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Chapter 3

Synthesis and Structure–Activity Relationship 
Studies of N-terminal Analogues of the 

Lipopeptide Antibiotics Brevicidine and 
Laterocidine

Abstract
The brevicidine and laterocidine family of lipopeptide antibiotics exhibit strong activity 
against multidrug-resistant Gram-negative bacteria, while showing low propensity to induce 
resistance. Both peptides feature a branched lipid tail on the N-terminal residue, which for 
brevicidine is chiral. Here, we report the synthesis and biological evaluation of a library of 
brevicidine and laterocidine analogues wherein the N-terminal lipid is replaced with linear 
achiral fatty acids. Optimal lipid chain lengths were determined and new analogues with 
strong activity against colistin-resistant E. coli produced.

Parts of this chapter have been published in RSC Medicinal Chemistry:
Ballantine, R. D.*; Al Ayed, K.*; Bann, S. J.; Hoekstra, M.; Martin, N. I.; Cochrane, S. A. 
Synthesis and Structure-Activity Relationship Studies of N-Terminal Analogues of the 
Lipopeptide Antibiotics Brevicidine and Laterocidine. RSC Med. Chem. 2022, 00, 1–3. 
https://doi.org/10.1039/D2MD00281G

Parts of the data in this chapter are part of a patent:
"Antibiotic natural product analogues"; Cochrane, S.A.; Ballantine, R. D.; Martin, N. I.; Al 
Ayed, K.; Hoekstra, M.; Zamarbide Losada, S.D.; Priority Date: 28 January 2021; Published: 4 
August 2022;  WO2022162332A1

*Authors contributed equally



628769-L-sub01-bw-AlAyed628769-L-sub01-bw-AlAyed628769-L-sub01-bw-AlAyed628769-L-sub01-bw-AlAyed
Processed on: 3-1-2024Processed on: 3-1-2024Processed on: 3-1-2024Processed on: 3-1-2024

68

Chapter 3

Introduction
Antimicrobial resistance (AMR) is set to become a major crisis within our lifetime. In addition 
to the economic costs, it is estimated that the number of deaths caused by AMR will rise to 
10 million annually by 2050.1 In fact, the number of deaths attributable to bacterial AMR 
surpassed the yearly deaths caused by breast cancer in 2019.2 Given the pressing need for new 
antibacterial agents, synthesis and structure-activity relationship (SAR) studies with novel 
lead compounds remain valuable strategies for addressing the rising tide of AMR. 

Non-ribosomal lipopeptides represent a gold mine of potential antimicrobials with desirable 
therapeutic advantages, including strong activity against multidrug-resistant bacteria, multi-
faceted modes of action,3 and superior proteolytic stability when compared to ribosomal 
antimicrobial peptides.4–7 Their superior stability arises from the presence of d-amino 
acids and/or macrocyclic motifs, both of which improve proteolytic stability. Lipopeptides 
are secondary metabolites produced by non-ribosomal peptide synthetases (NRPSs), 
and are often N-acylated with a lipid tail.8 The lipids are biosynthetically derived from the 
branched amino acids (valine, leucine and isoleucine), therefore it is common that bacterial 
lipopeptides feature a similarly branched acyl group.9 Owing to the synthetic challenge and 
expense associated with incorporating these features into peptide synthesis, a common focus 
of SAR studies is to vary the N-terminal lipid tail. Lipid tail libraries have been created for 
many lipopeptides, including tridecaptins,10 paenibacterin,7 cerexin A1

11 and polymyxins.12 

Brevicidine (1) and laterocidine (2) (Fig. 1) are two novel peptides that were recently 
reported by Li et al. following a biosynthetic gene cluster mining strategy.13 Given their 
strong antimicrobial activity against Gram-negative bacteria (including colistin-resistant E. 
coli), along with their low cytotoxicity and low propensity to induce resistance, we recently 
developed  methods to access both brevicidine and laterocidine by solid-phase peptide 
synthesis (SPPS).14 The ability to synthesize this family of lipopeptides has allowed for the 
possibility of SAR studies including the structurally related relacidines.15 Brevicidine (1) and 
laterocidine (2) each feature an N-terminal acyl chain; 4-methylhexanoyl in the former and 
6-methyloctanoyl in the latter. Herein, we report the development of novel N-terminal lipid 
analogues of brevicidine and laterocidine with strong and selective activity against Gram-
negative bacteria. 

