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Lipid Il unlocked: strategies for obtaining a major
antibiotic target

Luke J. Tyrie, Milandip Karak = * and Stephen A. Cochrane 2/ *

Antimicrobial resistance (AMR) is a major global concern. It caused nearly five million deaths in 2019 and
is projected to be responsible for up to ten million annually by 2050. A deeper understanding of how
antibiotics interact with their molecular targets is essential to addressing this threat, as it can facilitate
rational drug design. One major antibiotic target is lipid Il, a highly conserved and essential precursor in
bacterial cell wall biosynthesis. As the final monomeric intermediate in peptidoglycan biosynthesis,
lipid Il has become an important target for antibiotic discovery. However, accessing lipid Il remains
technically challenging. In this review, we examine the three main strategies used to obtain lipid Il: direct
extraction from bacteria, enzymatic or chemoenzymatic assembly using purified or partially purified
biosynthetic machinery, and total chemical synthesis. We discuss the strengths and limitations of each
method, scalability, and structural control, and highlight notable approaches that are expanding the
accessibility of lipid Il and its analogues. These advances are critical not only for antibiotic research but
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Introduction

Antimicrobial resistance (AMR) continues to pose a serious
threat to global public health." With nearly five million deaths
associated with resistant infections in 2019 and projections
suggesting up to ten million annually by 2050, AMR demands
immediate and sustained attention. Resistance mechanisms,
such as enzymatic degradation of antibiotics and mutations in
target proteins, compromise the efficacy of existing treatments.®”
As such, new antibiotics that are structurally and mechanistically
distinct from existing classes are urgently needed.

Bacteria are composed of two major classes, Gram-positive
and Gram-negative (Fig. 1). Whereas Gram-positive bacteria
contain just a single cell membrane, Gram-negative bacteria
have an extra layer of protection in the form of the outer
membrane.>® This additional barrier blocks the entry of large
scaffold antibiotics, making them much harder to treat. Anti-
biotics typically operate by one of five modes of action: inhibi-
tion of cell wall (peptidoglycan) biosynthesis, disruption of the
cell membrane, inhibition of DNA and/or RNA synthesis,
inhibition of protein synthesis at the ribosomes, and inhibition
of folic acid biosynthesis (folate metabolism).” Among these,
inhibition of cell wall synthesis is the most common, demon-
strated primarily by p-lactam and glycopeptide antibiotics.**™?
Penicillin, a B-lactam, covalently attaches to transpeptidase
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also for understanding bacterial physiology at the molecular level.

enzymes (penicillin-binding proteins), preventing peptidogly-
can crosslinking and leading to bacterial cell lysis."® Glycopep-
tides such as teicoplanin inhibit transglycosylation by binding
the p-Ala-p-Ala terminus of peptidoglycan precursors.'***
Peptidoglycan, a key structural component of the bacterial
cell wall, is a covalent, polymeric glycopeptide composed of
alternating sugars interlinked by peptide chains.">'® Its bio-
synthesis is highly conserved across bacterial species, making it
an ideal target for antimicrobial agents (Fig. 2)."”*° The pathway
begins with the conversion of UDP-GIcNAc to UDP-MurNAc via
MurA and MurB.”® Subsequent ATP-dependent steps involving
MurC-F ligate amino acids to form Park’s nucleotide (UDP-
MurNAc-pentapeptide).° The p-Ala-p-Ala dipeptide is generated
by Alr and DdIA from 1-Ala.>" MraY then transfers the MurNAc-
pentapeptide to undecaprenyl phosphate to form lipid I, fol-
lowed by the addition of GlcNAc by MurG to yield lipid I1.>° Mur]
flips lipid II across the inner membrane,” and GTases polymer-
ize it into lipid IV, which is then crosslinked by PBPs and
further polymerized to form mature peptidoglycan matrix.>°
Lipid II is the final monomeric intermediate in this biosyn-
thetic sequence (Fig. 3A).'***?° It is a universally conserved
molecule composed of a B-1,4-linked GlcNAc-MurNAc disac-
charide attached to an undecaprenyl pyrophosphate lipid
anchor, with a pentapeptide side chain on MurNAc.>® Bacterial
undecaprenol has a (Zs,E,,0)-configuration (Fig. 3B). Plant
undecaprenol, which to the best of our knowledge has been
used in all reported chemical and enzymatic syntheses, has the
(Z7,E3,m)-configuration (Fig. 3C). Lipid II isolated directly from
bacteria therefore has the (Zg,E,,w)-configuration but this is
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frequently mixed up in the literature as almost all lipid II
prepared by other methods uses plant undecaprenol. The pri-
mary structural difference between Gram-positive and Gram-
negative lipid II lies in the third amino acid of the pentapeptide
stem: lysine in the former and meso-diaminopimelic acid (m-
DAP) in the latter.'® It is worth noting that some Gram-positive
bacteria, such as B. subtilis, also contain m-DAP (amide) at this
position.”® In this feature, we use the identity of this third amino
acid as the basis for distinguishing between Gram-positive and
Gram-negative lipid II variants. Other variants, including those
containing r-ornithine, o-lysine, or 1-2,4-diaminobutyric acid,
have also been reported.”

Due to its ubiquity and essential role in peptidoglycan
biosynthesis, lipid II is targeted by many structurally diverse
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antibiotics.”> While the mechanisms of action for these anti-
biotics are beyond the scope of this feature, we refer the reader
to several excellent literature reviews on the topic.>>*8733
Obtaining pure lipid II is essential for structural and mecha-
nistic studies of both enzymatic processes and antibiotic inter-
actions. However, its amphiphilic nature, chemical instability
of the pyrophosphate linkage, and the structural complexity of
the glycopeptide core pose substantial synthetic and isolation
challenges. Even so, a wide array of functional derivatives of
peptidoglycan fragments, including lipid I and lipid II analo-
gues, has been reported, and we refer readers to comprehensive
reviews covering their synthesis.**?*

This feature article covers the three main strategies for accessing
lipid I and its analogues: direct bacterial extraction, enzymatic and
chemoenzymatic synthesis, and total chemical synthesis. We
emphasize the synthetic design, practical challenges, and signifi-
cant developments that are broadening lipid II accessibility for
structural, mechanistic, and drug discovery research.

Direct bacterial extraction

Direct extraction of lipid II from bacterial membranes offers
access to the native, unmodified molecule in its biologically
relevant context (Fig. 4). However, this strategy is severely limited
by the exceptionally low abundance of lipid II, estimated at only
1000 to 2000 molecules per cell,*® and its transient nature as an
intermediate that is rapidly consumed during peptidoglycan
biosynthesis. These challenges, combined with its amphiphilic
character and tight membrane association, render direct isola-
tion technically demanding and low-yielding. Nonetheless,
direct extraction has been successfully applied in obtaining
lipid II by several research groups.”®*¢8
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Fig. 1 Cross sections of Gram-negative (left) and Gram-positive (right) cell walls. Gram-negative has an outer membrane with lipopolysaccharides and a
thin peptidoglycan layer; Gram-positive has a thick peptidoglycan layer without an outer membrane.
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Fig. 2 Schematic overview of the bacterial peptidoglycan biosynthesis pathway, highlighting the roles of peptidoglycan proteins (MurA-F, MurG, MurJ,

MraY, and PBPs) at various stages.

Pioneering work by Umbreit and Strominger in 1972 first
demonstrated the feasibility of extracting lipid II directly
from E. coli.*” Their protocol involved enzymatic digestion of
frozen bacterial cells with lysozyme, followed by purification of
lipid-linked intermediates using diethylaminoethyl (DEAE)-
cellulose chromatography. The identity of the isolated lipid II
was confirmed by mass spectrometry. A similar approach was
employed two decades later by van Heijenoort et al.,*® who
extracted both full-length and truncated (tripeptide-containing)
forms of lipid II from E. coli. After initial purification on DEAE-
cellulose, a second chromatographic step using silica gel
improved the resolution of lipid II from other Ilipid
intermediates.

This journal is © The Royal Society of Chemistry 2025

More refined techniques have since been introduced to
optimize extraction conditions and increase overall yields. In
2005, Guan et al. developed an isotope-labeling method using
>N-enriched media to generate '°N-labeled lipid II in E. coli.*®
Exploiting the compound’s solubility in a chloroform-
phosphate-buffered saline (PBS) Bligh-Dyer system, they iso-
lated lipid II directly from membranes and confirmed incor-
poration of eight >N-atoms using electrospray ionization mass
spectrometry (ESI-MS), consistent with the expected number of
nitrogen atoms in the molecule.

Building on the observation that lipid II accumulates when
its downstream incorporation is inhibited,’* Kahne et al
devised a pharmacological strategy to increase its intracellular

Chem. Commun., 2025, 61,17787-17809 | 17789
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Fig. 3

(A) Chemical structure of Lipid Il, a membrane-anchored peptidoglycan precursor consisting of a disaccharide-pentapeptide connected to a

polyprenyl chain through a pyrophosphate linkage. (B) Structure of bacterial undecaprenol. (C) Structure of plant undecaprenol.

