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Abstract

Teixobactin is a promising antibiotic that targets cell wall biosynthesis in Gram-positive
bacteria and displays a low propensity for resistance; however, its structural complexity
presents challenges for analogue development and optimisation. In this study, we investi-
gated the effects of macrocycle size and replacement of the native depsipeptide linkage with
an amide bond on antibacterial activity using a simplified Leujg-teixobactin scaffold. An
amide-based macrocyclisation strategy was developed for efficient lactam formation using
readily accessible amino acid building blocks, avoiding reliance on synthetically demand-
ing modified diamino acids employed in other approaches. Two complementary synthetic
routes provided access to a series of ten analogues, comprising linear and macrocyclised
variants with systematic variation at position 8. Antibacterial activity was evaluated against
methicillin-resistant Staphylococcus aureus (MRSA) and multidrug-resistant clinical isolates.
While linear analogues exhibited weak or no measurable antibacterial activity, macrocy-
clised analogues retained measurable antibacterial activity, indicating that macrocyclisation
is essential within this scaffold, whereas moderate expansion of the macrocycle was toler-
ated. The structure-activity relationships identified here demonstrate the suitability of a
simplified Leujo-teixobactin framework and provide a platform for further optimisation of
teixobactin-inspired antibiotics.

Keywords: teixobactin; macrolactamisation; cyclic peptides; antimicrobial peptides;
macrocycle expansion; solid-phase peptide synthesis; methicillin-resistant Staphylococcus
aureus (MRSA)
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1. Introduction

The limited introduction of new antibiotics, together with the widespread use of
existing agents, has contributed to the increasing prevalence of multidrug-resistant bac-
terial infections, which were associated with an estimated 4.71 million deaths globally in
2021 [1-3]. Although considerable efforts have been directed towards the discovery of
new antibacterial agents, including antimicrobial peptides, bacterial resistance continues to
emerge against multiple antibiotic classes, highlighting the urgent need for coordinated
global action and new therapeutic strategies [4-6]. Among these, macrocyclic peptides
continue to represent a diverse and expanding chemical space for antibiotic develop-
ment [7]. As a result, there is sustained interest in identifying new antibacterial scaffolds
with mechanisms of action that are less susceptible to resistance development. Lewis
and his co-workers in 2015 reported a new naturally occurring antibiotic, teixobactin [8].
Teixobactin is highly potent against Gram-positive bacteria and thus far has not been
associated with detectable resistance. Resistance to teixobactin is unlikely because it binds
the highly conserved pyrophosphate moiety of the non-protein cell-wall precursors Lipid II
and Lipid III, in contrast to vancomycin resistance which arises from the modification of the
pentapeptide region of Lipid II; this multi-target, mutation-resistant mechanism underpins
teixobactin’s superior activity and low resistance potential [9-14]. These properties make
the teixobactin scaffold an attractive starting point for antibiotic development [15].

We have previously elucidated the mode of action of the teixobactin analogue p-Argy-
Leujp-teixobactin in bacterial membranes with Lipid II on a molecular level. The complex
formed between p-Argy-Leuyg-teixobactin and labelled Lipid II was studied by solid-state
NMR spectroscopy which revealed that p-Args-Leu;p-teixobactin binds weakly with Lipid
IIin cellular membranes and is not solely responsible for potent antibacterial activity [16].
On the other hand, the analogue p-Args-Leujp-teixobactin forms micro clusters at a slow
rate on the bacterial membrane surface. These observations, together with more recent
visualisation and biophysical studies of teixobactin analogue assembly and membrane
interactions, suggest that additional membrane-associated processes contribute to the
antibacterial activity of teixobactin [16-18]. These findings indicate that the formation of
membrane-associated clusters may sequester cell wall precursors and disrupt cell wall
biosynthesis [16,19]. The synthesis of teixobactin is of moderate complexity, with the non-
natural amino acid 1 -allo-Endjj being the bottleneck in the synthesis. 1 -allo-End; is not
commercially available, laborious in synthesis and low-yielding upon incorporation into
the peptide [20]. To address this limitation, several simplified synthetic strategies have
been explored [21-23].

