deaths due to bacterial infections by 2050.11 During the COVID-
19 pandemic, bacterial co-infections have complicated patient
treatment, with P. aeruginosa being one of the most common
bacteria.12,13 With the coming advent of the ‘post-antibiotic era’
and the global threat of AMR, the urgent need for the devel-
opment of new antibiotics has become increasingly evident.14

Insufficient investments in novel antibiotics is a signicant
contributor to the problem of AMR. Over the past four decades,
no new classes of antibiotics have been discovered, creating
a noteworthy innovation gap referred to as the “discovery void.”
This term underscores the notable absence of successful
introductions of novel antibiotic classes, further exacerbating
the issue of AMR.15 Despite challenges, recent endeavours to
uncover new antibiotics have shown promise, with several
candidates advancing into preclinical and clinical development
stages.15–19

The demand for novel and diverse synthetic strategies for the
construction and functionalization of antimicrobial
compounds in drug discovery and chemical manufacturing is
a growing area of research.20–22 New approaches that can enable
the synthesis of antimicrobial agents in a more sustainable and
efficient way are particularly attractive.23 Biocatalysis is an
appealing green technology that can be widely applied
throughout different stages of the drug discovery process,24

from early drug discovery to the scale up synthesis of drug
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemoenzymatic synthesis of a vancomycin derivative 2 with
the oxygenase enzymes.
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candidates for clinical trials.25–30 The successful application of
biocatalysis in the synthesis of many drugs has been recently
demonstrated showing its potentiality in accelerating and
making antibiotic research more cost-efficient and
sustainable.31–38 Furthermore, the intrinsic sustainable nature
of biocatalysis aligns with the ever-growing drive toward the use
of green chemistry in drug and chemical synthesis, through the
reduction of environmental impact and the improvement of
reaction safety of chemical processes.20,39–41 Typically occurring
in aqueous media, at mild temperatures, and atmospheric
pressure, biocatalytic reactions utilize biodegradable and recy-
clable catalysts, namely the enzymes. Consequently, the appli-
cation of biocatalytic reactions holds substantial potential in
advancing environmentally friendly processes for drug
discovery and synthesis.

While considerable emphasis is given to optimizing bio-
catalytic processes in the late-stage development of pharma-
ceuticals, it is important to acknowledge that biocatalysis also
holds signicant importance in the earlier stages of the drug
development cycle. This review aims to provide an overview of
recent research and ndings on the implementation of bio-
catalysis in antibacterial drug discovery. Although various
reviews have explored the industrial applications of biocatalysis
in drug development,40,42–49 herein we will primarily focus on the
utilization of biocatalysis in the discovery and synthesis of novel
antibacterial compounds. This review aims to illustrate the
potential of biocatalysis as a sustainable and efficient tool to
address the challenges associated with traditional synthetic
methods and to provide new, greener, and more efficient
synthetic routes in the discovery of antimicrobial agents.

To facilitate the organization of the forthcoming section and
highlight trends in enzyme sourcing, we have categorised the
review according to the Enzyme Commission number (EC
number), which is a numerical classication system used to
categorize enzymes based on the specic chemical reactions
they catalyse. Throughout the text, we will utilize the following
abbreviations to denote enzyme sources: EnzymeWT (wild-type
enzyme), EnzymeEng (enzyme specically designed for the
synthetic process), or EnzymeComm (commercially available
enzyme).

2. Oxidoreductases [EC 1]

Oxidoreductases are a diverse group of enzymes that facilitate
the transfer of electrons from an electron donor to an electron
acceptor molecule. Typically, these enzymes use nicotinamide
adenine dinucleotide phosphate (NADP+) or nicotinamide
adenine dinucleotide (NAD+) as cofactors.50 Since many chem-
ical and biochemical reactions involve oxidation/reduction
processes, there is a signicant interest in drug discovery to
exploit oxidoreductases in synthesis.51

Glycopeptide antibiotics (GPAs), such as vancomycin,
possess complex structures, and their natural biosynthesis
involves a complex cyclization cascade mediated by cytochrome
P450 (Oxy) enzymes.52 Thus, considerable investigations have
been directed towards the use of a chemoenzymatic cascades to
synthesize and potentially diversify GPA structures. Forneris
© 2024 The Author(s). Published by the Royal Society of Chemistry
and Seyedsayamdost described a chemoenzymatic approach to
synthesize the vancomycin aglycone derivative 2.53 The method
involves the use of three oxygenases54 (OxyA, OxyB and OxyC)
that introduce bisaryl ether linkages and form carbon–carbon
crosslinks through a cascade sequence (Fig. 1). While the
enzymes OxyB and OxyA had been shown to introduce bisaryl
ether linkages,55,56 the nal OxyC catalysed crosslink remained
elusive. The authors successfully reconstituted the OxyC-
catalyzed reaction and applied it in a cascade reaction with
OxyA and OxyB. This facilitated the installation of the elusive
biaryl bond in a cascade sequence. The OxyC enzyme was
cloned from Amycolatopsis orientalis DSM 40040, expressed in E.
coli BL21(DE3), and further puried. The chemoenzymatic
approach is simple and exible, and it allowed the authors to
obtain a core-modied vancomycin aglycone derivative 2, con-
taining a thioamide bond (Fig. 1). The authors also suggested
that the thioamide could be further used as a precursor to
produce a vancomycin variant incorporating an amidine
moiety. This alteration reinstates crucial hydrogen bonds with
the target in the developing peptidoglycan chain of vancomycin-
resistant pathogens, thereby maintaining its effectiveness
against them.57,58 This enzymatic approach has the potential to
facilitate the efficient and selective in vitro synthesis of new
vancomycin derivatives, making it an important breakthrough
in the development of new antibiotics and the ght against
antibiotic resistance,53 as shown by vancomycin derivative
synthesized using this approach that exhibited efficacy against
vancomycin resistant bacterial strains.59,60