Bacterial culture Extraction Purification

Fig. 4 General workflow for extracting lipid Il from bacterial cells.

levels in S. aureus, E. coli, and B. subtilis (Fig. 5).”° Treatment of
S. aureus with moenomycin, an inhibitor of peptidoglycan
glycosyltransferases, led to a 10-fold increase in lipid II within
15 minutes, after which levels plateaued. In B. subtilis, which is
intrinsically resistant to moenomycin, vancomycin was used
instead, resulting in a 30-fold accumulation after 20 minutes;*°
however, prolonged exposure caused cell lysis. Because the
outer membrane of E. coli blocks access of both antibiotics to
their targets,*"*> the authors engineered a conditional Mur]
mutant in which the flippase could be inactivated by 2-
sulfonatoethyl methanethiosulfonate (MTSES). This chemical
inhibition arrested lipid II translocation, causing a 16-fold
accumulation at the cytoplasmic leaflet of the inner membrane.

Despite these advances, direct extraction still yields sub-
milligram quantities of lipid II from large culture volumes. The
process encompassing membrane fractionation, organic extrac-
tion, and purification requires careful control to preserve the
labile pyrophosphate moiety. While well-suited for structural or

17790 | Chem. Commun., 2025, 61,17787-17809
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biochemical analysis of native lipid II, direct extraction remains
impractical for analogue production or high-throughput appli-
cations. In such cases, chemoenzymatic or total synthesis
provides more scalable alternatives.

Chemoenzymatic and enzymatic
approaches

Chemoenzymatic synthesis provides a reliable alternative to
direct extraction of lipid II, enhancing scalability and enabling
structural modifications. This approach typically involves chemi-
cally preparing lipid I analogues, which are then enzymatically
converted to lipid II by the glycosyltransferase MurG. The first
example of chemoenzymatic lipid II synthesis was reported by
Blanot et al in 1997 (Scheme 1).** Here, the authors began
by extracting UDP-MurNAc-pentapeptide 3 from S. aureus, follow-
ing a procedure previously developed by Heijenoort et al**

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Strategies to increase intracellular lipid Il levels and improve extractions.®

UDP-MurNAc-pentapeptide was converted to 1-phospho-MurNAc-
pentapeptide 4 through treatment with pyrophosphatase.
The m-DAP amino group on phosphate 4 was then dansylated
with dansyl chloride 5, producing 1-phospho-MurNAc-pent-
apeptide(N-Dns) 6. Compound 6 was activated with CDI and
coupled to dihydroheptaprenyl phosphate 7, yielding lipid I
analogue 8. This lipid I derivative was subsequently transformed
into lipid II analogue 10 via the action of partially purified MurG
and radiolabeled [“*C]-UDP-GIcNAc 9. The formation of the
product was confirmed by an increase in radioactivity in the
lipid region during the MurG assay, indicating that lipid I
analogue 8 served as a substrate for the enzyme. In a follow-up
study, they optimized their assay conditions, which improved
both the yield and purification of lipid II analogue 10.*

The following year, Walker et al. reported a reliable chemo-
enzymatic route to lipid II, starting from synthetic lipid I
(Scheme 2).*® To prepare lipid I (16), commercially available
MurNAc benzylidene 11 was converted into dibenzyl phosphate 12
through a four-step sequence. This process included protecting the
carboxylic acid as a 2,2,2-trichloroethyl (TCE) ester, debenzyla-
tion of C1-OH, reprotection of C4-OH and C6-OH as a benzy-
lidene, phosphorylation of C1-OH, and finally TCE removal.
Dibenzyl phosphate 12 was then coupled with the silyl-protected
pentapeptide 13, which was synthesized in 11 steps on p-Ala-
Fmoc SASRIN™ resin with an overall 15% yield, to afford
benzylidene-MurNAc-pentapeptide dibenzylphosphate 14. Sub-
sequent removal of the benzyl protecting groups, followed by
coupling with (R)-(+)-f-citronellolOPO;PO(OPh), 15 and global
deprotection, furnished lipid I analogue 16. Attempts to synthe-
size lipid II analogue 17 by treatment with MurG and [**C]JUDP-
GlcNAc proved challenging because the radiolabeled lipid II
could not be separated from the [“*CJUDP-GIcNAc starting
material. To address this, the lysine amino group of lipid I
analogue 16 was functionalized with biotin (18) and then con-
verted into biotin-labelled lipid II 20 using MurG (Scheme 3).
Despite the truncated lipid chain and biotin label, lipid I (19)

This journal is © The Royal Society of Chemistry 2025

was recognized as a substrate by MurG, but subsequent TGases
did not accept the lipid II analogue 20.

To improve substrate compatibility, the authors further
optimized their chemoenzymatic route.”” They successfully
synthesized a series of lipid I analogues (21-25) with different
polyprenyl chains, including native Gram-positive lipid I (25)
(Scheme 4). All lipid I derivatives were efficiently converted to
their respective lipid II analogues (26-30) by MurG. Interest-
ingly, native lipid I (25) reacted more slowly than other analo-
gues, likely due to aggregation of the long undecaprenyl chain.
Analogues with longer lipid chains served as substrates for
TGase, with Css-lipid II (28) emerging as the best substrate
under all tested conditions. Recently, Menche et al. reported a
more scalable version of this chemoenzymatic synthesis,
enabling multi-milligram production of farnesyl analogues of
lipid I and II with improved reproducibility.*® Their modular
approach integrates solid-phase peptide synthesis with efficient
enzymatic glycosylation and was further extended to access a
S. aureus lipid II analogue bearing the characteristic pentagly-
cine bridge.

Shortly afterward, Breukink et al. developed a simplified
chemoenzymatic method for obtaining lipid II analogues with
various polyprenyl tails to study nisin interactions.*® Instead of
using purified MurG, they employed crude MraY and MurG from
bacterial membrane vesicles to convert lipid I precursors into lipid
II analogues, requiring only one chemical step—phosphorylation of
polyprenols.®>! The resulting polyprenyl phosphates were incu-
bated with UDP-GIcNAc and UDP-MurNAc-pentapeptide in vesicles
from S. simulans or M. flavus, producing native lipid II and
analogues, which were purified through DEAE-cellulose chromato-
graphy. This modular approach generated a wide range of analo-
gues, including short-chain (geranyl, farnesyl), medium to long-
chain (11-25 isoprene units, mimicking bactoprenol), dolichol-type
chains with saturated o-isoprene units, and even a non-prenylated
Cyo-alkyl form, demonstrating MraY’s notable substrate flexibility.
Additionally, a pyrene-labeled fluorescent lipid II was also prepared,

Chem. Commun., 2025, 61,17787-17809 | 17791
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followed later by an NBD-labeled analogue.’” These probes revealed  offered a scalable, high-yield route to obtain lipid II analogues,
that lipid II does not flip spontaneously across membranes but enabling direct studies of lipid II both as a nisin receptor and as an
requires a flippase enzyme.*” Overall, this chemoenzymatic method ~ essential pore-forming component.

17792 | Chem. Commun., 2025, 61,17787-17809 This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc04843e

Open Access Article. Published on 17 October 2025. Downloaded on 6/28/2026 12:09:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

ChemComm Feature Article
i) 2,2,2-Trichloroethanol, DCC, DMAP, THF
rt, 4 h, 80%
ii) Ho/Pd, EtOAG, rt, 30 min;
PR 2o PhCH(OCHs)s, TsOH DMF, tt, 10 h PR 20
0 81% over two steps o)
AcNH g - > AcNH QBn
o iii) IPr,NP(OBn),, 1H-tetrazole, mMCPBA o ~p-0Bn
HO -40 °C to 25 °C, 2.5 h, 75% HO !

iv) Zn dust, ACOH/H,O, rt, 1 h, 91%

1 12

ph~ N0
i)12 AcNH) QBn
(0] NHTEOC HOBt, PyBOP o ~p-OBn
NH H DIEA . s
TMSEO\[ "WN DMF, 0 °C, 30 min, 92%
[ =
o) o) NHTEOC
Apphons oy
o) 0 0
13

i) Ho/Pd, MeOH, rt, 30 min
then DIEA

i) PhQ  OHJ
PhO—P-0-P* W\/Y
O O )

pyridine, DMF, rt, 48 h 15
30% over two steps

ii) TBAF, DMF, rt, 24 h, 57%

0” "NH H o
/kn/ \HLOTMSE
14 o

HN i
:2— NH,
NH "
S
o} o}
07 NH O
N
)\n/ j)LOH

NH
/ AcNH! OH OH
0:14¢ —3: Ol ~ 1.0 BN
\ o 6o
MurG, HN =
['4C]-UDP-GIcNAc (9)
P o NH
Purification unsuccessful NH 2
H
HO [I\/\[]/N
(o} (0]
(0] NH H (o}

Scheme 2 Attempted chemoenzymatic synthesis of lipid Il (17) by Walker et al.*®

Building on a modular chemoenzymatic approach, Kahne
et al. developed a concise synthesis of Gram-negative lipid II
containing m-DAP at the third position of the peptide stem
(Scheme 5).>* The synthesis began with the chemical construc-
tion of orthogonally protected m-DAP (33) through olefin cross-
metathesis of vinylglycine (31) and allylglycine (32), followed
by hydrogenation. This key intermediate enabled the construction
of the canonical E. coli pentapeptide (34), which was coupled
to the lipid-linked MurNAc moiety (35, C35-PP-MurNAc) via

This journal is © The Royal Society of Chemistry 2025

DMTMM-mediated amide bond formation, followed by depro-
tection to afford lipid I (36) in good yield. Finally, enzymatic
glycosylation with UDP-GlIcNAc (37) catalyzed by MurG yielded
the Gram-negative lipid II (38) in a single step. LC/MS analysis
showed that E. coli PBPs can polymerize both Gram-positive
(1-Lys) and Gram-negative (m-DAP) lipid II substrates, but only
the Gram-negative version supports transpeptidase-mediated
cross-linking due to its critical nucleophilic side chain at the
third position.