One effective approach to addressing this limitation has been substitution of 1 -allo-
enduracididine at position 10 with leucine. Previous studies, including our own, demon-
strated that the replacement of 1 -allo-enduracididine with leucine yields teixobactin ana-
logues with potent antibacterial activity comparable to the natural product, indicating that
a cationic residue at position 10 is not essential for activity [24]. Subsequent studies further
confirmed the in vivo efficacy of p-Args-Leuyg-teixobactin [25]. More recent work has also
demonstrated potent in vivo antibacterial activity of teixobactin in an inhalation anthrax
model [26].

Nowick’s group determined the X-ray crystal structure of truncated Argjop-teixo-
bactin [27,28]. The crystal structure presented key interactions in the compound. The
amide NH group of Alag, Argyg, lle;; and guanidinium side chain of Arg forms a cavity
that binds to the chloride ion. Additionally, the -OH group of the Ser; side chain forms a
hydrogen bond with the NH of Alag [27]. The results hypothesised that the replacement of
the lactone group of the macrocyclic ring by the lactam ring offers an extra amide NH, which
strengthens the interaction with the chloride ion and eventually with the pyrophosphate
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group of Lipid II; however, they also found the presence of the 3-methyl group present on
the side chain of p-Threonine (p-Thr) at position 8 to be crucial in maintaining antibacterial
activity [28,29].

The substitution of p-Thr8 with p-2,3-diaminopropionic acid (p-Dap) derivatives
bearing a 3-methyl substituent was used to probe the role of ring size and linkage chemistry
in Argjy teixobactin analogues. These analogues replaced the native lactone with a lactam
while retaining comparable activity to Argjp-teixobactin, demonstrating that ester-amide
isosteric substitution is tolerated. Building on this concept, the authors synthesised seven
ring-expanded Arg;o-teixobactin analogues incorporating 33-homo amino acids, proposing
that increased ring size may better accommodate the pyrophosphate moiety of Lipid
II. Importantly, the retention of the 3-methyl substituent on the Dab/Dap residue was
essential for maintaining antibacterial activity [29].

Previous work by Scioli et al. using Argjo-teixobactin analogues showed that replacing
the native depsipeptide linkage with a total lactam ring maintained antibacterial activity
and, based on structural considerations, was proposed to enhance interactions with Lipid II
through additional amide functionality [30]. These results encourage further investigation
of side-chain modifications and alternative macrocyclisation approaches to enhance the
physicochemical and biological characteristics of teixobactin analogues.

Despite these advances, the combined effects of macrocycle size expansion and re-
placement of the native depsipeptide linkage with an amide bond within a simplified
Leujp-teixobactin scaffold have not been systematically investigated.

We investigated the effect of ring expansion of teixobactin on antibacterial activity
(Figure 1) based on Leuyg-teixobactin. We chose Leujp-teixobactin as the core template due
to its superior antibacterial activity (eight-fold) in comparison to Argjo-teixobactin against
MRSA [15,24]. Herein, we report the synthesis and evaluation of a series of ring-expanded
teixobactin analogues based on our Leujg-teixobactin scaffold, enabling systematic assess-
ment of macrocycle size and linkage type on antibacterial activity (Figure 1A,B).
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Figure 1. (A) Linear Leuy-teixobactin analogues (1-5) incorporating p-amino acid substitutions at
position 8 (Xg). (B) Corresponding cyclised Leujp-teixobactin analogues (6-10) featuring ring closure
through the position-8 residue. Substituents at Xg include p-Dap, p-Dab, p-Orn, p-Lys, and p-Ser,
with varying side-chain lengths (highlighted in red).