Following up this work, Tailhades and colleagues reported
a thorough analysis to determine the tolerance and the versa-
tility of the Oxy chemoenzymatic cascade towards modications
in the GPA peptide structure.61 The authors evaluated the
capacity of the enzymatic cascade to produce GPAs bearing
RSC Adv., 2024, 14, 30396–30410 | 30397
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amino acid residues different from those present in the natural
compound and they identied peptide modications that are
enzymatically tolerated and can also reveal the mechanistic
basis for substrate intolerance where present.61

Olchowik-Grabarek et al. reported the enzymatic synthesis
and characterization of antimicrobial aryl iodides derived from
phenolic acids, e.g. iodinated gallic (3) and ferulic (4) acids,
using laccase enzymes. Laccases are multicopper oxidases
found in plants, fungi, and bacteria, and they are able to oxidize
a variety of phenolic substrates through one-electron oxida-
tions. The Trametes versicolor laccase was used to convert the
gallic acid into the corresponding aryl iodide 3 and ferulic acid
into iodine derivative (4) (Fig. 2a). This conversion process was
aided by the presence of 2,20-azino-bis-(3-ethylbenzothiazoline)-
6-sulfonic acid (ABTS) as a redox mediator and potassium
iodide (KI).62 Iodogallic acid (3) was found to present broad
spectrum antibacterial and antiviral activity. Specically, the
minimum inhibitory concentration (MIC) of iodogallic acid
against S. aureus was determined to be 118.8 mg mL−1. In
comparison, the MIC value for the non-iodinated gallic acid was
reported to be 5250 mg mL−1. Thus, the introduction of iodine
into the structure of gallic acid resulted in a remarkable 50–100-
fold increase in its bacteriostatic properties, highlighting its
enhanced potency. On the other side, the iodinated ferulic acid
(4) did not result in any improvement in its antibacterial
effect.62

Nozawa et al. described the biocatalytic synthesis and
assessment of 6,30-dihydroxyequol (8) from equol (5) using two
Fig. 2 (a) Laccase-assisted iodination of gallic acid; (b) biocatalytic synt
formation process of p-aminobenzoic acid to p-nitrobenzoic acid.

30398 | RSC Adv., 2024, 14, 30396–30410
avin-dependent monooxygenases: HpaBro-3 from Rhodococcus
opacus, which hydroxylates the C-30 position of equol 5 with
high regioselectivity, and HpaBpl-1 from Photorhabdus lumines-
cens, which hydroxylates the C-6 position of 5 (Fig. 2b). E. coli
cells expressing both HpaBro-3 and HpaBpl-1 were incubated
with equol, leading to the formation of 30-hydroxyequol (6), 6-
hydroxyequol (7), and 6,30-dihydroxyequol (8) (via the interme-
diates 30- and 6-hydroxyequols) in a single reaction step. The
compound 6-hydroxyequol (7) exhibited inhibition of E. coli
growth, with a MIC value of 64 mg mL−1, demonstrating
stronger antibacterial activity compared to equol (MIC value of
256 mg mL−1).63

Nóbile et al. identied a N-oxygenase activity in Streptomyces
griseus and subsequently exploited such microorganism as
whole cell biocatalyst in the biotransformation of p-amino-
benzoic acid (9) into p-nitrobenzoic acid (10) (Fig. 2c). Aromatic
nitro compounds play a crucial role as building blocks in the
synthesis of various nitroaromatic antibiotics, including pre-
tomanid, delamanid, chloramphenicol, azomycin, metronida-
zole, and benznidazole.64 The synthesis of natural products has
greatly beneted from the application of biocatalysis.

Renata's group developed a modular chemoenzymatic
approach for the synthesis of GE81112 B1, a tetrapeptides
identied in 2006 during a screen for new inhibitors of bacterial
protein synthesis (15) (Fig. 3a).65

In this approach, the researchers utilized two key enzymes,
GetF and GetI (expressed in E. coli strain BL21(DE3)), which are
iron and a-ketoglutarate dependent dioxygenases. These
hesis of dihydroxyequol using monooxygenase enzymes; (c) biotrans-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Remote hydroxylation by oxygenase enzymes GetF and Getl; (b) enzymatic chlorination with halogenase FasV; (c) one-pot biocatalytic
transformation of D-glucose to 2-deoxy-scyllo-inosose; (d) biotransformation of resveratrol and pterostilbene with the secretome of B. cinerea;
(e) laccase-immobilized for enzymatic degradation of oxytetracycline in the environment.
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enzymes were responsible for the hydroxylation of L-pipecolic
acid (11) and L-citrulline (13), generating the necessary inter-
mediates 12 and 14 for constructing monomers AA1 and AA2,
respectively. By integrating these enzymatic components with
traditional synthetic methods, the authors were able to achieve
the synthesis of the natural product in just eleven steps.
Building upon this successful approach, the researchers
expanded their efforts by synthesizing ten analogues of 15,
enabling the identication of key pharmacophores associated
with its activity, further enhancing the understanding of its
mode of action. Notably, they discovered that the presence of
© 2024 The Author(s). Published by the Royal Society of Chemistry
a syn-b-hydroxy amino acid at the AA1 position and a b-OH
group on AA4 were critical for the compounds' antibacterial
activity. Surprisingly, the scaffold demonstrates a remarkable
tolerance for substitutions at the AA2 position. Additionally,
they observed that removing the C2–NH2 group in AA3 or the
C2–Cl in AA4 only resulted in a modest reduction in activity,
indicating the compounds' relative tolerance towards these
modications.65,66 The research group also achieved a signi-
cant milestone by successfully conducting a chemoenzymatic
synthesis of Fasamycin A (17) (Fig. 3b), a chlorinated naph-
thacenoid compound known for its potent antibacterial
RSC Adv., 2024, 14, 30396–30410 | 30399
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activities against methicillin-resistant Staphylococcus aureus
(MRSA) (MIC = 3.1 mg mL−1) and vancomycin-resistant Entero-
coccus faecalis (VRE) (MIC = 0.8 mg mL−1).67 The potent anti-
bacterial effects of Fasamycin A can be attributed to its
inhibition of FabF, a key enzyme involved in the biosynthesis of
type II fatty acids.68 The synthesis employed a convergent
strategy, merging two fragments via a Sammes annulation
reaction to generate a dimethylnaphthacenone system. An
enzymatic halogenation step was then utilized to introduce the
necessary chlorine substituent. This late-stage enzymatic C–H
chlorination reaction was catalysed by FasV, a avin-dependent
halogenase, in combination with CtcQ, an FAD reductase.
While the observed conversion achieved by this enzyme pair
was the highest recorded (7%), the overall chlorination yield
remained modest (5%). Nevertheless, it is noteworthy that the
enzymatic chlorination takes place under more gentle reaction
conditions in comparison to traditional chemical methods.67

