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MINIREVIEW WILEY-VCH

New found hope for antibiotic discovery: lipid II inhibitors
Vivian Ng and Weng C. Chan*®




Abstract:

Research into antibacterial agents has recently gathered pace in
light of the disturbing crisis of antimicrobial resistance.
Development of modern tools offers opportunity of reviving the
fallen era of antibacterial discovery through uncovering novel
lead compounds that target vital bacterial cell components, such
as lipid II. This paper provides a summary of the role of lipid Il as
well as an overview and insight into the structural features of
macrocyclic peptides that inhibit this bacterial cell wall
component. The recent discovery of teixobactin, a new class of
lipid Il inhibitor has generated substantial research interests. As
such, the significant progress that has been achieved towards its
development as a promising antibacterial agent is discussed.

1. Introduction
1.1. Past, present and future of antibiotics

For centuries, bacterial infections have troubled mankind and
their history could be traced all the way back to ancient Egypt.
Mouldy jam and bread were often used in folk medicine as
poultice on wounds without understanding the antibacterial
nature of moulds." In 1930s, the discovery of penicillin by
Alexander Fleming heralded the dawn of a new era for
controlling previously fatal bacterial infections, saving numerous
lives.? Intensive research soon followed that led to the
discovery of other antibiotics, such as streptomycin and
tetracycline.®® However, as predicted by Paul Ehrlich,
resistance tends to follow a medicine development like a “faithful
shadow”."®! The widespread misuse of antibacterial agents have
contributed to the emergence of resistant bacterial strains within
just a few years after their clinical introduction.’®~®!

Antimicrobial resistance (AMR), which could be either
intrinsic or acquired, remains an increasingly serious global
threat with far-reaching clinical and cost implications.!
Clinically important antibiotic-resistant pathogens include
Staphylococcus aureus, Pseudomonas aeruginosa and
Enterococcus faecium.'"® Treatment  failure and prolonged
illnesses inevitably lead to greater healthcare expenditure and
higher mortality rate."™ On top of that, significant medical
breakthroughs such as organ transplantation and invasive
surgeries which rely heavily on the use of antibiotics are now
threatened by AMR."? A recent evaluation of this crisis has
estimated that AMR would lead to 300 million premature death
and a global economic cost of $100 ftrillion over the next three
decades."*'¥

Unfortunately, the situation is further complicated by a
decline in the introduction of novel antibiotics (Figure 1). The
“golden age” (1940s — 1960s) saw the discovery of most of the
antibiotics in clinic today through exploitation of cultivable soil
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microbes (Waksman platform).">'® However, this era crumbled
by the end of 1960s as no new compounds with significantly
different molecular scaffold and/or mechanism-of-action from
existing agents were uncovered from this limited resource of soil
bacteria."*'"! Scientists began to employ synthetic approaches
but bacterial cell envelopes have proven to be a huge hurdle for
the synthetic compounds.'®"® Attempts to overcome cell
membrane penetration and efflux issues by formulating
sophisticated drug delivery systems have not yielded
satisfactory clinical results.!"” The unfavourable financial return
eventually caused pharmaceutical companies to shift their
research focus to other diseases.!""' As feared by scientific
community and healthcare professionals, the post-antibiotic age
may now be upon us with the detection of pathogenic bacterial
strains being resistant to colistin, the last antibiotic on the
shelf.l'”
Golden age of discovery