2. Materials and Methods
2.1. General Reagents, Analytical and Instrumentation

All amino acids, 1-[Bis(dimethylamino)methylene]-1H-1,2,3 triazolo[4,5-b]pyridinium3-
oxidhexafluorophosphate (HATU), Phenylsilane (PhSiH3), Diisopropylethylamine (DI-
PEA), Tritylchloride 4-(Dimethylamino)pyridine(DMAP), Tetrakis(triphenylphosphine)
palladium(0) Pd(PPhgz)4, Ethyl cyano(hydroxyimino)acetate (Oxyma Pure), Diisopropyl-
carbodiimide (DIC) and Triisopropylsilane (T1S), were purchased from Fluorochem, Had-
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field, UK. Dimethylformamide (DMF), peptide synthesis grade, was purchased from Rath-
burn chemicals, Walkerburn, UK. Triethylamine, Diethyl ether (Et,O), Dimethylsulfoxide
(DMSO), Dichloromethane (DCM), formic acid 98-100% purity, water (HPLC grade) and
Acetonitrile (HPLC grade) were purchased from Fisher Scientific, Loughborough, UK.
2-chlorotrityl chloride resin (manufacturer’s loading: 1.60 mmol C1~ /g) was purchased
from Iris Biotech GmbH, Marktredwitz, Germany. All chemicals were used without fur-
ther purification. Compounds were analysed on a Thermo Scientific Dionex Ultimate
3000 RP-HPLC (Thermo Scientific, Hemel Hempstead, UK) equipped with a Phenomenex
Gemini NX C18 110 A (150 x 4.6 mm) column (Phenomenex, Macclesfield, UK) using the
following buffer systems: A: 0.1% HCOOH in water; B: ACN using a flow rate of 1 mL/min.
The column was flushed with 95% A for 5 min prior to an injection and was flushed for
5 min with 95% B and 5% A after the run was finished. HRMS spectra were recorded on
two machines: a Thermo Scientific Q Exactive Plus Orbitrap Mass Spectrometer and an
Agilent QTOF 7200 Mass Spectrometer (Agilent, Santa Clara, CA, USA) in the positive ion
mode. NMR was carried out at 27 °C on a Bruker Avance III HD 500 MHz spectrometer
(Bruker, Billerica, MA, USA) equipped with a room-temperature broadband probe.

2.2. Synthesis of Amino Acid Dimers (ii, iv, vi, viii)

Boc-Ile-OH (1.0 eq.) and the corresponding Fmoc-protected p-amino acids (Fmoc-p-
Dap-OH (i), Fmoc-p-Dab-OH (iii), Fmoc-p-Orn-OH (v), or Fmoc-p-Lys-OH (vii)) were
dissolved in DMF (2 mL). HATU (0.8 eq.) and DIPEA (3.0 eq.) were added, and the reaction
mixture was stirred for 1 h at room temperature. The reaction was quenched with 1 M
citric acid in water, and the products were extracted with dichloromethane and purified
by normal-phase chromatography (see Scheme 1 and Supplementary Scheme S1, Table S1,
Figures 51-516).

Y(R) a HN
S .
HN D)‘\ o O T
H,N Jm

(i) Fmoc-p-Dap-OH (m=1) (ii) Fmoc-p-Dap(Ile(Boc))-OH (m=1)
(ili) Fmoc-p-Dab-OH (m=2) (iv) Fmoc-p-Dab(Ile(Boc))-OH (m=2)
(v) Fmoc-p-Orn-OH (m=3) (vi) Fmoc-p-Orn(Ile(Boc))-OH (m=3)
(vii) Fmoc-p-Lys-OH (m=4) (viii) Fmoc-p-Lys(Ile(Boc))-OH (m=4)

Scheme 1. Synthesis of Fmoc-protected amino acid dimer building blocks via coupling of Boc-Ile-OH
to Fmoc-p-amino acids with varying side-chain lengths (m = 1-4). Reagents and conditions: (a) HATU
(0.8 equiv.), DIPEA (3 equiv.), DMF, 1 h.

2.3. Synthesis of Fmoc-Alloc Protected Amino Acid Building Blocks (ix—xii)

Fmoc-protected amino acids (Fmoc-D-Dap-OH (i), Fmoc-D-Dab-OH (iii), Fmoc-D-
Orn-OH (v), or Fmoc-D-Lys-OH (vii); 1.0 eq.) were dissolved in THF (10 mL), followed
by the addition of NaHCOj3 (5.0 eq.). Allyl chloroformate (1.5 eq.) was added dropwise,
and the reaction mixture was stirred at room temperature overnight. Reaction progress
was monitored by TLC. Upon completion, the reaction mixture was diluted with water
(50 mL) and acidified to pH 2 using 1 M HCl. The aqueous phase was extracted with DCM
(3 x 50 mL), and the combined organic layers were dried over anhydrous Na;SOy, filtered,
and concentrated under reduced pressure. The crude products were purified by silica gel
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column chromatography using DCM/MeOH as the eluent to afford the corresponding
Fmoc- and Alloc-protected amino acid building blocks. Product identity was confirmed
by LC-MS, and the compounds were used directly for subsequent peptide synthesis (see
Scheme 2 and Supplementary Scheme S2, Table S2, Figures 517-520).