Chem. Commun., 2025, 61,17787-17809 | 17793
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Scheme 3 Biotinylation of lipid | and subsequent chemoenzymatic synthesis of biotin-labelled lipid Il (20) by Walker et a

The first total in vitro enzymatic synthesis of lipid II was
reported by Wong et al. using purified recombinant enzymes and
a cofactor regeneration system (Scheme 6).>* Undecaprenol (41)
was enzymatically phosphorylated to undecaprenyl phosphate
(42) by undecaprenol kinase (UdpK),>® an enzyme from S. mutans,
with lauryldimethylamine oxide (LDAO) included to improve lipid
solubility. The resulting lipid phosphate was coupled to UDP-
MurNAc-pentapeptide (40) by MraY to produce lipid I (25),
followed by MurG-catalyzed glycosylation with UDP-GIcNAc (37)
to form lipid II (1). Both sugar nucleotides were produced
enzymatically from GlcNAc (39) using NahK, GImU, MurA-F,
and Ddl, with ATP regeneration achieved by pyruvate kinase and
phosphoenolpyruvate.®* > The process, carried out either in
sequential steps or as a one-pot reaction, achieved overall yields
of 50-70%. Significantly, this modular platform allowed the
synthesis of a diverse library of lipid II analogues by replacing
undecaprenol with various isoprenoid alcohols.”>* UdpK exhibited
broad substrate specificity, accepting geraniol, farnesol, geranyl-
geraniol, phytol, dolichol, and others, which were subsequently
incorporated into functional lipid II analogues via MraY and
MurG. These analogues, especially those with geranylgeranyl
and phytol tails, proved to be effective substrates for transglyco-
sylases from E. coli and C. difficile, demonstrating the utility of this
chemoenzymatic system for creating substrate probes.

17794 | Chem. Commun., 2025, 61, 17787-17809

1‘46

Collectively, (chemo)enzymatic methods have established
robust and scalable platforms for synthesizing lipid II and its
analogues. These approaches have circumvented the inherent
limitations of native lipid II isolation, such as low yield,
heterogeneity, and structural instability, while enabling precise
enzymatic transformations for substrate diversification, mecha-
nistic understanding, and the development of high-throughput
assays crucial to antibiotic discovery and peptidoglycan bio-
synthesis studies.

Total chemical synthesis as a tool to
access lipid Il

In parallel with biosynthetically guided approaches, total
chemical synthesis has emerged as a powerful and comple-
mentary method for producing lipid II with complete structural
control. By assembling the molecule from manageable mono-
saccharide and peptide building blocks, this approach enables
the incorporation of custom modifications at any position
within the glycan, peptide stem, or lipid part. This level of
control facilitates the development of non-natural analogues,
isotopically labeled variants, and photoaffinity probes, which
are essential for studying structure-activity relationships,

This journal is © The Royal Society of Chemistry 2025
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investigating cell wall biosynthetic enzymes, and designing new
antibacterial agents. Moreover, recent advances in protecting
group strategies, chemoselective ligation techniques, and solid-
phase synthesis have greatly enhanced the efficiency and scal-
ability of lipid II total synthesis.

Several different methods for the total chemical synthesis of
lipid II have been reported so far. A notable synthesis was first
described by Schwartz et al. at DuPont in 2001 (Scheme 7),
marking a significant advance in constructing complex pepti-
doglycan intermediates.®® The synthesis began with MurNAc
derivative 11, which was coupled to H-Ala-OTMSE to introduce
the alanine residue to prevent unwanted cyclization at the lactyl
position. After selectively opening the benzylidene protecting
group at C4, secondary alcohol 43 was glycosylated with GlcNAc
bromide donor 44 using AgOTf activation. A phthalimido group
at the 2-position ensured the desired B-selectivity. This yielded
phthaloyl-protected disaccharide 45, which was then depro-
tected and re-acetylated at the glucosamine residue. The
anomeric position was unmasked and phosphorylated in a
two-step, one-pot process, introducing a dibenzyl phosphate
group (46). Following silyl deprotection, the free carboxylic acid
was coupled to a protected tetrapeptide (y-o-Glu(OTMSE)-L-
Lys(TEOC)-p-Ala-p-AlaOTMSE), mimicking the natural peptide
stem, using standard peptide coupling conditions to afford
disaccharide pentapeptide dibenzyl phosphate 47. These bulky
silyl groups helped control reactivity during the coupling steps
but made final deprotection more challenging. Next, benzyl
groups were removed by hydrogenation, and the resulting
phosphate was activated with CDI and coupled to undecaprenyl
phosphate (42) to install the lipid tail. Final global deprotection
with fluoride and methanolysis removed remaining silyl and

This journal is © The Royal Society of Chemistry 2025

acetate groups, yielding lipid II (1) with an overall yield of 0.7%.
Although the overall yield was low, this synthesis highlighted
the importance of building lipid II using a modular approach
by assembling the sugar, peptide, and lipid tail as individual
components. More importantly, it enabled access to milligram-
scale quantities of lipid II for the first time. This advance also
made it possible to directly study the glycosyltransferase and
transpeptidase activities of PBP1b, paving the way for deeper
mechanistic insights and future antibiotic discovery.

Shortly after the groundwork established by DuPont, Van-
Nieuwenhze et al. at Eli Lilly reported an improved route to
Gram-positive lipid II (Scheme 8), achieving better efficiency
and convergence.®' Their synthesis also began with the MurNAc
intermediate 11, which was first esterified with H-Ala-OPse,
followed by selective opening of the benzylidene protecting
group at the C4 position to achieve the secondary alcohol 48.
Silver triflate-promoted glycosylation between 48 and Troc-
protected glucosamine bromide donor 49 furnished the disac-
charide 50 with high B-selectivity.®* Strategic protecting group
adjustments provided compound 51, followed by anomeric
benzyl deprotection and phosphitylation, then oxidation to
produce disaccharide dibenzyl phosphate 52. The Pse-ester was
then removed under mild basic conditions to unmask the r-Ala
carboxyl, which was converted into an active ester and coupled
with a preassembled tetrapeptide using standard peptide cou-
pling protocols to deliver 53, bearing acetate-protected hydroxyls,
a methyl ester at the C-terminal p-Ala, and a TFA-protected Lys &-
amine, allowing for clean, orthogonal deprotection. This tetra-
peptide, p-iso-Gln-L-Lys(e-TFA)-p-Ala-p-Ala-OMe, was assembled
in two steps by coupling Boc-p-iGIn(NHS) with a protected r-Lys-
p-Ala-p-Ala-OMe tripeptide,®® followed by acid-mediated Boc-
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Scheme 5 Chemoenzymatic synthesis of Gram-negative lipid Il (38) by Kahne et al.>®

deprotection. Next, benzyl phosphate 53 was deprotected by
hydrogenolysis and activated as a phosphoroimidazolidate,
enabling direct coupling with undecaprenyl monophosphate
(42) under mild conditions. Final global deprotection using
aqueous NaOH cleanly removed all base-labile groups to deliver
lipid II (54) in 2% overall yield. Notably, this route improved the
overall yield nearly threefold compared to the DuPont synthesis®
and eliminated the need for fluoride or hydrogenation-intensive
steps for side-chain deprotection. The design of a triple orthogo-
nal protection scheme, late-stage lipid installation, and a more
streamlined tetrapeptide coupling process made this a scalable
and synthetically elegant solution to lipid II access. Furthermore,
the authors extended the utility of their synthetic lipid II by
reacting 54 with dansyl chloride (5) to produce the fluorescent
analogue Dns-lipid II 55, thus enabling applications in
membrane-binding and enzymatic assays.