In a study conducted by Kudo et al., an efficient enzymatic
method for producing 2-deoxy-scyllo-inosose (2DOI) (20)
(Fig. 3c) from D-glucose (18) and polyphosphate was developed.
2DOI is a crucial intermediate in the production of amino-
glycoside antibiotics like kanamycin, neomycin, butirosin, and
gentamicin. The researchers identied a polyphosphate gluco-
kinase (cgPPGK) derived from Corynebacterium glutamicum,
which effectively generated D-glucose 6-phosphate (G6P) (19)
from polyphosphate. By combining this enzyme with 2-deoxy-
scyllo-inosose synthase (DOIS), they enabled a one-pot enzy-
matic reaction that yielded 2DOI. Seven different DOISs were
assessed to nd the most effective one, and ultimately cgPPGK,
and BtrC from Bacillus circulans achieved nearly complete
conversion of D-glucose to 2DOI. Remarkably, a 90% yield of
2DOI was achieved in a reaction volume of 15 mL.69

Queiroz et al. conducted a study on the generation of stilbene
antimicrobials to combat multiresistant strains of Staphylo-
coccus aureus. They employed the enzymatic secretome of
Botrytis cinerea to biotransform a mixture of resveratrol (21) and
pterostilbene (22) (Fig. 3d), utilizing methanol as a cosolvent.
This process resulted in the production of 15 structurally
complex stilbenes, including 8 newly isolated compounds.
Notably, compounds 23, 24, and 25 exhibited signicant anti-
bacterial activity against MRSA, with MIC of 4, 2, and 8 mM,
respectively. Furthermore, these compounds displayed
remarkable efficacy against vancomycin-resistant strains of S.
aureus (VRSA), with MIC values below 4 mM. By leveraging the
catalytic promiscuity of enzymes within the bacterial secretome,
the study highlights the advantages of using an enriched frac-
tion of enzymes for diverse substrate transformations. This
approach allows for simultaneous catalysis of different chem-
ical reactions, surpassing the capabilities of individual puried
enzymes.70

Oxidoreductases have found applications beyond drug
discovery in addressing antimicrobial resistance. The excessive
use of antibiotics has led oen to their uncontrolled release into
the environment, signicantly contributing to the emergence of
antimicrobial resistance.71 Pumera et al. introduced a fasci-
nating approach for effectively removing antibiotics from water
bodies that involves enzyme-immobilized self-propelled zinc
30400 | RSC Adv., 2024, 14, 30396–30410
oxide–Au (ZnO–Au) microrobots able to degrade antibiotics.
The authors generated a hybrid enzymatic/photocatalytic
system, consisting of the enzyme laccase (from Trametes versi-
color) physically adsorbed onto the ZnO–Au microrobots. The
laccase-immobilized microrobots, driven by light, effectively
eliminated oxytetracycline (26) (Fig. 3e), a broad-spectrum
tetracycline antibiotic, from water by oxidizing the aromatic
rings containing electron-donating groups using molecular
oxygen in multicopper-electron redox reactions.72

Finally, in a recent study, a sodium caseinate (SC)-
epigallocatechin gallate (EGCG)-carboxymethyl chitosan
(CMC) ternary lm was developed as an eco-friendly packaging
material with antibacterial properties. This lm can enhance
the storage quality of foods and reduce the risk of foodborne
infections caused by drug-resistant bacteria. Tyrosinase was
used to synthesize the ternary conjugate, enabling covalent
cross-linking between EGCG, SC, and CMC. Notably, EGCG,
a polyphenol known for its potent antibacterial properties,
played a key role in this process. The lms exhibited effective
antibacterial activity against S. aureus, a well-known pathogen
associated with AMR.73

3. Transferases [EC 2]

Transferases are a class of enzymes that catalyse the transfer of
specic functional groups, such as methyl or glycosyl groups,
from one molecule (the donor) to another (the acceptor). These
enzymes are involved in hundreds of different biochemical
pathways and are essential to many important processes in
living organisms. While transferases have the potential to be
used in industrial processes, their application in bio-
pharmaceutical industry is currently limited. Nevertheless,
some glycosyltransferases are utilized for the synthesis of
oligosaccharides, indicating the potential for practical
applications.74