Results and Discussion
Lipid analogues were synthesized following our previously reported methods.14 Briefly: for 
analogues of brevicidine, Fmoc-Ser-OAllyl was first loaded on to 2-chlorotrityl (CT) chloride 
resin via the side chain and standard Fmoc-SPPS was performed to synthesize the tetrapeptide 
(4). Allyl ester deprotection, followed by an on-resin modified Yamaguchi esterification 
afforded the macrocyclic lactone portion of the peptide, which was subsequently extended 
through the N-terminus via SPPS to obtain the desired analogues. Similarly, for analogues 
of laterocidine, Fmoc-Asp-OAllyl was first loaded onto Rink Amide (RA) resin via its side 
chain. The allyl group was next removed and H-Gly-OAllyl was coupled after which SPPS was 
used to obtain linear pentapeptide (7). An on-resin Steglich esterification between the free 
hydroxyl of threonine and Alloc-Gly-OH was then performed. Both allyl and Alloc groups 
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were subsequently removed followed by an on-resin macrolactamization which yielded the 
laterocidine macrocycle. The cyclic intermediate was then further elaborated through to 
the N-terminus by SPPS. Natural brevicidine has a chiral 4-methylhexanoyl lipid tail, the 
configuration of which has not been previously reported. This likely has an (S)-configuration 
as such lipids are often derived from isoleucine.8 As chiral lipids are expensive and/or must 
be chemically synthesized, we chose to synthesise lipid tail analogues containing cheaper, 
commercially available lipids. The brevicidine and laterocidine variants prepared included 
unacylated peptides (9 & 18) and C2 – C16 lipidated brevicidine (10 – 17) and laterocidine (19 
– 26) analogues, with lipid length incrementally increasing by two carbons for each analogue. 
Peptides were synthesized in overall yields ranging between 5-27% (after HPLC purification).

The minimum inhibitory concentrations (MICs) of brevicidine and laterocidine analogues 
were determined against a panel of clinically relevant ESKAPE pathogens; Escherichia coli 
(E. coli), Klebsiella pneumoniae (K. pneumoniae), Acinetobacter baumannii (A. baumannii), 
Pseudomonas aeruginosa (P. aeuroginosa) and Staphylococcus aureus (S. aureus), which 
cause the majority of nosocomial infections in the United States.16 Notably, while colistin 
(polymyxin E) is used as a last-resort antibiotic in the treatment of infections caused by many 
Gram-negative bacteria, the emergence of plasmid-borne genes conferring colistin resistance 
(mcr) threatens to render this drug ineffectual.17 In this resistance mechanism, the polymyxin 
target (Lipid A) is modified, reducing binding affinity. For this reason, a strain of colistin-
resistant E. coli carrying the mcr-1 gene was also included in the panel.

 

Fig. 1. Structures of brevicidine (1) and Laterocidine (2). N-terminal lipid tails are highlighted in blue 
and structural differences between the two lipopeptides in red.
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Table 1. Antimicrobial activity of brevicidine and laterocidine analogues 9 – 26.

Antimicrobial Activity (µg/mL)
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1 C7 4 4 2 4 8 >32 0.8

9 H >32 >32 >32 >32 16 >32 0.2

10 C2 >32 >32 >32 >32 8 >32 0.2

11 C4 32 32 8 32 16 >32 0.1

12 C6 8 8 4 16 >32 >32 0.3

13 C8 16 16 16 16 8 >32 0.4

14 C10 4 4 4 4 8 32 6.2

15 C12 8 8 8 4 16 32 13.3

16 C14 16 16 32 4 32 >32 18.0

17 C16 >32 >32 >32 32 >32 >32 13.3

2 C9 2 2 2-4 2 4 >32 0.4

18 H >32 >32 >32 >32 >32 >32 0.2

19 C2 >32 >32 >32 >32 16 >32 0.2

20 C4 16 32 32 >32 8 >32 0.3

21 C6 4 8 8 16 4 >32 0.2

22 C8 2 2 2 4 2 >32 0.2

23 C10 2 2 2-4 2 2 >32 2.1

24 C12 4 4 8 2 8 32 21.5

25 C14 8 8 8 2 8 16 56.2

26 C16 32 32 >32 4 32 32 46.1

Colistin C8/C9 0.5 8 0.5 ≤0.25 4 >32 <0.1

0.1% TX100 ND ND ND ND ND ND ND 100

ND = not determined. All assays run in triplicate. [Peptide] in hemolytic assays = 64 µg/mL. Additional strain information 

in supplementary information. 
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Scheme 1. On-resin syntheses of brevicidine (1) (top) laterocidine (2) (bottom).  CT: 2-Chlorotrityl 
chloride resin, RA: Rink amide resin.