Quinolones
Streptogamins
Lincgsamides

Cycliclipopeptides

B-lactams Oxazolidinones

Sulfonamides Chloramphenicol ~ ©2p in innovation

Tetracyclines
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Glycopeptides
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Figure 1. Antibiotic discovery timeline showing the golden era and the gap
where no new structurally or functionally distinct antibiotics were found.”'®
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Despite the seemingly discouraging circumstances, Ling et al.
brought exciting news to address this global predicament
through their work on uncultured bacteria."® Over 99% of soil
bacteria in nature are uncultured which reflects their inability to
grow on laboratory media.''” These microbes thus represent an
untapped reservoir of valuable compounds.''®* A multichannel
device known as the isolation chip (iChip)?" was utilised by the
research group to isolate and grow individual bacterial cell in
miniature chambers. Prior to returning it to the soil, the device
was covered with two semi-permeable membranes so that the
cells could receive the environmental nutrients and growth
factors needed for viability. Following incubation, the bacterial
colonies were grown in vitro and their extracts were screened for
antibacterial activity. The hard work paid off with the discovery of
teixobactin which is isolated from a newly identified Gram-
negative  B-proteobacteria,  Eleftheria  terrae.'* 6202223
Significantly, teixobactin is a potent inhibitor of lipid Il, an
essential component for the bacterial biosynthesis of cross-
linked peptidoglycan.''®

Therefore, all is not lost in the battle against bacterial
infections as modern tools offer great opportunity to revive the
old ways of discovering therapeutic compounds from the huge
diversity of soil microorganisms."®?" This mini-review thus
provides an overview and an update on different classes of lipid
lI-targeting peptide antibiotics, particularly their chemical and
structural aspects, as they are likely to revolutionise the
treatment of bacterial infections.

2. Targeting the central
peptidoglycan synthesis

component of

2.1 Bacterial cell wall synthesis

Bacterial cell wall, a unique structure crucial for cell survival and
integrity, has long been validated as a prominent target for
antimicrobials.?**® Its main structural component known as
peptidoglycan provides bacteria with the mechanical strength to
withstand high intracellular osmotic pressure.”®?”! Peptidoglycan
is a polymer made up of linear chains of alternating N-
acetylglucosamine  (GIcNAc) and  N-acetylmuramic acid
(MurNAc) amino sugars coupled together by a B-1,4-glycosidic
bond.?® A pentapeptide domain, the sequence of which
depends on the species of bacteria, is attached to the N-terminal
carboxyl moiety of the MurNAc sugar.?**"! The pentapeptide L-
Ala-D-y-Glu-L-Lys-D-Ala-D-Ala is typically present in most Gram-
positive pathogens.?**2% Cross-linking of the glycan chains is
then achieved through sidechain-to-backbone amide bond
formation between strands of pentapeptide domains.**~%
Bacterial cell wall biosynthesis is highly complex, with
multiple components and numerous tightly coordinated
enzymatic reactions (Figure 2).°“ The two-stage process of
peptidoglycan subunit synthesis begins with the assembly of
UDP-MurNAc-pentapeptide  precursor from  UDP-GIcNAc
through a series of steps catalysed by MurA-F synthetases in
cytoplasmic — side.”® UDP-MurNAc-pentapeptide is then
transferred by MraY translocase to the 11-subunit membrane-
embedded undecaprenyl phosphate, thereby producing an
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intermediate called lipid I. Following the coupling of GIcNAc to
lipid 1, lipid Il is formed which carries the complete peptidoglycan
subunit (GIcNAc-MurNAc-pentapeptide) that is attached to
undecaprenyl phosphate via a pyrophosphate moiety.”*034
During the second stage, lipid Il is flipped by Murd or FtsW
flippase to the periplasmic side of inner membrane 2%
Subsequently, lipid Il is incorporated into growing cell wall
through transglycosylation and transpeptidation reactions
catalysed by the two catalytic domains of penicillin-binding
proteins (PBPs).?** The released undecaprenyl pyrophosphate
is then shuttled back to the cytosolic face where it is
dephosphorylated back into its monophosphate form to be

Lipid Il

Transglycosylation and
transpeptidation reactions

Undecaprenyl phosphate ~[ % %

Cytoplasm g g /
MurA-F MraY MurG & MurJ or
uor~{(/)) — upp~E) —2ts EDTEN) Fsw
UDP-GIcNAc

UDP-MurNAc-pentapeptide Lipid | Lipid II

PBPs

Periplasm

recycled for the next synthesis cycle.?” 3447

Figure 2. Bacterial cell wall synthesis involves a complex series of enzymatic
reactions. Lipid | is produced when the assembled UDP-MurNAc-pentapeptide
is attached to the membrane-embedded undecaprenyl phosphate. Another
UDP-GIcNAc molecule is transferred to lipid I, thus forming lipid Il which is
then flipped across the membrane to the periplasmic face where it can be
incorporated into the peptidoglycan layer through transglycosylation and
transpeptidation reactions.