\I? i HN i
HN ol o) B)J\OH
)m \/\O)j\N )m
HoN H
(1 Fmoc-p-Dap-OH (m=1) (ix) Fmoc-p-Dap(Alloc)-OH (m=1)
(iii) Fmoc-p-Dab-OH (m=2) (x) Fmoc-p-Dab(Alloc)-OH (m=2)
(v) Fmoc-p-Orn-OH (m=3) (Iii) Fmoc-p-Orn(Alloc)-OH (m=3)
(vii) Fmoc-p-Lys-OH (m=4) (xii) Fmoc-,-Lys(Alloc)-OH (m=4)

Scheme 2. Synthesis of Fmoc-Alloc building blocks. (a) 5 eq. NaHCO3, 1.5 eq. Allyl chloroformate,
THF, 18 h. m = 14, indicates increase in chain length of different residues used.

2.4. Synthesis of Teixobactin Analogues Using a Dimer Strategy

Teixobactin analogues were synthesised on 2-chlorotrityl chloride resin using standard
Fmoc solid-phase peptide synthesis protocols. Fmoc-Leu-OH (4 eq.) was coupled using
DIPEA (8 eq.) in DCM, followed by Fmoc deprotection with 20% piperidine in DME. Subse-
quent amino acids were coupled using Fmoc-protected amino acids and DIC/Oxyma activa-
tion under microwave irradiation. Fmoc deprotection was performed using 20% piperidine
in DMEF. The dimer building block was coupled at position 8 under standard coupling
conditions. Global deprotection and resin cleavage were performed using TFA /TIS/H,O
(95:2.5:2.5, v/v/v). Macrocyclisation was carried out in solution using HATU (3 eq.) and
DIPEA (10 eq.) in DMEF for 1 h (See Scheme 3 and Supplementary Scheme S3).

a-Q —2 »  FmochN —1-Q % NMe-D-Plfe-lle—Si:r-D—Gln—D—allo-Ile-IIe-S?r-D-Lys—Ala-Leu—o
| |

Boc  tBu Trt tBu  IleBoc

lc

NMe-p-Phe-Ile-Ser-p-Gln-p-allo-1le-Ile-Ser-p-Lys-Ala-Leu —COOH
|
Ile-NH,

AT 2

Overall Yield ~10%

ZT

Scheme 3. Total synthesis of analogue 9 using a dimer-based strategy starting from 2-chlorotrityl
chloride resin: (a) 4 eq. of Fmoc-Leu-OH/8 eq. DIPEA, in DCM, 4 h, 20% piperidine in DMFE.
(b) Fmoc/Trt/Boc-AA(PG)-OH (AA = amino acid, PG = protecting group), DIC/Oxyma in microwave,
followed by 20% piperidine in DMF to remove the Fmoc; position 8 coupled with the dimer D-Fmoc-
Lys-lIle-Boc. (c) Full deprotection was conducted using TFA:TIS:H,0, 95:2.5:2.5%. (d) Macrocyclisation
was performed using 3 eq. HATU and 10 eq. DIPEA in DMF for 1 h.
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2.5. Synthesis of Teixobactin Analogues Using Alloc-Protected Strategy

Teixobactin analogues incorporating Alloc-protected amino acids were synthesised on
2-chlorotrityl chloride resin using standard Fmoc solid-phase peptide synthesis protocols.
Following assembly of the linear peptide sequence, selective removal of the Alloc protecting
group was carried out using Pd(PPhs)4 and phenylsilane in dichloromethane. Subsequent
amino acid coupling, macrolactamisation and global deprotection were performed using
standard solid-phase peptide synthesis procedures. All final peptide analogues were
purified by RP-HPLC prior to biological evaluation and were obtained with analytical
purities ranging between 90 and 98% as determined by HPLC analysis (see Scheme 4,
Supplementary Scheme S4, Table S3, Figures 521-540).

b
FmocHN —L —O — NMe-D—Pllw-lle—SIer-D—GIln-D-allo-Ile-Ile-Sler—|)—I Tq -Ala-Leu —O

Boc tBu  Trt tBu  Alloc

c
d

NMe-p- Phle -1le- Selr p-Gln-p-allo-lle-Ile- Ser D" IVS Ala- LCU—O ~——— NMe-p-Phe-lle- Sler p-Gln-p-allo-1le-lle- Ser p-Lys-Ala- Leu—o

Boc

OtBu

NH.