17796 | Chem. Commun., 2025, 61,17787-17809

The Eli Lilly synthesis of Gram-positive lipid II has proven to
be a robust and adaptable platform, enabling the production of
structurally diverse lipid II analogues through its modular
design. Key to this approach is the use of disaccharide phos-
phate intermediate 52, which allows for flexible late-stage
attachment of peptide chains and lipid tails. This flexibility
has led to various applications that are adaptable across multi-
ple contexts among various research groups.®*®” In 2016,
Vederas et al. reported a modified synthetic route to access
farnesyl Gram-negative lipid II (60), introducing changes to the
polyprenyl tail by replacing the native undecaprenyl chain with
a shorter, more tractable farnesyl group (Scheme 9).°® This
work, as part of SACs doctoral studies in the Vederas lab,
established a practical strategy for preparing lipid II analogues
and enabled detailed studies of their interaction with the
antimicrobial peptide tridecaptin A;. A key step in the synthesis

This journal is © The Royal Society of Chemistry 2025
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Scheme 7 Total synthesis of Gram-positive lipid Il (1) by Schwartz et al.

dibenzyl phosphate 52 via the Eli Lilly synthetic route.®® The
tetrapeptide 57 was synthesized following the protocol devel-
oped by Kahne et al.,”* and coupled with the deprotected 1-Ala
carboxyl intermediate synthesized from 52 to yield the corres-
ponding disaccharide-pentapeptide phosphate 58. Final cou-
pling with activated farnesyl phosphate 59, followed by global
deprotection, delivered the target farnesyl Gram-negative lipid
II (60) in 19% overall yield from 52. Later, during SACs post-
doctoral work in the Davis group, a similar strategy was
adopted to synthesize Gram-positive lipid II (1) for developing
tunicamycin analogues and investigating nucleoside antibio-
tics scaffolds.®

In 2014, Kurosu et al. reported a noteworthy synthetic strategy
that enabled the efficient preparation of lipid II and its neryl
analogue (Scheme 10).”° Their method used a one-pot protection—
glycosylation approach to simplify the synthesis of disaccharide
intermediate 63. By employing the MDPM-imidate donor, (2,6
dichloro-4-methoxyphenyl)(2,4-dichlorophenyl)methyl trichloroa-
cetimidate (62), as a selective Cé-protecting group, they achieved
high-yield glycosylation with GlcNAc trichloroacetimidate donor
56 under mild conditions, circumventing the limitations of earlier
low-yield protocols.® This strategy allowed the direct conversion
of diol acceptor 61 into the disaccharide intermediate 63 with
yields of up to 85%, using both solution-phase and solid-phase
(resin-supported) methods. The N-Troc and Cé-ether protecting
groups were removed under acidic reductive conditions to give the
corresponding amino alcohol, which was then acetylated to afford

17798 | Chem. Commun., 2025, 61,17787-17809

NHTEOG iii) TBAF, DMF, 1t, 24 h

MeOH, 0°C, 1 h, 35%

HN
Ozz—

N " NH,
N
™Y
(o) NHH o)
Ao
Lipid Il (1) o]

compound 51 in high yield. Following a route similar to the Eli
Lilly synthesis,”" including benzyl deprotection, a-selective phos-
phorylation, and sequential coupling with a tetrapeptide and a
lipid tail such as neryl phosphate (64), led to the successful
preparation of lipid II and its neryl analogue (65) in high overall
yields. Furthermore, neryl-lipid I was modified into a fluorescent
probe, neryl-lipid II-N*-dansylthiourea (67), via reaction with
4-(dansylamino)phenyl isothiocyanate (66), enabling its applica-
tion in TGase studies.

Fluorescent probes for lipid II can be labeled not only at the
peptide stem but also at the lipid tail, providing alternative
strategies for enzymatic studies. In a notable study, Cheng et al.
developed a concise and modular synthesis of a fluorescent lipid
II analogue with a dansyl-labeled C,,-polyprenyl chain, optimized
for TGase assays (Scheme 11).”* The synthetic approach focused
on a late-stage coupling between disaccharide-pentapeptide inter-
mediate (74) and lipid phosphate (73) bearing a terminal dansyl
group. The lipid portion was synthesized from known compound
69, obtained from nerol (68)”> through a sequence involving
desulfonation to afford 70, followed by THP deprotection, phtha-
limide substitution, and phosphorylation to furnish 72 with
moderate overall yields. Subsequent removal of the phthaloyl
group and dansylation afforded the desired lipid phosphate 73.
This was then coupled to the activated sugar-peptide unit 74,
synthesized via the Eli Lilly route,®" and global deprotection
provided the final fluorescent probe 75. Notably, placing the
dansyl group on the lipid tail reduces interference with enzymatic

This journal is © The Royal Society of Chemistry 2025
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Scheme 8 Total synthesis of Gram-positive lipid Il (54) by VanNieuwenhze et al.

recognition, allowing for direct HPLC detection without the need
for radioactive labeling or enzymatic cleavage. The resulting probe
proved to be an effective TGase substrate, facilitating the screen-
ing of inhibitors and the precise evaluation of their potency in
biochemical assays.

In 2011, Cheng et al. developed a new practical and con-
vergent total synthesis of Gram-positive lipid II, providing an

This journal is © The Royal Society of Chemistry 2025

efficient route to bacterial TGase substrates (Scheme 12).”?

Their strategy focused on the relative reactivity value (RRV)
concept to build a key disaccharide intermediate,”*”® using
glycosyl donor 76 (RRV = 134.1) and acceptor 77 (RRV = 9.2) to
produce disaccharide 78 with high yield through optimized
glycosylation. A major achievement was a three-step, one-pot
process converting the N-phthaloyl group in 79 into an N-acetyl
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Scheme 9 Synthesis of farnesyl-Gram-negative lipid Il (60) by Vederas et

group, giving 80 in 86% yield. The synthesis continued with
alkylation using methyl-(S)-lactate triflate’”” to form corres-
ponding ester 81, followed by thiocresol hydrolysis and anome-
ric phosphorylation to produce dibenzylphosphate 82.
Following desilylation, hydrolysis of the methyl ester, coupling
with the pentapeptide,”® and final debenzylation, the target
disaccharide pentapeptide phosphate 83 was synthesized from
compound 82 in four steps. Final coupling with activated
undecaprenyl phosphoroimidazolidate (CssPIm) and global
deprotection afforded lipid II (1) in 37% over two steps. The
authors further expanded their study by synthesizing a series of
lipid II analogues with modified peptide stems, ranging from
truncated peptides to minimal, peptide-free, fluorescent, and
lipid-tail variants, to investigate TGase activity.”” They

17800 | Chem. Commun., 2025, 61,17787-17809

al%®

discovered that while the terminal p-Ala-p-Ala was not essential
for TGase interaction, the minimal active structure was p-Lac-L-
Ala, with both methyl groups being critical.

In 2011, the same team described a method to synthesize an
N-glycolyl analogue of M. tuberculosis lipid II, a vital substrate
for mycobacterial transglycosylase in peptidoglycan biosynth-
esis (Scheme 13).%° The process began by converting b-
glucosamine 84 into compound 85 through N-Boc protection,
Zemplén deacetylation, and benzylidene acetal formation.
Attempts to alkylate the C3-OH of compound 85 with S-(-)-2-
chloropropionic acid were unsuccessful due to N-Boc removal,
but O-alkylation with ethyl-(S)-lactate triflate succeeded, giving
MurNAc ester 86 in high yield. Hydrolyzing ester 86, followed by
coupling with the first amino acid of the pentapeptide chain

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc04843e

Open Access Article. Published on 17 October 2025. Downloaded on 6/28/2026 12:09:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

ChemComm Feature Article

i) BF3.OEt,, 3A MS
CH,Cl,, 0°C, 3 h

CCl,
HNZO ¢l

A
cl
@ I 0
HO o cl cl OMe s
HO >
O AN AASO 0 TrocNH AcNH
—S= OBn %O -—S: OBn
o) o o)
TrocNHO

CCl HN

MeO

Cl i) Zn, 30% TFA, AcOH
i) Ac,O, Pyridine
95%

ref. 61

>
>
[¢]
Z
Igl
>
3t
ﬁ
\ /
5
(@]
3
Z
I/ 0
T
OO (@)
>
2
jo)
4
-0
X
-0
T
\

neryl phosphate O

AcNHE
0 ° 8 e
HO-P-0 :2—

o}
o:gt/—sozph OH 64 NH,
NH
51 o 75% yield HO ["‘.WH
° - O~ "NH O
NMe H
= 65 N o
SCN =) o}
LGRS
N Ho o Y =
o o) o
e HOTheNn O =
4-(dansylamino)phenyl AcNHo\Cl)H ?I:Io
isothiocyanate o P-O-P
= o o
HN
aq NaHCO4/ DMF :2_ NMe,
90% 0 H H O
N N
N
hH bl o} O
HO W S st\\
o[ o) H®
NH H (o}
N
)\[r \rU\OH
67

Scheme 10 A new synthesis of neryl-lipid Il (65) by Kurosu et al.”°

using EDCI, yielded intermediate 87. Deprotecting the Boc-
amine and benzylidene acetal with p-TsOH allowed the addi-
tion of the N-glycolyl group via acetoxyacetyl chloride, generat-
ing glycosyl acceptor 88. Glycosylation of acceptor 88 with
donor 89 using TMSOTf formed disaccharide 90, which was
then deprotected with hydrazine to remove the N-phthalimido
group, and acetylated with acetic anhydride to yield disacchar-
ide 91. Further transformations led to intermediate 92, which
was converted into the lipid IT analogue 93.°”°! In this modified
Mtb N-glycolyl lipid II (93), the native decaprenyl phosphate
and m-DAP groups were replaced with readily available unde-
caprenyl phosphate and p-lys, maintaining structural similarity
and functional equivalence in the transglycosylase assay. The

This journal is © The Royal Society of Chemistry 2025

analogue was also tagged with a fluorescent probe (94) to
evaluate its recognition by mycobacterial transglycosylase
(MraY). This synthesis not only provided a functional analogue
for studying mycobacterial cell wall synthesis but also sup-
ported the development of new antibiotics by demonstrating
that simplified precursors can be used effectively.