For the brevicidine lipid analogues, H-Brev (9), C2-Brev (10) and C16-Brev (17) showed 
complete ablation of antimicrobial activity (>32 µg/mL). The latter could possibly be due to 
reduced solubility of the peptide in Mueller Hinton broth (MHB), despite using DMSO as an 
additive, or activity could be diminished by hydrophobic self-aggregation interfering with 
the peptide’s ability to interact with the bacterial membrane. Inversely, peptides lacking a 
lipid tail or with a very short lipid are likely unable to insert into the bacterial membrane thus 
limiting their ability to disrupt the membrane or self-permeabilise through to the periplasm.18 
A similar observation has been made for unacylated analogues of polymyxin B and colistin 
which display no antimicrobial activity, despite retaining the ability to efficiently bind with 
high specificity to lipopolysaccharide (LPS).18 Notably, our lipid scan with brevicidine 
and laterocidine revealed an apparent double “sweet-spot” in activity with C6-Brev (12), 
which generally showed a two-fold decrease in activity across strains, and C10-Brev (14) 
which maintained comparable activity to Brevicidine (1). C10-Brev (14) likely has similar 
hydrophobic properties to the natural branched C7 lipid in Brev, whereas C8-Brev (13) is 
less hydrophobic and less active. The higher activity of C6 vs C8 was unexpected but could 
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be due to improved solubility. In the case of the laterocidine analogues, a broader increase in 
antimicrobial activity was observed for analogues 20 – 25 with C8-Lat (22) and C10-Lat (23) 
exhibiting the same activity as Laterocidine (2).

H-Lat (18), C2-Lat (19) and C16-Lat (26) showed a marked decrease in activity – with the 
exception of C16-Lat (26) against A. baumannii (4 µg/mL). The more hydrophobic analogues 
are likely less active due to their poorer solubility in aqueous media. Gratifyingly, the activities 
of the brevicidine and laterocidine analogues against E. coli were unaffected by the presence 
of the mcr-1 resistance gene, paralleling the early in vitro results by Li et al.13 These findings 
further underscore the potential for this class of lipopeptide antibiotics to be developed as a 
therapeutic alternative against drug-resistant infections.

Having ascertained the antimicrobial activity of all synthetic peptides against a panel of 
ESKAPE pathogens, we next assessed their mammalian toxicity with hemolytic assays using 
sheep red blood cells. The % hemolysis for all peptides at 64 µg/mL was determined, with 
the hemolysis induced by the surfactant 0.1% Triton X-100 taken as 100%. The peptide 
concentration used is 32x the MIC of the most potent analogues. Hemolysis was <1% for all 
analogues with a C8 chain or shorter, including the strongest antibacterial peptide C8-Lat 
(22). Hemolytic activity increased up to C14 (>50% for C14-Lat) and then decreased at longer 
chain lengths, perhaps due to decreased solubility of peptides or aggregation.

Conclusions
In summary, a library of N-terminal lipid analogues was generated for brevicidine (9 – 
17) and laterocidine (18 – 26) using our previously established synthetic approaches. The 
peptides were assayed in vitro against a panel of ESKAPE pathogens to identify analogues 
with comparable activities to synthetic brevicidine (1) and laterocidine (2). The substitution 
with a decanoyl tail in both brevicidine (14) and laterocidine (23) had no effect on the 
antimicrobial activity, including colistin-resistant E. coli. This strong activity against drug-
resistant Gram-negative bacteria coupled with the reduced synthetic cost highlights these 
analogues as potential therapeutic candidates for future development.

Experimental methods 
Materials
Brevicidine Analogues. All proteinogenic Fmoc-amino acids used in this study were 
purchased from CEM. The remaining Fmoc-amino acids, including Fmoc-d-Trp(Boc)-
OH, Fmoc-d-Tyr(tBu)-OH  and Fmoc-d-Asn(Trt)-OH were purchased from Fluorochem. 
Fmoc-d-Orn(Boc)-OH was purchased from Merck. Fmoc-l-Orn(Boc)-OH was purchased 
from ChemImpex. Fmoc-Ser-OAllyl,19 Fmoc-Asp-OAllyl,20 TFA∙H2N-Gly-OAllyl21 were 
synthesized according to referenced literature procedures.  Acetic anhydride, butyric acid, 
decanoic acid and dodecanoic acid were purchased from Alfa Aesar. Hexanoic acid and octanoic 
acid were purchased from Sigma-Aldrich. Myristic acid was sourced from the C6 to C14 Fatty 
Acid Kit by Matreya Inc. Palmitic acid was purchased from Fluorochem. [Bis(dimethylamino)
methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium-3-oxidhexafluorophosphate (HATU), 
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trifluoroacetic acid (TFA) and triisopropylsilane (TIPS) were also purchased from 
Fluorochem. 2-Chlorotrityl chloride resin and diisopropylethylamine (DIPEA) were 
purchased from Sigma-Aldrich. HPLC grade acetonitrile (MeCN), dichloromethane 
(CH2Cl2) and dimethylformamide (DMF) were purchased from Merck. All chemicals were 
used without further purification. 