NH.

N N\)LN/\H/ ﬁjiﬂ\)\ 5:\)]\1\1 oH

OlBU ”L Fmoc tBu tBu I\‘IH7

le,f

By

(0]

OlBu OtBu

lg,h

OH OH

;NJN«W\QLU#NJ 7 HNTA

Scheme 4. Total synthesis of analogue 9 via Alloc strategy starting from 2-chlorotrityl chloride resin:
(a) 4 eq. of Fmoc-Leu-OH/8 eq. DIPEA, in DCM, 4 h; (b) 20% piperidine in DMF 2 x 10 min. Full syn-
thesis was performed using an automated synthesiser; 4 eq. Fmoc/Boc-AA(PG)-OH (AA = amino acid,
PG = protecting group), 4 eq. HATU, 8 eq. DIPEA, RT for 1 h, followed by 20% piperidine in DMF to
remove the Fmoc. (c) Selective deprotection of Alloc was performed using Pd(PPh3), (0.2 eq.) + 24 eq.
PhSiHj in DCM, 2 x 30 min; (d) 4 eq. of Fmoc-Ile-OH/4 eq. HATU/8 eq. DIPEA in DMF, 1 k; (e,f) 20%
piperidine in DMF 2 x 10 min, followed by partial cleave with TFA:TIS:DCM = 2:2:96, 1 h; (g,h) 1 eq.
HATU/10 eq. DIPEA in DME, 1 h, followed by full cleave with TFA:TIS:H,O = 95:2.5:2.5, 1 h (See
Supplementary Scheme S4).

2.6. Antimicrobial Susceptibility Testing

Bacterial cultures were grown overnight in Mueller—-Hinton Agar (MHA) plates and
adjusted to a final concentration of 10°-10°® CFU/mL. An amount of 100 uL of inoculum
in Mueller-Hinton broth (MHB) was mixed with an equal volume of peptides (dissolved
in MHB) at 2x their concentration in a 96-well plate. In parallel experiments, MIC values
were determined in media containing polysorbate 80 (0.002%, v/v) to prevent non-specific
adsorption of the peptides to plastic surfaces. The final peptide concentrations ranged from
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1. p-Dapg-Leuyg-Linear-Teixobactin

0.0625 to 32 pg/mL. Positive and negative controls contained 200 pL of broth with /without
inoculum without peptide dissolved, respectively. The 96-well plates were incubated at
37 °C for 24 h. All experiments were performed in triplicate, and the MIC was determined
as the lowest concentration at which no visible growth was observed.

3. Results
3.1. Establishing Synthetic Routes for Ring-Expanded Teixobactin Analogues

A series of teixobactin analogues based on the Leu;g-teixobactin scaffold were designed
to enable systematic evaluation of macrocycle ring size and linkage type (Figure 2). Ring
expansion was achieved by substitution of p-threonine at position 8 with amino acids bearing
primary amine side chains of increasing length, enabling macrolactam formation with Ilej;.

6. p-Dapg-Leu,q-Teixobactin
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Figure 2. Uncyclised and cyclised analogues of Leuyg-teixobactin with varying side-chain lengths at
position 8 (shown in red).
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An initial synthetic approach employed pre-formed amino acid dimer building blocks
to introduce flexibility at the cyclisation site. Specifically, Fmoc-protected dimer building
blocks incorporating p-Dap, p-Dab, p-Orn, or p-Lys at position 8 were synthesised sepa-
rately (ii, iv, vi, viii) (Scheme 1) and subsequently incorporated during solid-phase peptide
synthesis (Scheme 3). The identity of the dimer building blocks was confirmed by NMR spec-
troscopy and high-resolution mass spectrometry (see Supplementary Schemes S1 and S2,
Section SIII).

The synthesised dimers were subsequently incorporated during solid-phase peptide
synthesis on 2-chlorotrityl chloride resin, followed by global deprotection and solution-
phase macrolactamisation to afford the corresponding macrocyclised analogues.