To design enzymatically stable lipid II analogues for bacter-
ial TGase inhibition, Cheng et al developed another new
synthetic route to 1-C-glycoside-linked lipid II mimics contain-
ing either a sugar-phosphate or a sugar-phosphonate group
(Scheme 14).%" The synthesis began with the isomerization of a
1-C-allyl precursor to 1-C-vinyl glycoside 95 using established
methods,®* then proceeded with deprotection and O-alkylation

Chem. Commun., 2025, 61,17787-17809 | 17801
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to yield N-acetylmuramic acid derivative 96. This substrate was
then converted to a peptide-bearing derivative 97, which under-
went regioselective reductive ring-opening to afford glycosyl accep-
tor 98. Glycosylation of secondary alcohol acceptor 98 with Troc-
protected glucosamine donor 56 yielded disaccharide 99, which
was subsequently N-acetylated to form compound 100. For the
synthesis of lipid II analogue 104, compound 100 was ozonolyzed
and reduced to primary alcohol 102, phosphorylated to form
dibenzyl phosphate 103, then debenzylated and activated with
CDI. Coupling with tetraprenyl monophosphate (C,y-P) and global
deprotection resulted in lipid II-C-OPP (104) with a 26% yield from
103 over four steps. In contrast, the synthesis of the phosphonate
analogue 107 required a modified route after the Arbuzov reaction

17802 | Chem. Commun., 2025, 61,17787-17809

failed with alcohol 102. Instead, vinyl glycoside 101 was ozono-
lyzed and reacted in situ with dibenzyl phosphite to give o-
hydroxyphosphonate 105, which was deoxygenated via the
Dolan-MacMillan approach to generate 1-C-phosphonate 106.
Following debenzylation, CDI activation, coupling with C,y-P,
and global deprotection, lipid II-C-PP (107) was obtained with a
26% yield from 106 over four steps. Notably, while the final lipid II
analogue with a 1-C-O-P linkage (104) showed significant TGase
inhibitory activity (ICs, = 25 pM), its phosphonate counterpart
(107) was inactive, illustrating how minor structural changes can
greatly influence biological activity.

The first solid-phase synthesis of lipid II was reported by
Ichikawa et al. in 2018, employing a modular 12-step strategy

This journal is © The Royal Society of Chemistry 2025
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Scheme 12 Total synthesis of Gram-positive lipid Il (1) by Cheng et al.”*

designed to efficiently construct structurally complex peptido-
glycan precursors with minimal purification steps (Scheme 15).%
The synthesis started by loading Fmoc-p-Ala-OH onto HMBA-
PEG resin to give 108, chosen for its broad solvent compatibility
and hydrophilic properties. After benzoylation to cap unreacted
hydroxyl groups, sequential Fmoc-based peptide couplings
extended the chain to form dipeptide 109 and then a tripeptide
110 with Fmoc-p-Ala and Alloc-1-Lys(Fmoc)-OH, respectively.
Allyloxycarbonyl (Alloc) deprotection followed by coupling with
Alloc-p-Glu-OBn yielded the protected tetrapeptide 111, which
was further deprotected to obtain the free amine 112. In parallel,
the GleNAc-MurNAc-Ala disaccharide phosphate 113 was synthe-
sized in four steps from known disaccharide 51,°* involving
catalytic hydrogenation to form a lactol, phosphorylation with
diallyl phosphoramidite and 5-(benzylthio)-1H-tetrazole, oxida-
tion with ‘BuOOH, and DBU-mediated deprotection of the
sulfonylethyl ester. This disaccharide phosphate was then
coupled to the resin-bound free amine 112 to give disaccharide
pentapeptide phosphate 114, a step that was complicated by

This journal is © The Royal Society of Chemistry 2025

potential epimerization at the MurNAc-Ala junction, which
was successfully prevented using PyAOP/HOAt with acridine as
a non-nucleophilic base. Clean Pd-catalyzed deallylation of 114
unmasked the phosphate, which was condensed with in situ
generated neryl phosphoryl imidazolide 115 using a triazolium
triflate activator at 50 °C, significantly enhancing diphosphor-
ylation efficiency on solid support. Final Fmoc removal and
aqueous base treatment completed the global deprotection
and resin cleavage, affording neryl-lipid II (65) with an overall
yield of 20%, demonstrating the effectiveness of solid-phase
synthesis in assembling complex peptidoglycan frameworks.
More recently, Menche et al. further advanced a synthetic
strategy for farnesyl lipid II by incorporating non-canonical
solid-phase peptide sequences that reflect the structural diversity
among Gram-positive bacteria.®* Key improvements involved
efficient sugar phosphate synthesis, a one-step process for pre-
paring farnesyl phosphate, and a stereoselective solid-phase
approach for assembling pentapeptides designed for species-
specific variants.

Chem. Commun., 2025, 61,17787-17809 | 17803
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In 2020, our team synthesized deuterium-labeled lipid I1 119  wall biosynthesis and its antibiotic targets.
undecaprenol extracted on a multigram scale from bay leaves,

(Scheme 16), creating a valuable probe to study bacterial cell
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Scheme 13 Synthesis of N-glycolyl-lipid Il (93) by Cheng et al.8°
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we identified the a-isoprene unit as the most practical site for
introducing a stable isotopic label, chemically accessible yet

still accepted by the enzymatic machinery that transforms
undecaprenol into peptidoglycans. A streamlined sequence
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Scheme 14 Synthesis of 1-C-glycoside-linked lipid Il analogues (104 and 107) by Cheng et al.®*
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Scheme 15 Solid-phase synthesis of neryl-lipid Il (65) by Ichikawa et al.8
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involving allylic oxidation of undecaprenol (41) gave the corres-
ponding aldehyde 116, followed by Luche reduction with
NaBD,/CeCl;, yielding d;-undecaprenol 117 in high yield. This
intermediate was then converted into d;-undecaprenyl phos-
phate 118, which was coupled with an activated sugar-
phosphate donor 74, prepared using our own protocol®
inspired by the Eli Lilly synthesis.®* After global deprotection,
the final product, d;-lipid II 119, was obtained. A key advantage
of this late-stage labeling strategy is its versatility, as a single
isotopically labeled precursor can be directed into various
undecaprenol-containing peptidoglycans, enabling kinetic iso-
tope effect measurements, deuterium NMR studies, and
detailed mechanistic insights into the enzymes responsible
for bacterial cell wall biosynthesis. In our most recent study,
we established a modular strategy for the total synthesis of lipid
II and its short-chain analogues, with particular emphasis on
optimizing the glycosylation step that forms the GleNAc-Mur-
NAc disaccharide core.®® Analogues prepared as part of this
study were also used to investigate the mechanism of action of
the novel lipid II-binding peptide Novltex.®”

Finally, it is worth noting that Liu et al. reported an interest-
ing synthetic route to a lipid II-like peptidoglycan oligomer
(PGO) from chitosan, offering a major simplification over con-
ventional multistep carbohydrate synthesis.*® Starting from low-
molecular-weight chitosan, the C-2 amine was temporarily pro-
tected with a phthaloyl group, while triisopropylsilyl protection
of the anomeric and primary hydroxyl groups improved solubi-
lity and synthetic control. Introduction of 2-bromopropanoate at
C-3 generated alternating GlcNAc-MurNAc motifs, closely repro-
ducing the natural repeating pattern of bacterial cell walls.
Subsequent acetylation and amide coupling with a synthetic
pentapeptide yielded a hybrid glycopeptide backbone, which
was further elaborated through phosphorylation and lipidation
to afford a tetradecanyl-linked pyrophosphate that closely
mimics lipid II. The modular nature of this route also enables
late-stage functionalization, exemplified by rhodamine conjuga-
tion via the lysine side chain of the pentapeptide, producing
fluorescent PGOs that integrate efficiently into bacterial cell
walls with minimal mammalian uptake, offering powerful tools
for real-time imaging and bacterial diagnostics.

Together, these advancements showcase the flexibility of
modern synthetic strategies in producing structurally diverse
lipid II analogues. The resulting expansion of the chemical
toolbox facilitates more precise investigations into bacterial cell
wall biosynthesis and antibiotic mechanisms.

Conclusion and future outlook

Accessing natural lipid II, along with unnatural and labelled
variants, is essential in various fields such as antibiotic discovery
and studying bacterial processes like growth, elongation, division,
and sporulation. This feature outlines three main methods for
obtaining lipid II: direct extraction from bacteria, enzymatic or
chemoenzymatic assembly using purified or partially purified
biosynthetic machinery, and total chemical synthesis. Each

This journal is © The Royal Society of Chemistry 2025
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approach offers distinct benefits and challenges. The direct
bacterial extraction, the earliest method developed, is arguably
the most straightforward in terms of operation, mainly limited by
the purification process. Its main drawbacks are that it yields only
native lipid and the recovery from cultures is typically low (often
less than a milligram). Both enzymatic and chemoenzymatic
methods successfully produce milligram-scale amounts of nat-
ural, unnatural, and labelled analogues. Their versatility is sup-
ported by enzymes like UdpK, MraY, and MurG, which can
tolerate varied lipid chain lengths and attach small chemical
labels to lysine or m-DAP in the pentapeptide. However, these
methods require high expertise to obtain the pure enzymes and
are restricted by substrate scope. Additionally, organic synthesis
skills are essential for the chemical steps involved. Total chemical
synthesis offers exceptional control over the structural diversity of
lipid II, limited mainly by available chemistries. Its modular
design facilitates scalability; our team routinely synthesizes over
10 mg of lipid II analogues, with scale primarily limited by HPLC
purification time. The main drawback is the high skill require-
ment in synthetic organic chemistry—even experienced chemists
typically spend at least a month synthesizing lipid I from
commercially available starting materials. Solid-phase synthesis
could be the most efficient option, but it faces scale limitations
due to resin-loading capacity and produces significant waste from
reagent excesses. Ultimately, the method choice depends on the
required quantity and type: small amounts of native lipid II are
best obtained through bacterial extraction, unnatural and labelled
variants via chemoenzymatic methods, and larger quantities of
diverse analogues through total chemical synthesis. Looking
ahead, the future of accessing lipid II depends on overcoming
these practical challenges. Improving enzyme engineering,
expanding substrate scopes, and incorporating automation into
chemoenzymatic workflows could significantly improve efficiency
and accessibility. Similarly, advances in solid-phase and greener
synthetic methods will be vital for scaling up total synthesis while
minimizing waste and complexity. A multidisciplinary approach
combining synthetic chemistry, enzymology, and chemical biol-
ogy will be crucial to unlocking new lipid II analogues and
accelerating progress in understanding bacterial physiology and
developing next-generation antibiotics.