2.2 Lipid Il as the therapeutic target

Among the cell wall components, lipid Il is one of the most highly
sought-after targets for antimicrobials (Figure 3).2**"! Despite
being an essential peptidoglycan precursor, a limited amount of
lipid Il can be synthesised at a time since there are only
approximately 2 x 10° undecaprenyl phosphate molecules
present in each cell.?>***3 To keep up with the rapid growth of
peptidoglycan layer, each lipid Il molecule must have a high
turnover rate.” The lipid Il cycle is thus considered to be the
rate-limiting step in peptidoglycan biosynthesis, thereby making

HO Lantibiotics, ramoplanin,
AcHN [9) defensins
HO d o o
o "%o AcHN O*ILT"

Il_-AIa o)
p-GIu
|T-Lys
P'Ala} Vancomycin 1
D-Ala

this lipid intermediate an attractive antibiotic target.**4*!

Figure 3. The chemical structure of lipid Il (1) and binding sites of several lipid

Il inhibitors. The pentapeptide sequence in Gram-positive bacteria is shown.



The localisation of lipid Il on the outside of bacterial
cytoplasmic membrane allows it to be easily targeted by
antimicrobial agents. In addition, its structural complexity offers
several potential binding sites for antibiotics.””’ The
pentapeptide domain apparently adopts an upright position and
points away from the surface of phospholipid bilayer.**!
Meanwhile, the anchoring of its undecaprenyl phosphate in the
membrane  strategically places the negatively-charged
pyrophosphate at the bilayer interface where ionic interactions
with positively-charged residues or compounds can be easily
formed."" These groups therefore serve as attractive binding
motifs for lipid 1l inhibitors."* Furthermore, lipid Il composition is
unique within the bacterial kingdom, thereby preventing possible
toxic effect of lipid Il binders on mammalian cells.?"#64"!

Research with lipid Il was initially restricted by its low
abundance and the laborious isolation and purification
processes involved.“®*? However, the availability of membrane
enzymes and the attractiveness of lipid Il as an antimicrobial
target have driven the development of chemical,
chemoenzymatic and enzymatic strategies to prepare lipid 11.°%
%3 The enzymatic approach utilises MraY and MurG activities of
membrane preparations to synthesise lipid Il in the presence of
undecaprenyl phosphate, UDP-MurNAC-pentapeptide and UDP-
GIcNAc. As both enzymes have narrow substrate specificity, this
method is highly effective and can be easily scaled up.®%*5* On
the other hand, chemical synthesis enables various structural
alterations of lipid Il that cannot be achieved with MraY and
MurG.?"*? |ts main drawback is the costly chemical reagents.
Alternatively, a combination of chemical and enzymatic
procedures can be utilised whereby purified MurG is used to
convert chemically-synthesised lipid | to lipid 1155 The
development of these methods for the preparation of lipid Il
facilitates the identification and detailed studies of lipid Il
inhibitors; the choice of preparation of lipid Il relies primarily on
the lipid Il variant that is needed.® The interaction of
antibacterial agents with lipid Il can then be investigated via co-
incubation of these compounds with the purified lipid Il, followed
by extraction and analysis using thin-layer chromatography.!®*!