Boger et al. described a chemoenzymatic approach for
combating vancomycin resistance by converting vancomycin
into maxamycin.75,76 A two-step glycosylation method involving
two glycosyltransferases, GtfE and GtfD, was used in this study
to introduce a disaccharide onto binding pocket-modied
vancomycin analogues aglycons (29) (Fig. 4). The addition of
carbohydrates to vancomycin aglycons in a sequential manner
with corresponding glucosyl donors, UDP-glucose for GE and
UDP-vancosamine for GtfD, resulted in the production of a set
of vancomycin analogues. The subsequent peripheral modi-
cation involved introducing a chlorobiphenyl group into these
vancomycin analogues through selective reductive amination,
resulting in a novel series of derivatives known as maxamycins.
This modication signicantly improved their binding affinity
and efficacy against vancomycin-resistant bacteria.59,77,78

These ndings emphasize the potential of a chemo-
enzymatic strategy to antibiotic redesign in combating resis-
tance and improving therapeutic qualities.79

Bashyal and co-workers described the biocatalytic synthesis
of monoterpene O-glycosides using the glycosyltransferase YjiC
derived from Bacillus subtilis (Fig. 5a).80 The authors success-
fully converted seven different monoterpenes into 41 glycoside
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Enzymatic glycosylation of vancomycin aglycon (27) by gly-
cosyltransferases GtfE and GtfD.
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derivatives through the efficient catalytic action of YjiC, which
facilitated the formation of glycosidic bonds. Notably, the broad
substrate tolerance of YjiC towards diverse sugar donors was
identied. Furthermore, the authors demonstrated robust
enzyme activity through a whole-cell biotransformation using
recombinant E. coli cells. These approaches have the potential
to facilitate both in vitro and in vivo synthesis of monoterpene O-
glycosides exhibiting antibacterial and antinematodal activities.
This study suggests that the chemoenzymatic approach holds
signicant promise for industrial applications, owing to its cost-
effectiveness, sustainability, robustness, and ease of scalability.

In a study conducted by Groenevelt et al., a chemoenzymatic
approach was used to synthesise trehalosamine (31) (Fig. 5b),
an aminoglycoside antibiotic known for its activity against M.
© 2024 The Author(s). Published by the Royal Society of Chemistry
tuberculosis and M. smegmatis.81 This strategy was implemented
to address the challenges associated with the isolation of 31
from natural sources or its chemical synthesis, resulting in
improved yield, stereoselectivity, and overall efficiency. The
method exploits T. tenax TreT, a trehalose-producing glycosyl-
transferase, to convert glucose analogues (30) into the corre-
sponding trehalose analogues with complete 1,1-a,a-
stereoselectivity (31). Trehalosamine was efficiently synthesized
via a highly efficient one-step chemoenzymatic reaction, fol-
lowed by chemical N-deacetylation, achieving a 50% isolated
yield and an overall two-step yield of 39%. This yield signi-
cantly surpasses traditional chemical synthesis methods, which
are typically characterized by lengthy and low-yield processes
involving 8–11 steps, with yields usually below 10%. This
method exhibits the ability to efficiently synthesise novel
trehalosamine-based antibiotics as well as trehalose-based
mycobacteria-specic imaging probes (32) capable of labelling
mycobacterial cells.

In a study conducted by Haewpetch et al., a chemoenzymatic
reaction utilizing cyclodextrin glucosyltransferase (CGTase) was
employed to synthesize maltitol (34) (Fig. 5c) as an anti-
cariogenic agent for dental care.82 The authors initially evalu-
ated the polyol-acceptor specicity of CGTase with b-
cyclodextrin, enabling the selection of an appropriate glucosyl
acceptor, namely sorbitol (33). Through the chemoenzymatic
approach, maltitol was successfully synthesized, achieving an
improved yield of 25%. The synthesized maltitol demonstrated
growth inhibitory activity against S. mutans, highlighting its
potential as an anticariogenic agent. The use of glucosyl-
transferase was also reported in the synthesis of vaccines. Alt-
man and co-workers conducted a study wherein they
successfully prepared an a-1,6-glucan-based conjugate vaccine
against H. pylori using a recombinant a-1,6-glucosyltransferase
derived from the H. pylori strain (MalE-TCS-HP0159).83 Through
a chemoenzymatic synthesis approach, the a-1,6-glucan chain
was synthesised and then conjugated to a carrier protein. The
resulting synthetic glycoconjugate demonstrated immunoge-
nicity in rabbits and mice, eliciting a robust and specic IgG
response. Furthermore, the post-immune sera obtained from
rabbits that received the conjugates exhibited cross-reactivity.
These ndings highlight the versatility and effectiveness of
the chemoenzymatic approach in both antibiotics and vaccine
development, with the potential to contribute to overcoming
antibiotic-resistant bacteria.

Aminoglycosides have a structural complexity that may limit
the chemical modications on the aminoglycoside scaffolds.
Ban et al. successfully addressed this limitation by employing
a one-pot enzymatic reaction84 to synthesise amikacin deriva-
tives (38 and 39) (Fig. 6a).

The method involves the use of two transferases, 60-N-ace-
tyltransferase AAC(60)-APH(200) and 30 0-N-methyltransferase
GenN, facilitating the methylation at C30 0-amine position and
the acylation at the C60-amine of amikacin (37), respectively.
The chemoenzymatic approach is efficient and selective,
allowing the authors to obtain modied amikacin on both 60

and 30 0-amino groups. Notably, 60-N-acyl-30 0-N-methylated ami-
kacin analogues exhibited improved antibacterial efficacy
RSC Adv., 2024, 14, 30396–30410 | 30401
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Fig. 5 (a) Enzymatic synthesis of monoterpene O-glycosides by glycosyltransferases; (b) chemoenzymatic synthesis of trehalosamine deriva-
tives via trehalose synthase-catalysed glycosylation; (c) chemoenzymatic transglycosylation using glycosyltransferases.
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against amikacin-resistant pathogens and an improved toxicity
prole. The regiospecic enzymatic approach presented in this
study not only expands the chemical modication on amino-
glycosides but also offers promising candidates for combating
antibiotic-resistant pathogens.