Conflicts of interest

There are no conflicts to declare.

Data availability

This is a review so data availability statement is not relevant.

Acknowledgements

We thank the Biotechnology and Biological Sciences Research
Council (grant no BB/Y003187/1) for financial support.

Chem. Commun., 2025, 61,17787-17809 | 17807


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc04843e

Open Access Article. Published on 17 October 2025. Downloaded on 6/28/2026 12:09:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Feature Article

References

1

\S}

w

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

17808 |

H. Sati, E. Carrara, A. Savoldi, P. Hansen, ]J. Garlasco, E. Campagnaro,
S. Boccia, J. A. Castillo-Polo, E. Magrini, P. Garcia-Vello, E. Wool,
V. Gigante, E. Duffy, A. Cassini, B. Huttner, P. R. Pardo, M. Naghavi,
F. Mirzayev, M. Zignol, A. Cameron, E. Tacconelli and A. Umubyeyi
Nyaruhirira, Lancet Infect. Dis., 2025, 25, 1033-1043, DOI: 10.1016/
$1473-3099(25)00118-5.

S. Cotugno, E. De Vita, L. Frallonardo, R. Novara, R. Papagni,
M. Asaduzzaman, F. V. Segala, N. Veronese, E. Nicastri, A. Morea,
F. B. Farkas, B. Lakatos, R. Iatta, G. Putoto, A. Saracino and F. Di
Gennaro, Ann. Glob. Health, 2025, 91, 1-23, DOI: 10.5334/aogh.4628.
A. Asghar, A. Khalid, Z. Baqar, N. Hussain, M. Z. Saleem, S. Sairash
and K. Rizwan, Arch. Microbiol., 2024, 206, 72, DOI: 10.1007/s00203-
023-03800-9.

M. Naghavi, S. E. Vollset, K. S. Ikuta, L. R. Swetschinski, A. P. Gray,
E. E. Wool, G. Robles Aguilar, T. Mestrovic, G. Smith, C. Han,
R. L. Hsu, J. Chalek, D. T. Araki, E. Chung, C. Raggi, A. Gershberg
Hayoon, N. Davis Weaver, P. A. Lindstedt, A. E. Smith, U. Altay,
N. V. Bhattacharjee, K. Giannakis, F. Fell, B. McManigal, N. Ekapirat,
J. A. Mendes, T. Runghien, O. Srimokla and C. J. L. Murray, et al.,
Lancet, 2024, 404, 1199-1226, DOI: 10.1016/S0140-6736(24)01867-1.
K. W. K. Tang, B. C. Millar and J. E. Moore, Br. J. Biomed. Sci., 2023,
80, 11387, DOI: 10.3389/bjbs.2023.11387.

A. J. Schaenzer and G. D. Wright, Trends Mol. Med., 2020, 26,
768-782, DOL: 10.1016/j.molmed.2020.05.001.

G. Wright, Adv. Drug Delivery Rev., 2005, 57, 1451-1470, DOI:
10.1016/j.addr.2005.04.002.

G. V. Nevarez-Moorillon, N. Davati and A. Ghorbani, PLoS One, 2024,
19, 0311434, DOI: 10.1371/journal.pone.0311434.

H. Lade and J.-S. Kim, Antibiotics, 2021, 10, 398, DOI: 10.3390/
antibiotics10040398.

P. Sarkar, V. Yarlagadda, C. Ghosh and J. Haldar, MedChemComm,
2017, 8, 516-533, DOI: 10.1039/c6md00585c.

M. S. Butler, K. A. Hansford, M. A. T. Blaskovich, R. Halai and
M. A. Cooper, J. Antibiot., 2014, 67, 631-644, DOI: 10.1038/
ja.2014.111.

S. Jovetic, Y. Zhu, G. L. Marcone, F. Marinelli and J. Tramper, Trends
Biotechnol., 2010, 28, 596-604, DOI: 10.1016/j.tibtech.2010.09.004.
D. L. Boger, Med. Res. Rev., 2001, 21, 356-381, DOI: 10.1002/
med.1014.

S. Somma, L. Gastaldo and A. Corti, Antimicrob. Agents Chemother.,
1984, 26, 917-923, DOI: 10.1128/aac.26.6.917.

J. V. Heijenoort, Glycobiology, 2001, 11, 25R-36R, DOI: 10.1093/
glycob/11.3.25R.

R. E. Burge, A. G. Fowler and D. A. Reaveley, J. Mol. Biol., 1977, 117,
927-953, DOIL: 10.1016/s0022-2836(77)80006-5.

A. Miiller, A. Klockner and T. Schneider, Nat. Prod. Rep., 2017, 34,
909-932, DOI: 10.1039/c7np00012j.

D. Miinch and H.-G. Sahl, Biochim. Biophys. Acta, Biomembr., 2015,
1848, 3062-3071, DOI: 10.1016/j.bbamem.2015.04.014.

A. Gautam, R. Vyas and R. Tewari, Crit. Rev. Biotechnol., 2010, 31,
295-336, DOI: 10.3109/07388551.2010.525498.

J. V. Heijenoort, Nat. Prod. Rep., 2001, 18, 503-519, DOI: 10.1039/
A804532A.

A. Typas, M. Banzhaf, C. A. Gross and W. Vollmer, Nat. Rev.
Microbiol., 2012, 10, 123-136, DOI: 10.1038/nrmicro2677.

N. Ruiz, Proc. Natl. Acad. Sci. U. S. A., 2008, 105, 15553-15557, DOI:
10.1073/pnas.0808352105.

A.]. Egan, J. Biboy, I. van’t Veer, E. Breukink and W. Vollmer, Philos.
Trans. R. Soc., B, 2015, 370, 20150031, DOI: 10.1098/rstb.2015.0031.
J. van Heijenoort, Microbiol. Mol. Biol. Rev., 2007, 71, 620-635, DOI:
10.1128/mmbr.00016-07.

E. Breukink and B. de Kruijff, Nat. Rev. Drug Discovery, 2006, 5,
321-323, DOI: 10.1038/nrd2004.

Y. Qiao, V. Srisuknimit, F. Rubino, K. Schaefer, N. Ruiz, S. Walker
and D. Kahne, Nat. Chem. Biol., 2017, 13, 793-798, DOI: 10.1038/
nchembio.2388.

K. H. Schleifer and O. Kandler, Bacteriol. Rev., 1972, 36, 407-477,
DOI: 10.1128/br.36.4.407-477.1972.

N. P. Buijs, E. J. Matheson, S. A. Cochrane and N. I. Martin, Chem.
Commun., 2023, 59, 7685-7703, DOI: 10.1039/D3CC01070H.

S. Kumar, A. Mollo, D. Kahne and N. Ruiz, Chem. Rev., 2022, 122,
8884-8910, DOI: 10.1021/acs.chemrev.1¢c00773.

Chem. Commun., 2025, 61, 17787-17809

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

View Article Online

ChemComm

J. Medeiros-Silva, S. Jekhmane, E. Breukink and M. Weingarth,
ChemBioChem, 2019, 20, 1731-1738, DOI: 10.1002/cbic.201800796.
V. Ng and W. C. Chan, Chem. - Eur. J., 2016, 22, 1260612616, DOI:
10.1002/chem.201601315.

R. M. Epand, C. Walker, R. F. Epand and N. A. Magarvey, Biochim.
Biophys. Acta, Biomembr., 2016, 1858, 980-987, DOI: 10.1016/
j-bbamem.2015.10.018.

S. F. Oppedijk, N. I. Martin and E. Breukink, Biochim. Biophys. Acta,
Biomembr., 2016, 1858, 947-957, DOI: 10.1016/j.bbamem.2015.10.024.
C. Braun, L. M. Wingen and D. Menche, Nat. Prod. Rep., 2023, 40,
1718-1734, DOIL: 10.1039/D3NP00018D.

C. M. Vacariu and M. E. Tanner, Chem.
28, 202200788, DOIL: 10.1002/chem.202200788.
Y. van Heijenoort, M. Gémez, M. Derrien, J. Ayala and J. van
Heijenoort, J. Bacteriol., 1992, 174, 3549-3557, DOI: 10.1128/
jb.174.11.3549-3557.1992.

J. N. Umbreit and J. L. Strominger, J. Bacteriol., 1972, 112, 1306-1309.
Z. Guan, S. D. Breazeale and C. R. H. Raetz, Anal. Biochem., 2005,
345, 336-339, DOI: 10.1016/j.ab.2005.07.002.