3. Lipid Il inhibitors as therapeutic agents
3.1 Progress over the last 60 years

The highly dynamic lipid Il is the target of several classes of
antibiotics that home in  on different parts of the
molecule.?>3%3%%1 The first discovered example of lipid II
inhibitor is vancomycin 2, a glycopeptide which is used as the
last-line treatment for problematic Gram-positive organisms,
such as methicillin-resistant S. aureus (MRSA).®® As shown in
Figure 4, it binds to the C-terminal D-Ala-D-Ala of the
pentapeptide.”*®% By forming a stable complex with lipid II
through five hydrogen bonds and hydrophobic interactions,
vancomycin sterically shields this lipid intermediate from PBPs
and prevents its subsequent incorporation into the growing
peptidoglycan network.®"®2 Bacteria eventually succumb to the
high internal osmotic pressure due to weakened cell wall.!"”
However, despite the initial excitement of vancomycin being
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effective against resistant bacteria when it was introduced in
1953, vancomycin-insensitive strains have now surfaced through
horizontal gene transfer.??®® The clinical resistance can be
attributed to operons encoding proteins that mediate the
enzymatic replacement of terminal D-Ala with D-Lac or D-Ser,
producing low-affinity peptidoglycan building blocks.®** The
resulting D-Ala-D-Lac and D-Ala-D-Ser dipeptide motifs reduce
the affinity of vancomycin through the loss of a crucial hydrogen
bond and the formation of steric hindrance, respectively.®*26559

OH
NH,
Cl 2
(0]
(o]
N- N /
3 Q

0]

IZ

H N\ouNH

Figure 4. Hydrogen bonds (dotted lines) between vancomycin (2) and D-Ala-
D-Ala of lipid 11.*?

The clinical challenges of vancomycin-resistant
staphylococci and enterococci raised research interests into
semisynthetic glycopeptide variants, such as oritavancin and
telavancin, which also bind to the C-terminus dipeptide.®"®®
These agents, however, contain extra hydrophobic residues
which increase their amphiphilicity.** For example, oritavancin 3
carries both 4-epi-vancosamine and 4’-chlorobiphenyl methyl
moieties that form additional interactions with the peptidyl cross
bridge and D-y-GIn of lipid Il, thus compensating for the lost
hydrogen bond observed in vancomycin-resistant strains (Figure
5).12%% As such, oritavancin showed enhanced antibacterial
potency against MRSA and other vancomycin-insensitive
bacteria.’®""

H \.NH

Figure 5. Chemical structure of oritavancin (3), with its extra hydrophobic side
chains.



Besides that, the issue with vancomycin resistance
revealed binding sites that are prone to mutations and
highlighted the need for antibiotics that exploit other less
modifiable domains of lipid I."? One important class of such
agents is the lantibiotics, a group of peptides with the
characteristic lanthionine and/or methyllanthionine moieties.”*"®
They can be further divided into two subtypes. Type A
lantibiotics are elongated and positively charged whereas type B
agents are globular compounds which are either slightly
negatively charged or non-charged under neutral condition."®””!

Nisin, a type A lantibiotic produced by Lactococcus lactis,
has been used as natural food preservative for decades.®"®
Hsu et al.”®! have shown that the first ten N-terminal amino acid
residues of its rings A and B form a cage that envelopes the
pyrophosphate linkage of lipid Il instead of the vancomycin-
targeted pentapeptide domain. Intermolecular hydrogen bonds
between the pyrophosphate and the amide backbone of the
rings lock lipid Il in a stable complex, thus halting the entire
peptidoglycan synthesis.?®**°% The primary structure of nisin
and its structure-activity relationship (SAR) with lipid Il are
depicted in Figure 6. However, rings A-B are inactive on their
own." It is suggested that upon pyrophosphate cage formation,
the rings C-E (C-terminus) of nisin insert into the lipid bilayer,
thereby facilitating the assembly of nisin-lipid Il pore complex
which leads to the lysis of bacteria.****? This dual mechanism-
of-action makes nisin a very potent Gram-positive antibacterial
agent. Unfortunately, the poor pharmaceutical properties of

native nisin, such as sensitivity to proteolytic enzymes and poor
solubility beyond pH 6, limit its clinical uses.”*"” Semisynthetic
analogues have been developed whereby the C-E domain of the
natural product was replaced with various lipid substituents.
Several of these derivatives which showed enhanced proteolytic

stability and potent antibacterial activity hold great therapeutic
182]

promise.
Le

(S 3e

Figure 6. (a) Primary structure of nisin. (b) The residues of rings A and B of
nisin envelope the pyrophosphate group of a lipid Il variant, with intermolecular
hydrogen bonds illustrated as white dashes.” The solution structure of nisin-
lipid 1l complex was obtained from Research Collaboratory for Structural
Bioinformatics (RCSB) Protein Data Bank (PDB ID: 1WCO) and the figure was
generated using PyMOL (http://www.pymol.org/). Abu, aminobutyric acid; Dha,
didehydroalanine; Dhb, didehydrobutyrine.
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The modes of action of other lantibiotics and cyclic
peptides, such as ramoplanin and enduracidin, have been
extensively reviewed in various literature.!”3483-88]