Suzol and colleagues described a synthetic strategy for the
synthesis of arsinothricin (AST) (42) (Fig. 6b), a potent broad-
spectrum antibiotic, starting from 1,2-dichloroethane, with
enzymatic methylation as the nal step.85 The authors
successfully carried out a three-step synthesis of the precursor
compound, hydroxyarsinothricin (AST-OH), starting from 1,2-
dichloroethane. Subsequently, AST-OH was reduced to its
trivalent form, AST-OH(III) (40), in preparation for the subse-
quent enzymatic reaction. The trivalent 40 was then incubated
with CmArsM, an As(III) S-adenosylmethionine methyltransfer-
ase derived from Cyanidioschyzon merolae. CmArsM catalysed
the transfer of the S-methyl group from S-adenosyl methionine,
resulting in the formation of the trivalent form of AST (41).
Lastly, spontaneous oxidation of 41 yields the nal product 42.
30402 | RSC Adv., 2024, 14, 30396–30410
This study not only demonstrated the synthetic pathways for
AST but also highlighted the potential scalability of both the
chemical and enzymatic approaches in AST synthesis for
further drug development.

Jiang et al. reported a one-pot biosynthesis approach for the
production of the antibiotic myxin (45) (Fig. 6c) from the direct
precursor phenazine 1,6-dicarboxylic acid (43).86 This method
involves the sequential use of two redox enzymes, LaPhzS and
LaPhzNO1, along with the O-methyltransferase LaPhzM. Acid
43 was converted into dihydroxyphenazine through a decarbox-
ylative hydroxylation, facilitated by the enzyme LaPhzS. Subse-
quently, LaPhzNO1 was added to the reaction mixture to
catalyse the phenazine N-oxidation (44).87 Finally, O-methyla-
tion of 44 was achieved through LaPhzM, yielding compound
45.

This study demonstrated the broad substrate specicity of
LaPhzM as it can use nonoxide, mono-oxide, or dioxide phen-
azines as substrates, highlighting the versatility of the enzyme
in the chemoenzymatic synthesis of phenazine antibiotics. This
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Enzymatic synthesis of amikacin derivatives using trans-
ferases GenN; (b) enzymatic synthesis of arsinothricin (42); (c) enzy-
matic synthesis of myxin (45).

Fig. 7 Chemoenzymatic synthesis of daptomycin derivatives by pre-
nyltransferase CdpNPT.
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one-pot biosynthesis approach has the potential to facilitate the
efficient synthesis of phenazine antibiotics and the identica-
tion of enzymes in the chemoenzymatic synthesis of novel
phenazine derivatives.

Daptomycin (46) (Fig. 7), a cyclic lipopeptide antibiotic, is
considered a last-resort antibiotic for the treatment of Gram-
positive bacterial infections. However, the emergence of
daptomycin-resistant strains highlights the need for the devel-
opment of daptomycin analogues. To address this issue, pre-
nylated DAP were synthesised using the indole
prenyltransferase, CdpNPT. Singh et al. performed a compre-
hensive analysis to assess the exibility of this chemoenzymatic
approach using diverse alkyl pyrophosphates as the prenyl
donors.88 The results revealed that CdpNPT could transfer
various alkyl groups to DAP with potential alkylation occurring
at the N1, C2, C5, and C6 positions of the indole ring (Fig. 7).
© 2024 The Author(s). Published by the Royal Society of Chemistry
However, the study identied a limitation in the lack of regio-
specicity of the alkyl substitution, which could impact the
potency of the compounds. Later, the authors described the
regiospecic synthesis of daptomycin derivatives using
CdpNPT.89

They evaluated the capacity of the enzymatic approach to
produce regiospecic C6-modied DAP using alkyl and aryl
pyrophosphates, including allyl, propargyl, cyclic alkene and
aromatics. While successful prenylation of the substrate was
achieved in most cases, exceptions were observed with but-2-
en1-yl and benzyl groups.

These studies demonstrated the efficient late-stage diversi-
cation of a complex scaffold, underscoring the importance of
applying biosynthetic strategies. It is noteworthy that Dap
derivatives synthesised through this approach exhibited
enhanced efficacy against DAP-resistant strains compared to
the parent molecules.

Finally, Zeng et al. reported a chemoenzymatic synthesis of
sialylated lactulose and their inhibitory effect against S.
aureus.90 The authors developed an efficient one-pot two-
enzyme sialylation system, using CMP-sialic acid synthetase
and a sialyltransferase, PmST1 or Pd26ST for a2,3-linkage or
a2,6-linkage, respectively (Fig. 8). The reaction used N-ace-
tylneuraminic acid as the donor and lactulose as the acceptor
substrate. The results demonstrated that this chemoenzymatic
synthesis approach provides a promising synthetic path in the
production of sialylated lactulose with improved antibacterial
RSC Adv., 2024, 14, 30396–30410 | 30403
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Fig. 8 Enzymatic synthesis of sialylated lactuloses via sialyltransferases PmST1 and Pd26ST.
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activity against S. aureus, indicating their potential therapeutic
application.