Y. Qiao, M. D. Lebar, K. Schirner, K. Schaefer, H. Tsukamoto,
D. Kahne and S. Walker, J. Am. Chem. Soc., 2014, 136,
14678-14681, DOI: 10.1021/ja508147s.

D. C. McPherson and D. L. Popham, J. Bacteriol., 2003, 185,
1423-1431, DOI: 10.1128/jb.185.4.1423-1431.2003.

T. J. Silhavy, D. Kahne and S. Walker, Cold Spring Harbor Perspect.
Biol., 2010, 2, a000414, DOI: 10.1101/cshperspect.a000414.

L. Chen, D. Walker, B. Sun, Y. Hu, S. Walker and D. Kahne, Proc.
Natl. Acad. Sci. U. S. A., 2003, 100, 5658-5663, DOI: 10.1073/
pnas.0931492100.

G. Auger, M. Crouvoisier, M. Caroff, J. van Heijenoort and D. Blanot,
Lett. Pept. Sci., 1997, 4, 371-376, DOL: 10.1007/BF02442902.

B. Flouret, D. Mengin-Lecreulx and J. van Heijenoort, Anal. Biochem.,
1981, 114, 59-63, DOI: 10.1016/0003-2697(81)90451-6.

G. Auger, ]J. van Heijenoort, D. Mengin-Lecreulx and D. Blanot,
FEMS Microbiol. Lett., 2003, 219, 115-119, DOI: 10.1016/s0378-
1097(02)01203-x.

H. Men, P. Park, M. Ge and S. Walker, J. Am. Chem. Soc., 1998, 120,
2484-2485, DOI: 10.1021/ja974221p.

X.-Y. Ye, M.-C. Lo, L. Brunner, D. Walker, D. Kahne and S. Walker,
J. Am. Chem. Soc., 2001, 123, 3155-3156, DOL: 10.1021/ja010028q.
L. M. Wingen, M. Rausch, T. Schneider and D. Menche, J. Org.
Chem., 2020, 85, 10206-10215, DOI: 10.1021/acs.joc.0c01004.

E. Breukink, H. E. van Heusden, P. J. Vollmerhaus, E. Swiezewska,
L. Brunner, S. Walker, A. J. R. Heck and B. de Kruijff, J. Biol. Chem.,
2003, 278, 19898-19903, DOI: 10.1074/jbc.M301463200.

E. Swiezewska, W. Sasak, T. Mankowski, W. Jankowski, T. Vogtman,
I. Krajewska, J. Hertel, E. Skoczylas and T. Chojnacki, Acta Biochim.
Pol., 1994, 41, 221-260.

L. L. Danilov, T. N. Druzhinina, N. A. Kalinchuk, S. D. Maltsev and
V. N. Shibaev, Chem. Phys. Lipids, 1989, 51, 191-203, DOIL: 10.1016/
0009-3084(89)90006-6.

V. Van Dam, R. Sijbrandi, M. Kol, E. Swiezewska, B. De Kruijff and
E. Breukink, Mol. Microbiol., 2007, 64, 1105-1114, DOIL: 10.1111/
j-1365-2958.2007.05722.X.

M. D. Lebar, T. J. Lupoli, H. Tsukamoto, J. M. May, S. Walker and D. Kahne,
J. Am. Chem. Soc., 2013, 135, 4632-4635, DOL: 10.1021/ja312510m.

L.-Y. Huang, S.-H. Huang, Y.-C. Chang, W.-C. Cheng, T.-J. R. Cheng
and C.-H. Wong, Angew. Chem., Int. Ed., 2014, 53, 8060-8065, DOI:
10.1002/anie.201402313.

B. R. Baker, C. M. Ives, A. Bray, M. Caffrey and S. A. Cochrane, Eur.
J. Med. Chem., 2021, 210, 113062, DOI: 10.1016/j.ejmech.2020.113062.
G. Zhao, W. Guan, L. Cai and P. G. Wang, Nat. Protoc., 2010, 5,
636-646, DOI: 10.1038/nprot.2010.3.

M. Kurosu, S. Mahapatra, P. Narayanasamy and D. C. Crick, Tetra-
hedron Lett., 2007, 48, 799-803, DOI: 10.1016/j.tetlet.2006.11.160.
K. M. Koeller and C.-H. Wong, Nature, 2001, 409, 232-240, DOI:
10.1038/35051706.

S. G. Reddy, S. T. Waddell, D. W. Kuo, K. K. Wong and D. L. Pompliano,
J. Am. Chem. Soc., 1999, 121, 1175-1178, DOIL: 10.1021/ja983850b.

B. Schwartz, J. A. Markwalder and Y. Wang, J. Am. Chem. Soc., 2001,
123, 11638-11643, DOI: 10.1021/ja0166848.

M. S. VanNieuwenhze, S. C. Mauldin, M. Zia-Ebrahimi, B. E. Winger,
W. ]. Hornback, S. L. Saha, J. A. Aikins and L. C. Blaszczak, J. Am.
Chem. Soc., 2002, 124, 3656-3660, DOI: 10.1021/ja017386d.

- Eur. J., 2022,

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1016/s1473-3099(25)00118-5
https://doi.org/10.1016/s1473-3099(25)00118-5
https://doi.org/10.5334/aogh.4628
https://doi.org/10.1007/s00203-023-03800-9
https://doi.org/10.1007/s00203-023-03800-9
https://doi.org/10.1016/S0140-6736(24)01867-1
https://doi.org/10.3389/bjbs.2023.11387
https://doi.org/10.1016/j.molmed.2020.05.001
https://doi.org/10.1016/j.addr.2005.04.002
https://doi.org/10.1371/journal.pone.0311434
https://doi.org/10.3390/antibiotics10040398
https://doi.org/10.3390/antibiotics10040398
https://doi.org/10.1039/c6md00585c
https://doi.org/10.1038/ja.2014.111
https://doi.org/10.1038/ja.2014.111
https://doi.org/10.1016/j.tibtech.2010.09.004
https://doi.org/10.1002/med.1014
https://doi.org/10.1002/med.1014
https://doi.org/10.1128/aac.26.6.917
https://doi.org/10.1093/glycob/11.3.25R
https://doi.org/10.1093/glycob/11.3.25R
https://doi.org/10.1016/s0022-2836(77)80006-5
https://doi.org/10.1039/c7np00012j
https://doi.org/10.1016/j.bbamem.2015.04.014
https://doi.org/10.3109/07388551.2010.525498
https://doi.org/10.1039/A804532A
https://doi.org/10.1039/A804532A
https://doi.org/10.1038/nrmicro2677
https://doi.org/10.1073/pnas.0808352105
https://doi.org/10.1098/rstb.2015.0031
https://doi.org/10.1128/mmbr.00016-07
https://doi.org/10.1038/nrd2004
https://doi.org/10.1038/nchembio.2388
https://doi.org/10.1038/nchembio.2388
https://doi.org/10.1128/br.36.4.407-477.1972
https://doi.org/10.1039/D3CC01070H
https://doi.org/10.1021/acs.chemrev.1c00773
https://doi.org/10.1002/cbic.201800796
https://doi.org/10.1002/chem.201601315
https://doi.org/10.1016/j.bbamem.2015.10.018
https://doi.org/10.1016/j.bbamem.2015.10.018
https://doi.org/10.1016/j.bbamem.2015.10.024
https://doi.org/10.1039/D3NP00018D
https://doi.org/10.1002/chem.202200788
https://doi.org/10.1128/jb.174.11.3549-3557.1992
https://doi.org/10.1128/jb.174.11.3549-3557.1992
https://doi.org/10.1016/j.ab.2005.07.002
https://doi.org/10.1021/ja508147s
https://doi.org/10.1128/jb.185.4.1423-1431.2003
https://doi.org/10.1101/cshperspect.a000414
https://doi.org/10.1073/pnas.0931492100
https://doi.org/10.1073/pnas.0931492100
https://doi.org/10.1007/BF02442902
https://doi.org/10.1016/0003-2697(81)90451-6
https://doi.org/10.1016/s0378-1097(02)01203-x
https://doi.org/10.1016/s0378-1097(02)01203-x
https://doi.org/10.1021/ja974221p
https://doi.org/10.1021/ja010028q
https://doi.org/10.1021/acs.joc.0c01004
https://doi.org/10.1074/jbc.M301463200
https://doi.org/10.1016/0009-3084(89)90006-6
https://doi.org/10.1016/0009-3084(89)90006-6
https://doi.org/10.1111/j.1365-2958.2007.05722.x
https://doi.org/10.1111/j.1365-2958.2007.05722.x
https://doi.org/10.1021/ja312510m
https://doi.org/10.1002/anie.201402313
https://doi.org/10.1016/j.ejmech.2020.113062
https://doi.org/10.1038/nprot.2010.3
https://doi.org/10.1016/j.tetlet.2006.11.160
https://doi.org/10.1038/35051706
https://doi.org/10.1021/ja983850b
https://doi.org/10.1021/ja0166848
https://doi.org/10.1021/ja017386d
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc04843e

Open Access Article. Published on 17 October 2025. Downloaded on 6/28/2026 12:09:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

62 S. L. Saha, M. S. Van Nieuwenhze, W. J. Hornback, J. A. Aikins and
L. C. Blaszczak, Org. Lett., 2001, 3, 3575-3577, DOI: 10.1021/01016692t.