Lipid Il inhibition is also achieved by defensins, a large
group of endogenous peptides expressed in a wide range of
organisms. They form the host epithelial defense system.®%%
For instance, Schneider et al. demonstrated that plectasin, a
defensin isolated from a saprophytic fungus Pseufoplectania
nigrella, disrupts cell wall biosynthesis through binding to lipid
119192 Defensins from fungi, invertebrates such as maggots and
mussels, and humans have shown similar antimicrobial
activity.****% These studies not only firmly support lipid Il as a
valuable therapeutic target, but also suggest alternative
resources of discovering novel antibacterial agents.

3.2 Teixobactin as a promising lipid Il inhibitor

The aforementioned teixobactin has been reported to be the first
of a new class of lipid Il inhibitors that interacts mainly with the
pyrophosphate and first sugar moiety of the molecule. Although
lipid 1l is its predominant target, teixobactin also acts on lipid IlI
(undecaprenyl-pyrophosphate-GIcNAc) which plays a pivotal
role in the synthesis of another cell wall component called
teichoic acid.®'® This may lead to the release of autolysins
which are anchored by teichoic acid under normal
circumstances.®® Autolysin-mediated digestion of peptidoglycan
layers that eventually results in bacterial lysis has therefore been
proposed as another mode of action of this antibacterial
agent.l"®*® As such, teixobactin has demonstrated potent in vitro
and in vivo bactericidal activity.""®

Structural studies have revealed teixobactin 4 as a cyclic
tetradepsipeptide that comprises 11 amino acids, four of which
are of D-configuration (Figure 7). Apart from N-methyl-D-
phenylalanine, it contains an unusual amino acid known as L-
allo-enduracididine. The variants of this amino acid can also be
found in enduracidin and mannopeptimycin."®*7*"% The SARs
of teixobactin and its lipid targets, however, remain to be
addressed. Also, there are still very little preclinical
investigations to date for this cyclic depsipeptide and so these
preliminary results should be interpreted with caution to avoid
possible bias.

lle NHy
DGIn
HN \)kN/Y
sr
AN D-allo-lle " p.Thr
N-Me-D-Phe
AaL
07 NH HN Y
4 R lle
$ 0
HNYNH
HN allo-End

Figure 7. Chemical structure of teixobactin (4), with D-amino acids (red), B-
hydroxy amino acids (green) and the unusual enduracididine highlighted (blue).



Its excellent activity against resistant bacterial strains and
the lack of resistance have stimulated tremendous research
interests in developing teixobactin into a therapeutic agent."® In
less than a year after its discovery, the first total synthesis of its
analogue by solid-phase peptide synthesis has been
successfully executed. Here, the L-allo-enduracididine residue
found in teixobactin is replaced with the readily available L-
Arg.® Intramolecular cyclisation, an intrinsically slow process
susceptible to side-reactions such as dimerisation and
epimerisation of a-C on C-terminus, is the main synthetic hurdle
for all cyclic peptides."®"°" Following careful consideration of
cyclisation position and coupling reagents, Albericio and his co-
workers accomplished macrolactamisation of the protected
peptide in just one day by using PyAOP/OxymaPure/DIEA
without side-reactions (Figure 8). However, their synthetic
attempt was not without setback. The symmetrical anhydride
method employed for the esterification between D-Thr and L-lle
required several couplings to attain 97% conversion.
Nevertheless, several problems were avoided with the
realisation that it was necessary to couple two additional amino
acids onto D-Thr prior to the esterification of its hydroxyl group,
in order to prevent O—N acyl migration during deprotection of
Fmoc from D-Thr. Undesirable formation of diketopiperazine was
also prevented by protecting the N-terminus of both L-lle and L-
Arg with an Alloc protecting group instead of Fmoc.®® With
further optimisation of the esterification step, this synthetic
strategy would represent a significant advancement. Importantly,
the Arg-analogue obtained displayed similar antibacterial activity
as teixobactin.® Its slight inferior potency against S. aureus and
B. subtilis compared to teixobactin must then be attributed to the
L-Arg residue, implying that a constrained guanidino-based side
chain with additional chirality is better than its flexible
counterpart.