4. Hydrolases [EC 3]

Hydrolases are a wide class of enzymes, which includes lipases,
esterases, phosphatases, proteases, glycosylases, and GTPases,
that use water to break chemical bonds. They can be considered
a special class of transferases, where the donor group is trans-
ferred to water. Hydrolases can cleave C–O, C–N, O–P, and C–S
bonds, and are commonly used in organic synthesis due to their
broad substrate specicity, high stereoselectivity, and ability to
hydrolyse a range of functional groups, including esters,
amides, and nitriles. Moreover, many of these enzymes are
reversible and, depending on the reaction conditions, may
operate in the opposite direction, enabling the formation of
these same functional groups.91 Unlike some enzymes, hydro-
lases do not require cofactors and can tolerate water-miscible
solvents (e.g., DMSO, DMF). Additionally, hydrolases are oen
cheap and readily commercially available.92

Lipases are widely utilized enzymes in biocatalysis and have
emerged as prominent biocatalysts in organic synthesis. They
are commonly employed for hydrolysis, esterication, and
transesterication reactions.93 Recently, there has been growing
interest in exploring lipase promiscuity, leading to unconven-
tional reactions.94,95

Samsonowicz-Górski et al. reported a lipase-catalysed Knoe-
venagel–phospha-Michael reaction to synthesize b-phosphono
malonates with antimicrobial properties. This research intro-
duced a metal-free biocatalytic route for phosphorous–carbon
bond formation. Candida cylindracea lipase (CCL) emerged as
the most effective catalyst among the enzymes assessed. The
process yielded the b-phosphonomalonitriles (51–54) (Fig. 9a)
with up to 93% yield at 20 °C. Notably, only minimal amounts of
the desired products were formed in the absence of the enzyme.
Several selected compounds exhibited MIC values ranging from
0.2 to 1.4 mg mL−1 against a panel of E. coli strains.96

Łukowska-Chojnacka et al. described a lipase-catalysed
kinetic resolution of benzoxazole derivatives endowed with
antitubercular activity. They employed a two-step process
involving lipase-catalysed transesterication of alcohols and
subsequent enzymatic hydrolysis of esters to obtain
30404 | RSC Adv., 2024, 14, 30396–30410
enantiomerically enriched benzoxazoles. Novozyme® SP 435
(lipase from Candida antarctica-B immobilized on a macro-
porous acrylic resin) exhibited the highest catalytic perfor-
mance and maintained the same stereopreference throughout
both steps. The synthesized compounds were evaluated against
a range ofMycobacterium strains, including drug-resistant ones.
Compound 55 (Fig. 9b), in racemic form, displayed good activity
against M. avium with a MIC of 12.5 mg mL−1. Interestingly, the
isolated enantiomers, (−)-(R) and (+)-(S), did not exhibit any
signicant difference in activity compared to the racemic
mixture. Nevertheless, these compounds did not show prom-
ising activity against other strains.97 Despite the limited efficacy
of these derivatives, it is noteworthy that chemoenzymatic
synthesis holds potential for developing drugs targeting M.
tuberculosis and nontuberculous mycobacteria, addressing two
signicant challenges in the continuing emergence of
AMR.98–101

The same lipase, Novozym® 435 (from Candida antarctica,
CAL-B), was used in a biocatalytic process to produce umbelli-
ferone ester derivatives (Fig. 9c). These esters were synthesized
by acylating 7-hydroxy-2H-chromen-2-one (58) with various long
chain vinyl esters, with the lipase serving as the catalyst.
Notably, the conversion efficiency was higher for vinyl esters
with shorter carbon chains (∼90%) compared to those with
longer carbon chains (∼20%). Moreover, the resulting
compounds exhibited promising activity against MRSA and
several Gram-negative strains with MIC values ranging from
0.25 to 1 mg mL−1.102

Porcine pancreatic lipase (PPL) was investigated as a bio-
catalyst to synthesize diaryl disulphides, leveraging its capa-
bility to catalyse S–S bond formation via oxidative coupling of
thiophenol (59) (Fig. 9d). The lipase-catalysed synthesis of the
disuldes was carried out in water at room temperature. Inter-
estingly, other lipases such as Candida antarctica (CAL-B) and
Candida cylindracea lipase (CCL) did not yield the desired
disulphides. Compound 60 exhibited potent inhibitory effects
against highly drug-resistant clinical strains of S. aureus,
including MRSA and VRSA, with MIC values ranging from 1–2
mg mL−1. Further evaluation demonstrated that compound 60
was non-cytotoxic to Vero cells, exhibited bactericidal effects
against S. aureus ATCC 29213, and demonstrated activity
comparable to vancomycin against S. aureus biolm.103 The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Lipase-catalysed synthesis of b-phosphonomalononitriles;
(b) lipase-catalysed transesterification of alcohol and kinetic resolu-
tion; (c) transesterification of umbelliferone with lipase; (d) biocatalytic
synthesis of disulphide using lipase; (e) lipase-catalysed regioselective
acylation of andrographolide.
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lipase Amano AK (from Pseudomonas uorescens) was used in
a regioselective and effective enzymatic synthesis of androgra-
pholide (61) (Fig. 9e) derivatives. The lipase demonstrated high
efficiency in esterifying the hydroxyl group at the C-14 carbon of
andrographolide using acyl donors. Among the synthesized
compounds, compound 62 exhibited the strongest activity
against S. aureus and E. coli, with MIC values of 4 and 8 mgmL−1,
respectively.104