Although incorporation of the dimer building blocks proceeded as expected, selective
removal of the Boc protecting group required for macrolactam formation was inefficient at a
late stage of the synthesis, necessitating full global deprotection prior to cyclisation. Global
deprotection at this stage removes all acid-labile-protecting groups, increasing the number
of reactive functionalities present during macrolactam formation and thereby raising the
risk of competing side reactions. As a result, the dimer-based strategy afforded the desired
macrocyclised products in low isolated yields (8-12%).

To overcome these limitations, an alternative strategy employing Alloc-protected
amino acid building blocks was developed. The Alloc protecting group enables orthogonal
and quantitative side-chain deprotection, allowing selective liberation of the amine required
for cyclisation while all other functionalities remain protected.

Accordingly, the Alloc-protected amino acid building blocks Fmoc-p-Dap(Alloc)-OH
(ix), Fmoc-p-Dab(Alloc)-OH (x), Fmoc-p-Orn(Alloc)-OH (xi), and Fmoc-p-Lys(Alloc)-OH
(xii) were synthesised in-house to enable orthogonal side-chain protection (Scheme 2).

In this strategy, the Alloc-protected amino acid was incorporated into the growing pep-
tide chain by standard Fmoc solid-phase peptide synthesis. Selective removal of the Alloc
protecting group was then performed on resin to liberate the side-chain amine required for
macrolactam formation, after which the subsequent amino acid residue (Ile) was coupled
using standard SPPS conditions. This orthogonal deprotection sequence enabled partial
cleavage from the resin prior to macrolactamisation, ensuring that cyclisation occurred in
the presence of a single reactive amine and thereby favouring clean ring closure (Scheme 4).

Compared to the dimer-based approach, the Alloc-protected strategy enabled con-
trolled macrolactam formation under standard amide coupling conditions (Scheme 4). This
resulted in improved overall efficiency and reproducibility, affording the macrocyclised
analogues in higher isolated yields (16-18%). Using these synthetic strategies, a total of
ten teixobactin analogues were prepared comprising five linear analogues (1-5) and five
macrocyclised analogues (6-10).

3.2. Design and Preparation of Linear and Macrocyclised Teixobactin Analogues

This analogue set enabled direct comparison of linear and macrocyclic peptides, allow-
ing systematic evaluation of macrocycle expansion and replacement of the native depsipep-
tide linkage with an amide bond on antibacterial activity. In total, ten Leujg-teixobactin
analogues were prepared, comprising five linear peptides (1-5) and five corresponding
macrocyclic analogues (6-10) (Figure 2).

Variation at position 8 was achieved by substitution of p-threonine with commercially
available amino acids bearing primary amine side chains of increasing length, includ-
ing p-2,3-diaminopropionic acid (p-Dap), p-2,4-diaminobutyric acid (p-Dab), D-ornithine
(p-Orn), and p-lysine (p-Lys). These substitutions enabled controlled expansion of the
macrocycle from the native 13-membered ring to larger macrolactams in the cyclised ana-
logues. A p-serine-containing analogue was included as a control to assess the influence of
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[-methyl substitution at position 8. For this analogue, a p-serine residue was incorporated
at position 8, the linear peptide chain was assembled by standard SPPS, and esterification
with Ile was performed to afford the corresponding depsipeptide (10).

Linear analogues were synthesised without cyclisation to assess the contribution of
the macrocycle to antibacterial activity, while the corresponding macrocyclised analogues
incorporated an amide linkage between the side chain at position 8 and the carboxylate of
Ileq;. This design enabled direct comparison of linear versus macrocyclised peptides and
systematic assessment of the impact of macrocycle expansion on antibacterial activity.

3.3. Antimicrobial Activity of Teixobactin Analogues

The antibacterial activity of the synthesised teixobactin analogues was initially evalu-
ated against methicillin-resistant Staphylococcus aureus (MRSA) ATCC 33591 to establish
baseline potency and assess the impact of macrocyclisation and ring size. The minimum
inhibitory concentration (MIC) values for the linear analogues (1-5) and macrocyclised
analogues (6-10) are summarised in Table 1.