Laterocidine analogues. Fmoc-L-Orn(Boc)-OH and Fmoc-D-Orn(Boc)-OH were 
purchased from Combi-Blocks. All other Fmoc-amino acids and the Rink amide MBHA resin 
were purchased from P3 BioSystems. Acetic anhydride, butyric acid, lauric acid, myristic 
acid, palmitic acid, sodium diethyldithiocarbamate trihydrate and pyridine were purchased 
from Acros Organics. Hexanoic acid, octanoic acid and decanoic acid were purchased 
from Alfa Aesar. ((1H-Benzo[d][1,2,3]triazol-1-yl)oxy)tris(dimethylamino)phosphonium 
hexafluorophosphate (BOP), N,N-Diisopropylcarbodiimide (DIC)  and triisopropylsilane 
(TIPS) were purchased from Manchester Organics. 4-Dimethylaminopyridine (DMAP) was 
purchased from Sigma Aldrich. Diisopropylethylamine (DIPEA), piperidine, trifluoroacetic 
acid (TFA) and dimethyl sulfoxide (DMSO) were purchased from Carl Roth. Dichloromethane 
(CH2Cl2) and petroleum ether were purchased from VWR Chemicals. Acetonitrile (MeCN), 
dimethylformamide (DMF) and methyl tertiary-butyl ether (MTBE) were purchased from 
Biosolve. Tetrakis(triphenylphosphine)palladium(0) and phenylsilane were purchased from 
Fluorochem. 

Antimicrobial testing
Colisitin sulfate was purchased from Activate Scientific. Kanamycin monosulfate was 
purchased from MP Biomedicals. E. coli ATCC 25922, S. aureus USA300 (ATCC BAA1717), 
K. pneumoniae ATCC 13883 and A. baumannii ATCC 17961 belong to the American Type 
Culture Collection (ATCC). P.  aeruginosa PAO1 was kindly provided by L.H.C. Quarles 
Van Ufford, Utrecht University, Utrecht, The Netherlands. E. coli ATCC 25922 MCR-1 was 
transfected in house using the pGDP2-MCR1 plasmid kindly provided by Yong-Xin Li, The 
University of Hong Kong, Hong Kong, China. Sheep blood agar plates (Ref. PB5039A) were 
purchased from Thermo Scientific. Tryptic soy broth (Ref. 02-200-500) was purchased from 
Scharlab. Mueller-Hinton broth (Ref. X927.1) was purchased from Carl Roth. Polypropylene 
96-wells plates (Ref. 3879) were purchased from Corning.