Polymyxin antibiotics, such as polymyxin E (colistin), are
natural cyclic lipopeptides that selectively target Gram-negative
bacteria by binding to the lipid A moiety of lipopolysaccha-
rides.105 Recent efforts have focused on nding less toxic
© 2024 The Author(s). Published by the Royal Society of Chemistry
alternatives to polymyxins, leading to the discovery of a highly
effective macrocyclic peptide conjugate (66) (Fig. 10) with
remarkable in vivo activity.106 Wood et al. developed a conve-
nient chemoenzymatic synthesis method to create this chimeric
bicyclic peptide antibiotic. Using the proteolytic enzyme cin,
they obtained the polymyxin fragment (65) by degrading colistin
(64) via hydrolysis of an amide bond. This fragment (65) was
then coupled with a second macrocycle synthesized via solid-
phase peptide synthesis (SPPS). The resulting conjugates
exhibited potent antibacterial activity against a panel of Gram-
negative bacteria, including colistin-resistant E. coli strains,
with MIC values ranging from 0.1 to 1.6 mg mL−1. As antici-
pated, the tested compounds did not exhibit activity against
MRSA, a representative Gram-positive strain.107

D-p-Hydroxyphenylglycine (D-HPG) (69) (Fig. 11a) serves as
a vital precursor for semisynthetic b-lactam antibiotics like
cephalexin, cefadroxil, and amoxicillin. Liu et al. described the
whole-cell biocatalytic production of D-HPG from DL-hydrox-
yphenylhydantoin (DL-HPH) (67) in E. coli using two hydrolases,
D-hydantoinase and D-carbamoylase. By nely regulating the
expression of the D,D-carboxypeptidase dacB gene in E. coli, they
successfully disrupted the peptidoglycan synthesis network and
the cell wall structure, leading to increased permeability of the
inner and outer membranes. This enhanced permeability
allowed for greater substrate entry into the cells, resulting in
a remarkable yield of 100% using the engineered cells. Impor-
tantly, the engineering undertaken aimed to facilitate the
cellular penetration of the substrate, enabling its subsequent
progression through the biocatalytic pathway involving the
natural enzymes.108

An efficient enzymatic synthesis of the b-lactam antibiotic
cephalexin (72) (Fig. 11b) was also carried out using a hydrolase
enzyme.

In this process, immobilized penicillin G acylase (PGA)
served as the catalyst in a suspension aqueous solution system.
Cephalexin was synthesized from 7-amino-3-
deacetoxycephalosporanic acid (70) and D-phenylglycine
methyl ester (71). Optimal conditions were established, result-
ing in a remarkable 99.3% conversion ratio of 7-amino-3-
deacetoxycephalosporanic acid and a productivity of 200
mmol l−1 h−1. These values far exceeded those achieved by the
homogeneous aqueous solution systems. Moreover, the acylase
demonstrated excellent stability, retaining 95.4% of its initial
activity even aer 10 cycles of enzymatic synthesis.109

In addition to its known role, penicillin acylases were
investigated for a new function, namely the cleavage of bacterial
quorum sensing signal molecules acyl homoserine lactones
(AHL) (73) (Fig. 11c). Kluyvera citrophila penicillin G acylase
(KcPGA) was used to degrade AHL into fatty acids (74) and
homoserine lactones (75). Molecular modelling studies sup-
ported the enzymatic ndings, showing that AHLs t precisely
into the hydrophobic pocket of the enzyme's active site.110

AHLs serve as communication signal molecules among
bacteria, and by reducing their accumulation, intercellular
communication is disrupted, leading to a state known as
quorum quenching. This approach holds promise for the
RSC Adv., 2024, 14, 30396–30410 | 30405
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Fig. 10 Chemoenzymatic synthesis of bicyclic chimera 66 by the proteolytic enzyme ficin.
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development of sustainable antibacterial therapeutics, as it
signicantly reduces the likelihood of bacterial resistance.111
5. Ligases [EC 6]

Ligases, also referred to as synthetase enzymes, are responsible
for the covalent linkage of two substrate molecules by forming
new chemical bond, such as C–O, C–S, or C–N. This process
requires energy, which is generally provided by the simulta-
neous hydrolysis of ATP into either ADP or AMP.112
Fig. 11 (a) Biocatalytic synthesis of D-p-hydroxyphenylglycine by D-hyd
catalysed by penicillin G acylase; (c) enzymatic reaction catalysed by Kc

30406 | RSC Adv., 2024, 14, 30396–30410
Hamed et al. conducted a study on the biocatalytic produc-
tion of bicyclic b-lactams with three adjacent chiral centres.
They used engineered crotonases to improve the efficiency and
selectivity of the production process. The aim of the work was to
produce (4,6)-disubstituted-t-carboxymethylproline (CMP) (79)
(Fig. 12a) derivatives with the desired (4S,6R)-stereochemistry,
similar to clinically used carbapenems, as well as C-4/C-6-
trisubstituted products. The study revealed that employing
a tandem system of engineered carboxymethylproline synthase
and an alkylmalonyl-CoA forming enzyme (specically,
crotonyl-CoA carboxylase reductase) could enhance the
antoinase and D-carbamoylase; (b) enzymatic synthesis of cephalexin
PGA to degrade quorum sensing signal molecules.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) Biocatalytic synthesis of bicyclic b-lactams tandem
enzymes Ccr-CMPS-CarA; (b) enzymatic synthesis of cefazolin by
cephalosporin-acid synthetase.
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formation of certain (4S,6S)-disubstituted-t-CMP derivatives.
This approach also expanded the range of accepted substrates.
By coupling an appropriately engineered CMPS with a malonyl
CoA synthetase, starting from a pyrroline-5-carboxylate deriva-
tive (76) and an achiral C2-alkylated malonic acid derivative
(77), the stereoselectivity of the CMPS-catalysed process could
be enhanced. Carbapenam synthetase (CarA) was able to
convert some of these derivatives into bicyclic b-lactams,
demonstrating the potential of the Ccr-CMPS-CarA system for
producing 1b-methyl-substituted carbapenams. Notably, some
of these products showed improved hydrolytic stability
compared to unsubstituted 1b-carbapenams. The researchers
also found that by making structural substitutions to wild type
CMPS, they could tune their bond forming capacity to produce
5-carboxymethylproline derivatives substituted at C-4 and C-6.
Moreover, the application of tandem enzyme incubations not
only enhanced stereocontrol but also broadened the spectrum
of generated products. In summary, the study underscores the
utility of tandem enzyme systems featuring engineered croto-
nases in the synthesis of asymmetric bicyclic b-lactams.113