‘BuO

Ester bond was formed
by symmetrical
anhydride method with 5

DMAP
1. PyAOP/OxymaPure/DIEA,
CH,Cl,, 1d
2. TFA/iPr3SiH/H,0 (95:2.5:2.5), 2 h
BLO Macrolactamisation
point
H 0} H (0}
- ))km N v o @
o ) 0. NH y
d OW\/NTNHz
NH NH

Figure 8. Esterification and macrolactamisation performed by Albericio and his
co-workers to obtain a teixobactin analogue.
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The remaining hurdle to the total synthesis of the natural
product is then the availability of the unusual amino acid L-allo-
enduracididine. The presence of enduracididine in several
prominent peptides has inspired effort to devise its synthesis
from simple precursors.""7"% Achieving the correct chirality at
C4 is the primary difficulty in synthesising this amino acid.!"®
The earliest reported strategy utilised Bamberger cleavage of
methyl L-histidinate and subsequent hydrogenation to give a 1:1
mixture  of  (2S,4R)-enduracididine and its (2S,4S)-
diastereomer.!'® Other research groups undertook alternative
methods of synthesising the amino acid from commercially
available allylglycine, namely one-pot iminoiodane-mediated
tandem aziridation and ring-opening reaction, as well as Rh-
catalysed approach. However, neither diasteroselectivity nor
yield was satisfactory.'%%'% The situation may have been turned
around as Craig et al. have succeeded in developing a method
with desirable stereoselectivity (dr > 50:1) and scalability. The
required chirality of C4 was obtained through inversion of the
hydroxyl group of trans-hydroxyproline 7 by mesylation and
azide substitution to afford the azido-derivative 8 as shown in
Figure 9. Although 10 steps were involved, the high
diastereoselectivity ensured that the yield of the desired

diastereomer was not compromised.!'®
OH 4 MsCl, EtsN, CH,Cl,, Na
BocN 0Ctort » BocN
2. NaN3, DMF, 80 °C,
0% >oBu overnight 0% S0O'Bu
7 8
Oxidation and reduction ll
HO ' N
BocHN
0”7 ~0'Bu

9

Figure 9. The key mesylation and azide substitution steps that established the
chirality of C4.

With tremendous progress in the synthetic strategies for
enduracididine and teixobactin analogue, the total synthesis of
the naturally occurring teixobactin would soon be within the
grasp of scientific community.

3.3. An insight into the structures of teixobactin and other
lipid Il binders

Until recently, the different classes of lipid Il binders have been
regarded as having no significant structural similarities.!"”*®
However, a closer examination of the chemical structures of
teixobactin (Figure 7) and other lipid Il binders including
ramoplanin A2, enduracidin A, katanosin B and plusbacin A3
(Figure 10) showed that lipid Il is generally favoured by cyclic
peptides.F08788108107 |y contrast to linear peptides, the
conformational restriction of cyclic structures contributes to
better metabolic stability and improved target binding affinity.!"%®!