Table 1. Antibacterial activity of teixobactin analogues against methicillin-resistant Staphylococcus
aureus (MRSA) ATCC 33591. MIC: minimum inhibitory concentration (nug/mL). All MIC values were
determined in triplicate.

ANALOGUE NO. NAME/COMPOSITION MIC AGAINST MRSA MACROCYCLE SIZE
ATCC 33591
1 p-Dapg-Leujg-Linear Teixobactin 32 -
2 p-Dabg-Leuqg-Linear Teixobactin >32 -
3 p-Orng-Leujg-Linear Teixobactin >32 -
4 p-Lyss-Leujp-Linear Teixobactin >32 -
5 Dp-Serg-Leu;g-Linear Teixobactin >32 -
6 p-Dapsg-Leuyg-Teixobactin 4 13
7 p-Dabg-Leu;g-Teixobactin 4 14
8 p-Orng-Leu;g-Teixobactin 8 15
9 p-Lysg-Leuyg-Teixobactin 4 16
10 p-Serg-Leuyg-Teixobactin 8 13

The linear analogues exhibited weak or no antibacterial activity against MRSA
ATCC 33591, with MIC values > 32 pg/mL. In contrast, macrocyclised analogues dis-
played measurable antibacterial activity, with p-Dapg-Leujo-teixobactin (6), p-Dabg-Leu;o-
teixobactin (7), and p-Lysg-Leuyg-teixobactin (9) exhibiting MIC values of 4 pg/mL. Within
the macrocyclised series, variation in the amino acid at position 8 was generally tolerated,
with the majority of the analogues displaying comparable antibacterial activity. p-Daps-
Leuqg-teixobactin (6), p-Dabg-Leuyg-teixobactin (7), p-Orng-Leujg-teixobactin (8) and p-
Lysg-Leujg-teixobactin (9) exhibited similar antibacterial activity across the tested strains.
Notably, p-Serg-Leuyo-teixobactin (10), which retains a comparable ring size to the p-Dap
analogue but incorporates a depsipeptide linkage, also exhibited reduced activity.

These data indicate that macrocyclisation is required to retain antibacterial activity in
this analogue series and that increased macrocycle size is also tolerated.

Based on the activity observed against MRSA ATCC 33591, selected macrocyclised
analogues (6-10) were further evaluated against a panel of multidrug-resistant (MDR)
Staphylococcus aureus clinical isolates to assess whether antibacterial activity was retained
across strains with distinct susceptibility profiles. The antibacterial activity of these ana-
logues, alongside clinically used antibiotics, is summarised in Table 2.

Across the MDR clinical isolates tested, the macrocyclised teixobactin analogues exhib-
ited variable antibacterial activity, with MIC values differing between strains. Analogues
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6, 7, and 9 generally displayed lower MIC values across multiple isolates relative to the
remaining macrocyclised analogues. In contrast, p-Orng-Leug-teixobactin (8) showed
reduced potency across several isolates, consistent with increased macrocycle size. The
reduced activity of p-Serg-Leuyo-teixobactin (10) likely reflects both the loss of the 3-methyl
substituent and the change in hydrogen-bonding geometry introduced by the depsipeptide
linkage. Notably, several clinical isolates displayed reduced susceptibility to linezolid,
cefotaxime, levofloxacin, and ampicillin, whereas the macrocyclised teixobactin analogues
retained measurable antibacterial activity across the tested MDR strains.

Table 2. Antibacterial activity of teixobactin analogues and clinically used antibiotics against MDR
Staphylococcus aureus clinical isolates. The colours represent the MIC activity profile: 1-2 ug/mL
(potent activity, green), 4-8 pg/mL (moderate activity, yellow), and >16 pg/mL (poor activity, red).

Staphylococcus aureus
NR 45914 NR 45926 NR 45930 NR 46062
Analogue 6 8 4
Analogue 7

Analogue 8

Analogue 9

Analogue 10

Vancomycin

Linezolid

Cefotaxime

Levofloxacin

Ampicillin

Daptomycin

Collectively, these results show that macrocyclisation is required for antibacterial
activity in this analogue series and that increased macrocycle size is tolerated with respect
to our Leuyg-teixobactin scaffold.