Wang et al. developed a method for synthesizing the b-lac-
tam antibiotic cefazolin (82) (Fig. 12b) using enzymatic acyla-
tion. They used immobilized cephalosporin-acid synthetase
(IECASA) from a recombinant E. coli strain VKPM B-12316. To
prevent the precipitation of 7-amino-3-(5-methyl-l,3,4-
thiadiazol-2-yl)thiomethyl-3-cephem-4-carboxylic acid during
the reaction, a stepwise pH gradient was applied based on
investigations on the solubility of the components. This method
© 2024 The Author(s). Published by the Royal Society of Chemistry
resulted in a high yield of 82 (92–95%) under optimal condi-
tions. The nal reaction mixture contained 65–85 mg mL−1 of
82.114 The approach utilized in this study holds potential for
developing other similar processes aimed at synthesizing novel
b-lactam derivatives.
6. Conclusions

Against the backdrop of the escalating global threat posed by
antimicrobial resistance, spotlighted by the ‘ESKAPE’ patho-
gens, the need for innovative solutions in antimicrobial drug
discovery becomes evident. The substantial death toll and the
potential surge in resistant bacterial infections by 2050 under-
score the gravity of the situation. In the face of these challenges,
biocatalysis emerges as a promising and sustainable pathway to
overcome the limitations of conventional synthetic methods in
antibacterial drug synthesis and drug discovery. Offering an
eco-friendly approach, biocatalysis has demonstrated success in
drug synthesis, highlighting potential for cost-efficiency and
sustainability. Amidst this urgent need for transformative
solutions, all chemical elds nd themselves at a crossroads,
with sustainability and environmental responsibility at the
forefront of global concerns. The utilization of catalysts stands
as a key strategy for achieving faster, more efficient chemical
reactions, aiming to enhance product yield while minimizing
unwanted by-products. While chemocatalysis currently domi-
nates many applications, including pharmaceuticals, bio-
catalysis presents a sustainable alternative to traditional
chemical processes, as it holds the promise of reduced waste,
increased energy efficiency, and improved product quality.
Despite these advantages, there exists signicant reluctance to
adopt biocatalysis or chemoenzymatic catalysis within the drug
discovery cycle, particularly in the early stages of development.
Acknowledging the pivotal role of biocatalysis in these early
stages, this review underscores its capacity to carve out new,
environmentally conscious, and more efficient synthetic routes,
specically in the exploration and synthesis of novel antibac-
terial compounds.
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M. Alcalde, Biotechnol. Adv., 2017, 35, 815–831.

52 K. Haslinger, M. Peschke, C. Brieke, E. Maximowitsch and
M. J. Cryle, Nature, 2015, 521, 105–109.

53 C. C. Forneris andM. R. Seyedsayamdost, Angew. Chem., Int.
Ed., 2018, 57, 8048–8052.

54 E. Stegmann, S. Pelzer, D. Bischoff, O. Puk, S. Stockert,
D. Butz, K. Zerbe, J. Robinson, R. D. Süssmuth and
W. Wohlleben, J. Biotechnol., 2006, 124, 640–653.

55 C. C. Forneris, S. Ozturk, M. I. Gibson, E. J. Sorensen and
M. R. Seyedsayamdost, ACS Chem. Biol., 2017, 12, 2248–
2253.

56 K. Woithe, N. Geib, K. Zerbe, D. B. Li, M. Heck, S. Fournier-
Rousset, O. Meyer, F. Vitali, N. Matoba, K. Abou-Hadeed
and J. A. Robinson, J. Am. Chem. Soc., 2007, 129, 6887–6895.

57 A. Okano, N. A. Isley and D. L. Boger, Proc. Natl. Acad. Sci.
U.S.A., 2017, 114, E5052–E5061.

58 A. Okano, A. Nakayama, K. Wu, E. A. Lindsey,
A. W. Schammel, Y. Feng, K. C. Collins and D. L. Boger, J.
Am. Chem. Soc., 2015, 137, 3693–3704.

59 A. Okano, A. Nakayama, K. Wu, E. A. Lindsey,
A. W. Schammel, Y. Feng, K. C. Collins and D. L. Boger, J.
Am. Chem. Soc., 2015, 137, 3693–3704.

60 A. Okano, N. A. Isley and D. L. Boger, Proc. Natl. Acad. Sci.
U.S.A., 2017, 114, E5052–E5061.

61 J. Tailhades, Y. Zhao, Y. T. C. Ho, A. Greule, I. Ahmed,
M. Schoppet, K. Kulkarni, R. J. A. Goode,
© 2024 The Author(s). Published by the Royal Society of Chemistry
R. B. Schittenhelm, J. J. De Voss and M. J. Cryle, Angew.
Chem., Int. Ed., 2020, 59, 10899–10903.

62 E. Olchowik-Grabarek, F. Mies, S. Sekowski, A. T. Dubis,
P. Laurent, M. Zamaraeva, I. Swiecicka and V. Shlyonsky,
Biochim. Biophys. Acta, 2022, 1864, 184011.

63 D. Nozawa, A. Matsuyama and T. Furuya, Bioorg. Med.
Chem. Lett., 2022, 73, 128908.
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