Also, the macrocyclic peptides 10, 11 and 13 (Figure 10)
possess lipophilic side chains which are vital for their
antimicrobial activities, possibly through membrane insertion or
hindering PBPs from reaching lipid 1.7 A noticeable
structural difference is the unique dimannosyl group that is
present only in ramoplanin A2 10, which is likely to provide
enhanced hydrolytic stability and solubility.®”'%%""%

Interestingly, in the case of mannopeptimycins, a class of
cyclic glycopeptide isolated from Streptomyces hygroscopicus
LL-AC98!""" an acyl dissacharide moiety O-tethered to a
tyrosine residue appeared to be crucial for antibacterial activity.
Its most potent member, mannopeptimycin € consists of a cyclic
hexapeptide core. Importantly, its D-Tyr residue is O-
glycosylated with a dimannosyl moiety carrying an isovaleryl

D- Hpg D-Hpg
OH
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group at the C4 position of terminal mannose ring while its -
OH-D-allo-enduracididine residue has an N-linked mannose
group (Figure 11).%"% " gingh et al. demonstrated that
mannopeptimycin 3 which lacks both the isovaleryl and
dissacharide displayed poor in vitro and in vivo activity."""
Further investigations revealed that the isovaleryl moiety is also
vital for antibacterial activity."'®) Research began to focus on
preparation of semisynthetic analogues with modifications
mainly on this disaccharide side chain.'"*~""". Moreover, the
replacement of both enduracididine residues of a
mannopeptimycin aglycone analogue with L- and D-Arg
demonstrated a notable reduction in antimicrobial effect;!'"® a
similar detrimental effect was observed when the enduracididine
residue in teixobactin was replaced with Arg.*®! As limited SAR
studies are currently available, the key structural requirements of
lipid Il inhibitors remain to be established.

D-allo-Thr N-lipo-Asn

R-OH-Phe
aIIo-Thr LHpg OH b J<_/_/_< R-OH-Asn
)K/N N NH H D-Leu OHO
Phe HN 00 -0 Hy NHZBOH-Asn /N)H Gly
D-allo-Thr °r“ 0
HHO

/EO OH (6]
H © (° H Q
D-Orn ﬂ N\)LH/ﬁTN HI

mannosyl (1,2)-alpha-D-mannose

10

NH

o
b Se/r,,, 0 HN o

HO HN NH ‘,,, D orn

NH aIIo-Thr
o OH N,
o H OH  D-allo-Thr
N N
N
(0] OO -
Hpg D-End .0

NH OH
HO Pg
H2N (6] D-Hpg
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Figure 10. Chemical structures of ramoplanin A2 (10), enduracidin A (11), katanosin B (12), and plusbacin A3 (13), with D-amino acids (red), B-hydroxy
amino acids (green), and enduracididine (blue) highlighted. Orn, ornithine; Hpg, 4-hydroxyphenylglycine; Dpg, 3,5-dichloro-4-hydroxyphenylglycine; Cit,

citrulline.
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Figure 11. Chemical structure of mannopeptimycin ¢ (14), showing D-amino
acid (red), B-hydroxy amino acids (green) and enduracididine (blue).

Nevertheless, other common structural features can still be
seen in these peptides. As the lipid components of bacterial cell
walls are negatively charged, antibacterial agents are typically
cationic and amphiphilic to facilitate effective charged-mediated
binding interactions.?*"'® For instance, the guanidine side chain
of teixobactin and katanosin B as well as the ornithine residue of
ramoplanin are positively charged.®*'%'?! Another evidence
came from a study by Fletcher et al. which demonstrated that
the positively charge pyrylium moiety of a small molecule
inhibitor BAS00127538 15 (Figure 12) was essential in forming
ionic interactions with the phosphate group.®® Apart from the

pyrylium ring, its indolene and two phenyl rings are predicted to

interact with the hydrophobic undecaprenyl residues and the
[58,121]

MurNAc of lipid Il, respectively.

Figure 12. BAS00127538, a small molecule lipid Il inhibitor (15).