63 S. A. Hitchcock, C. N. Eid, J. A. Aikins, M. Zia-Ebrahimi and L. C. Blaszczak,
J. Am. Chem. Soc., 1998, 120, 1916-1917, DOI: 10.1021/ja973172d.

64 T.-W. Hsu and ].-M. Fang, Analyst, 2021, 146, 5843-5847, DOI:
10.1039/d1an00941a.

65 R. D. Ballantine, Y.-X. Li, P.-Y. Qian and S. A. Cochrane, Chem.
Commun., 2018, 54, 10634-10637, DOI: 10.1039/C8CC05790G.

66 S. Dumbre, A. Derouaux, E. Lescrinier, A. Piette, B. Joris, M. Terrak
and P. Herdewijn, J. Am. Chem. Soc., 2012, 134, 9343-9351, DOLI:
10.1021/§a302099u.

67 C.-Y. Huang, H.-W. Shih, L.-Y. Lin, Y.-W. Tien, T.-J. R. Cheng, W.-
C. Cheng, C.-H. Wong and C. Ma, Proc. Natl. Acad. Sci. U. S. A., 2012,
109, 6496-6501, DOI: 10.1073/pnas.1203900109.

68 S. A. Cochrane, B. Findlay, A. Bakhtiary, J. Z. Acedo, E. M. Rodriguez-
Lopez, P. Mercier and J. C. Vederas, Proc. Natl. Acad. Sci. U. S. A.,
2016, 113, 11561-11566, DOI: 10.1073/pnas.1608623113.

69 Y. Y. Dong, H. Wang, A. C. W. Pike, S. A. Cochrane, S. Hamedzadeh,
F. J. Wyszynski, S. R. Bushell, S. F. Royer, D. A. Widdick, A. Sajid,
H. I. Boshoff, Y. Park, R. Lucas, W.-M. Liu, S. S. Lee, T. Machida,
L. Minall, S. Mehmood, K. Belaya, W.-W. Liu, A. Chu, L. Shrestha,
S. M. M. Mukhopadhyay, C. Strain-Damerell, R. Chalk, N. A. Burgess-
Brown, M. J. Bibb, C. E. Barry lii and E. P. Carpenter, et al., Cell, 2018,
175, 1045-1058.1016, DOI: 10.1016/j.cell.2018.10.037.

70 K. Mitachi, P. Mohan, S. Siricilla and M. Kurosu, Chem. — Eur. J.,
2014, 20, 4554-4558, DOI: 10.1002/chem.201400307.

71 C.-Y. Liu, C.-W. Guo, Y.-F. Chang, J.-T. Wang, H.-W. Shih, Y.-F. Hsu,
C.-W. Chen, S.-K. Chen, Y.-C. Wang, T.J. R. Cheng, C. Ma,
C.-H. Wong, J.-M. Fang and W.-C. Cheng, Org. Lett., 2010, 12,
1608-1611, DOI: 10.1021/01100338v.

72 Y-F. Chang, C.-Y. Liu, C-W. Guo, Y.-C. Wang, J-M. Fang and W.-C.
Cheng, J. Org. Chem., 2008, 73, 7197-7203, DOI: 10.1021/j08010182.

73 H.-W. Shih, K.-T. Chen, T.-J. R. Cheng, C.-H. Wong and W.-C. Cheng,
Org. Lett., 2011, 13, 4600-4603, DOI: 10.1021/01201806d.

74 T. K. Ritter, K. K. T. Mong, H. Liu, T. Nakatani and C. H. Wong,
Angew. Chem., Int. Ed., 2003, 42, 4657-4660, DOIL: 10.1002/
anie.200351534.

75 K.-K. T. Mong and C.-H. Wong, Angew. Chem., Int. Ed., 2002, 41,
4087-4090, DOIL  10.1002/1521-3773(20021104)41:21 < 4087::Aid-
anie4087 = 3.0.Co;2-x.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Feature Article

76 Z. Zhang, 1. R. Ollmann, X.-S. Ye, R. Wischnat, T. Baasov and
C.-H. Wong, J. Am. Chem. Soc., 1999, 121, 734-753, DOIL: 10.1021/
ja982232s.

77 R. C. Hoye, A. S. Baigorria, M. E. Danielson, A. A. Pragman and
H. A. Rajapakse, J. Org. Chem., 1999, 64, 2450-2453, DOIL: 10.1021/
j0982260t.

78 M. S. VanNieuwenhze, S. C. Mauldin, M. Zia-Ebrahimi, ]J. A. Aikins
and L. C. Blaszczak, J. Am. Chem. Soc., 2001, 123, 6983-6988, DOI:
10.1021/ja0160820.

79 H. W. Shih, Y. F. Chang, W. J. Li, F. C. Meng, C. Y. Huang, C. Ma,
T. ]J. R. Cheng, C. H. Wong and W. C. Cheng, Angew. Chem., Int. Ed.,
2012, 51, 10123-10126, DOI: 10.1002/anie.201204038.

80 F.-C. Meng, K.-T. Chen, L.-Y. Huang, H.-W. Shih, H.-H. Chang,
F.-Y. Nien, P.-H. Liang, T.J. R. Cheng, C.-H. Wong and W.-C.
Cheng, Org. Lett., 2011, 13, 5306-5309, DOIL: 10.1021/012021687.

81 C.K.Lin, K. T. Chen, C. M. Hu, W. Y. Yun and W. C. Cheng, Chem. -
Eur. J., 2015, 21, 7511-7519, DOI: 10.1002/chem.201406629.

82 R. Patnam, J. M. Juarez-Ruiz and R. Roy, Org. Lett., 2006, 8,
2691-2694, DOI: 10.1021/01060671n.

83 A. Katsuyama, K. Sato, F. Yakushiji, T. Matsumaru and S. Ichikawa,
Chem. Pharm. Bull., 2018, 66, 84-95, DOI: 10.1248/cpb.c17-00828.

84 L. M. Wingen, C. Braun, M. Rausch, H. Gross, T. Schneider and
D. Menche, RSC Adv., 2022, 12, 15046-15069, DOI 10.1039/
D2RA01915A.

85 R. V. K. Cochrane, F. M. Alexander, C. Boland, S. K. Fetics,
M. Caffrey and S. A. Cochrane, Chem. Commun., 2020, 56,
8603-8606, DOI: 10.1039/D0CC03388]J.

86 M. Karak, C. R. Cloonan, B. R. Baker, R. V. K. Cochrane and
S. A. Cochrane, Beilstein J. Org. Chem., 2024, 20, 220-227, DOI:
10.3762/bjoc.20.22.

87 E.Malkawi, A. Parmar, S. Das, E. Newire, C. M. Jones, K. A. Morrison,
M. Karak, F. Blanc, N. Harper, R. Lakshminarayanan, Z. S. Poh,
N. K. Verma, J. Unsworth, D. E. Hughes, L. L. Ling, S. A. Cochrane,
W. Hope and I. Singh, J. Med. Chem., 2025, 68, 19143-19152, DOI:
10.1021/acs.jmedchem.5¢01193.

88 J.-X. He, K. Le Mai Hoang, S. H. Kho, Z. Guo, W. Zhong,
K. R. Venkata Thappeta, R. Zamudio-Vazquez, S. N. Hoo,
Q. Xiong, H. Duan, L. Yang, M. B. Chan-Park and X.-W. Liu, Chem.
Sci., 2020, 11, 3171-3179, DOI: 10.1039/c9sc06345€.

Chem. Commun., 2025, 61,17787-17809 | 17809


https://doi.org/10.1021/ol016692t
https://doi.org/10.1021/ja973172d
https://doi.org/10.1039/d1an00941a
https://doi.org/10.1039/C8CC05790G
https://doi.org/10.1021/ja302099u
https://doi.org/10.1073/pnas.1203900109
https://doi.org/10.1073/pnas.1608623113
https://doi.org/10.1016/j.cell.2018.10.037
https://doi.org/10.1002/chem.201400307
https://doi.org/10.1021/ol100338v
https://doi.org/10.1021/jo8010182
https://doi.org/10.1021/ol201806d
https://doi.org/10.1002/anie.200351534
https://doi.org/10.1002/anie.200351534
https://doi.org/10.1002/1521-3773(20021104)41:21&z.dbdsr;4087::Aid-anie4087&z.dbdsl;3.0.Co;2-x
https://doi.org/10.1002/1521-3773(20021104)41:21&z.dbdsr;4087::Aid-anie4087&z.dbdsl;3.0.Co;2-x
https://doi.org/10.1021/ja982232s
https://doi.org/10.1021/ja982232s
https://doi.org/10.1021/jo982260t
https://doi.org/10.1021/jo982260t
https://doi.org/10.1021/ja016082o
https://doi.org/10.1002/anie.201204038
https://doi.org/10.1021/ol2021687
https://doi.org/10.1002/chem.201406629
https://doi.org/10.1021/ol060671n
https://doi.org/10.1248/cpb.c17-00828
https://doi.org/10.1039/D2RA01915A
https://doi.org/10.1039/D2RA01915A
https://doi.org/10.1039/D0CC03388J
https://doi.org/10.3762/bjoc.20.22
https://doi.org/10.1021/acs.jmedchem.5c01193
https://doi.org/10.1039/c9sc06345e
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc04843e