4. Discussion

In this study, we evaluated how macrocycle size and the replacement of the native
depsipeptide linkage with an amide bond influence antibacterial activity within a simplified
Leuyp-teixobactin scaffold. Two complementary synthetic strategies enabled the preparation
of both linear and macrocyclised analogues, allowing direct comparison of macrocyclisation,
ring expansion, and linkage type within a consistent structural framework.

The loss of antibacterial activity in the linear analogues highlights the critical role
of macrocyclisation in maintaining antibacterial function in teixobactin-derived scaffolds.
Consistent with prior studies, the removal of the macrocycle resulted in a marked reduction
in activity, underscoring the importance of conformational constraint for activity within
this scaffold.

Native teixobactin contains the non-proteinogenic amino acid | -allo-enduracididine
at position 10, which has been proposed to contribute to antibacterial activity through
target interactions. However, our previous work demonstrated that substitution of | -allo-
enduracididine with leucine does not abolish antibacterial activity, enabling the develop-
ment of a simplified and synthetically accessible Leujo-teixobactin framework. Building
on this finding, the present study explores whether macrocyclisation within this Leujo-
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teixobactin scaffold remains compatible with antibacterial activity and enables evaluation
of macrocycle size-activity relationships.

Systematic expansion of the macrocycle through variation in the amino acid at posi-
tion 8 revealed a relationship between macrocycle size and antibacterial activity. Analogues
incorporating shorter side-chain linkers, such as p-Dap and p-Dab, retained antibacterial
potency, indicating that moderate macrocycle expansion is tolerated. Further expansion
using p-Orn and p-Lys resulted in modest variations in antibacterial activity, with MIC
values remaining within a comparable range (4-8 ug/mL) across the series, suggesting that
increased macrocycle size is broadly tolerated in this analogue set.

Notably, p-Serg-Leuyp-teixobactin (analogue 10) was included as a depsipeptide-linked
comparator within the simplified Leujo-teixobactin scaffold and provides insight into the
importance of linkage type independent of macrocycle size. Unlike the amide-linked
analogues, analogue 10 incorporates a depsipeptide linkage analogous to native teixobactin
but lacks the 3-methyl substituent present in p-threonine. Despite retaining a macrocycle
size comparable to the p-Dap analogue, this compound exhibited reduced antibacterial
activity, indicating that both the nature of the linkage and side-chain substitution at position
8 influence activity. The absence of the 3-methyl group in serine may influence local
conformational preferences or hydrogen-bonding interactions, contributing to the observed
reduction in activity.

Previous studies have reported macrocyclisation strategies employing methylated
diamino acids to facilitate lactam formation, often in combination with alternative residues
at position 10. While effective, these approaches rely on synthetically demanding building
blocks. In contrast, the present work demonstrates that lactamisation can be achieved
within a simplified Leuyo-teixobactin scaffold using readily accessible amino acids, while re-
taining measurable antibacterial activity. This highlights the potential of more synthetically
tractable macrocyclisation strategies for the development of teixobactin-inspired antibiotics.

Evaluation against multidrug-resistant clinical Staphylococcus aureus isolates revealed
that selected macrocyclised analogues retained comparable antibacterial activity to that
of the reference MRSA strain. While diminished activity was observed for some clinical
antibiotics across these isolates, the teixobactin analogues maintained measurable antibac-
terial effects, consistent with a mode of action distinct from those of clinical antibiotics.
Together, these findings demonstrate that controlled macrocyclisation within a simplified
teixobactin scaffold can retain antibacterial activity and provide insight into the structural
features governing potency.

5. Conclusions

In summary, we report the synthesis of ring-expanded teixobactin analogues using an
amide-based macrocyclisation strategy within a simplified Leujg-teixobactin scaffold. This
approach enables controlled macrolactam formation using readily accessible amino acid
building blocks and avoids reliance on synthetically complex methylated diamino acids
employed in other lactamisation strategies.

The testing of linear and macrocyclised analogues established that macrocyclisation
is essential for antibacterial activity, with moderate expansion of the macrocycle being
tolerated. A comparison of amide-linked and depsipeptide-linked analogues highlighted
the influence of both macrocycle geometry and side-chain substitution at position 8 on
activity. The methodology and structure—activity relationships reported here provide a
foundation for future SAR exploration and the rational design of teixobactin-inspired
antibiotics. Future studies will focus on further optimisation and evaluation of the toxicity
and pharmacological properties of these analogues.
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