Recently, in an attempt to identify transglycosylase
inhibitors through in silico followed by in vitro biochemical
screens, a lipid Il inhibitor was unexpectedly discovered."*? This
lipid Il inhibitor is a tryptamine-containing molecule 16 (Figure
13). Biological evaluation on a subset of related analogues
showed that the replacement of the amine group with a
guanidine moiety improved their lipid 1l-binding ability.'** These
compounds thus serve as valuable leads for further optimisation
and development of novel low molecular weight lipid Il inhibitors.
Over the years, there has been a growing interest in peptide
antibacterial agents over small molecules as peptides generally
exhibit better target specificity and a lower risk of systemic
toxicity.['2412%)
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Besides that, all of the lipid Il inhibitors discussed above
contain D-amino acids and/or non-proteinogenic amino acids
which are often synthesised by bacteria.!"”® Their presence
confers improved in vivo protease stability to these antimicrobial
peptides, thereby overcoming pharmacokinetic issues such as
short half-life and poor oral bioavailability that often thwart the
therapeutic applications of peptides with only naturally occurring
amino acids.['?"'#

Figure 13. The tryptamine-containing lead compound discovered through in
silico screening that binds to lipid 11 (16).

Interestingly, as pointed out by von Nussbaum et al.l'®®,
teixobactin 4 is structurally similar to hypeptin 17, an octapeptide
isolated in 1989 from a strain of Pseudomonas sp. Hypeptin also
showed good antibacterial activity against S. aureus.'"™ Apart
from the same 13-membered ring size, hypeptin possesses
similar shape and amino acid composition as teixobactin, with
three L-amino acids and one D-amino acid involved in the
formation of the cyclic ring."® The only major difference is that
hypeptin has a shorter exocyclic linear peptide chain.
Nevertheless, it can be seen from Figure 14 that the first two
amino acids of hypeptin (Ala-D-Leu) are both aliphatic which are
comparable to the aliphatic dipeptide in teixobactin (D-allo-lle-
lle), thereby suggesting their role in forming hydrophobic
interactions with lipid 1l. B-Hydroxy amino acids are also a
characteristic feature of these cyclic peptides. In fact, half of the
amino acids of hypeptin are B-hydroxylated. These structural
resemblances have led to suggestion that hypeptin might also
interact with lipid 11.1%®!

Amidst the excitement around teixobactin 4, there are
concerns that resistance would ultimately emerge especially if
the trend of inappropriate antimicrobial use remained
widespread. Possible resistance mechanisms include secretion
of antibiotic-modifying enzymes and thickening of bacterial cell
wall that impedes the access of teixobactin to its lipid Il target.”?!
It is also uncertain if resistance is already in existence in
nature.""® However, this should not be a major concern since the
producer of teixobactin is a Gram-negative pathogen and so it is
unlikely to have transferred its intrinsic resistance mechanisms
to its Gram-positive counterparts.?>?! Additionally, it has been
proposed that unlike other resistance mechanisms that involve
efflux pumps and enzymes mutations, resistance to lipid Il
binders does not occur readily due to the difficulty in modifying a
component that is biosynthesised in multiple steps.?®'**"3 Ag
lipid Il is a unique non-protein target that cannot be easily
altered by simple gene mutations especially at its pyrophosphate
and lipid portions, resistance towards teixobactin is unlikely to

develop at least for the next few decades.?*%#"
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Figure 14. Structural resemblances between teixobactin (4) and hypeptin (17)
with the same ring size as well as similar alipathic dipeptides (circle) and B-
hydroxy amino acids (green).

4. Summary and Outlook

AMR is a prevalent global issue that has significant human and
financial implications. Apart from curbing the misuse of
antibiotics, intensive research into finding new antibiotics is of
utmost importance to address the current unmet treatment
needs for resistant bacterial strains. The enhanced appreciation
of the molecular basis of cell wall biosynthetic pathways and the
development of modern tools to explore uncultured soil bacteria
provide hopes for discovering novel antibacterial agents.

Lipid 1l has been validated as a prominent molecular target
and various lipid Il binders with substantial structural diversity
have emerged. As great progress has been made and more
medicinal chemistry research projects would soon unfold, the
battle against bacterial infections might not be lost. The
antibacterial efficacy of teixobactin especially against resistant
strains offers promise of further clinical applications once proper
validation studies have been carried out. However, its current
lack of resistance could not be taken for granted and the power
of evolution should not be underestimated as resistance might
surface during its clinical usage period.
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