General procedure for manual peptide synthesis
Brevicidine analogues. Analogues of brevicidine were synthesized according to our 
previously reported synthesis.14 To a flame dried 50 mL round bottom flask was added 
Fmoc-Ser-OAllyl (220 mg, 0.600 mmol) and dry dichloromethane (CH2Cl2) (10.0 mL). 
2-Chlorotrityl (CT) chloride resin (2.00 g, 0.81 mmol g-1) and DIPEA (420 µL, 2.40 mmol) 
were added. The suspension was stirred under argon for 24 h at 45 °C, after which the resin 
was filtered through a manual SPPS vessel and washed with CH2Cl2 (3 x 10 mL). The resin 
was then capped by adding a solution of MeOH, DIPEA and CH2Cl2 (20 mL, 10 : 5 : 85) and 
bubbled with argon for 1 h. The resin was washed with DMF (3 x 10 mL) then CH2Cl2 (3 x 10 
mL) and dried under a positive pressure of argon. A small portion of resin was then used to 
ascertain the loading. Estimation of loading level of first residue onto resin (0.16 mmol g-1) 
was calculated via an Fmoc loading test, as described by Gude et al.22
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Standard Fmoc SPPS protocol was used to extend the peptide to the linear Fmoc-Thr-Ile-Gly-
Ser stage. Specifically, loaded resin (1.56 g, 0.25 mmol) was added to a manual SPPS vessel 
and bubbled in DMF (15 mL) for 15 min to swell. The solvent was discharged and the resin 
was bubbled in an Fmoc deprotection solution of 20% piperidine in DMF (3 x 15 mL, 2 x 1 
min then 1 x 5 min) with argon. The resin was washed with DMF (3 x 15 mL) and a coupling 
solution of amino acid (5 equiv), HATU (5 equiv) and DIPEA (10 equiv) in DMF (15 mL) was 
added. The solution was then bubbled with argon for 1 h, before the solution was discharged 
and the resin washed with DMF (3 x 15 mL). The process was repeated to obtain on-resin 
linear Fmoc-tetrapeptide. An allyl deprotection solution of tetrakis(triphenylphosphine) 
palladium (578 mg, 0.500 mmol) and phenylsilane (308 µL, 2.50 mmol) in CH2Cl2 and DMF 
(1:1, 20 mL) was added. The solution was bubbled with argon for 2 h in darkness, after which 
the deprotection solution was discharged and the resin was washed with DMF (3 x 15 mL), 
0.5% sodium diethyldithiocarbamate solution in DMF (4 x 15 mL), DMF (4 x 15 mL) and 
CH2Cl2 (4 x 15 mL). The resin was dried under argon, then added to a 100 mL flame dried 
round bottom flask under argon. Dry dichloroethane (50 mL), benzoyl chloride (30 µL, 
0.258 mmol), triethylamine (139 µL, 9.97 mmol) and catalytic DMAP (3.00 mg, 24.6 µmol) 
were added. The mixture was stirred overnight at 60 °C. The reaction was cooled to room 
temperature before the resin was filtered through a manual SPPS vessel and washed with 
DMF (3 x 15 mL) and CH2Cl2 (3 x 15 mL) and dried under argon. To ascertain a successful 
macrolactonisation, a small sample was cleaved using 2% TFA solution in CH2Cl2 (1 mL). The 
cleavage cocktail was gently agitated for 1 h and filtered through a glass wool plug. The filtrate 
was concentrated with a gentle stream of argon before being analyzed by LC-MS. Desired 
cyclic product was identified ([M+H]+ calculated for C30H36N4O8 581.2, found (LC-MS) 
581.4. Following this modified Yamaguchi esterification, Fmoc SPPS was continued using 
the above protocol to complete the linear peptide portion. The resin was then divided and 
the lipid tails were attached to the N-terminus using the same procedure (0.05 mmol scale). 
Acetylated brevicidine (11) was synthesized by adding on-resin peptide (306 mg, 50.0 µmol) 
to a manual SPPS vessel with DMF (5 mL) to swell for 10 min. The solvent was discharged and 
a solution of acetic anhydride (240 µL, 2.54 mmol), DIPEA (440 µl, 2.53 mmol) and DMAP 
(1 crystal) in DMF (5 mL) was added and bubbled for 2.5 h with argon. The resin was then 
washed with DMF (3 x 5 mL) and CH2Cl2 (3 x 5 mL) then dried under argon. The dried resin 
was then added to a cleavage cocktail of TFA, TIPS and distilled water (3 mL, 95 : 2.5 : 2.5) 
and heated to 37 °C for 1 h. The suspension was filtered through a glass wool plug and the 
filtrate concentrated under vacuum. Diethyl ether was used to precipitate the crude peptide, 
which was then centrifuged and washed with additional diethyl ether. The suspension was 
centrifuged and the pellet dissolved in the minimal amount of 1:1 acetonitrile and water 
solution with 0.1% TFA. The crude mixture was subsequently purified by RP-HPLC Method 
A. Fractions were assessed by LC-MS and product containing fractions were pooled, frozen 
and lyophilized to yield the lipid analogues.

Laterocidine analogues. Rink amide MBHA (5.00 g, 0.67 mmol g-1) was loaded via the 
sidechain carboxyl group of Fmoc-Asp-OAllyl (2.65 g, 6.70 mmol) with BOP (2.96 g, 6.70 
mmol) and DIPEA (2.33 mL, 13.4 mmol) in DMF (150 mL) overnight. The resin was capped 
with acetic anhydride and pyridine (3 : 2) for 30 min and the resin loading was determined 
as above (0.50 mmol g-1). Two batches of the loaded resin (1.00 g, 0.500 mmol) were bubbled 
in tetrakis(triphenylphosphine) palladium (150 mg, 0.130 mmol) and phenylsilane (1.50 mL, 
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12.2 mmol) in CH2Cl2 (30 mL) with nitrogen for 1 h.  The resin was subsequently washed 
with CH2Cl2 (5 x 20 mL), sodium diethyldithiocarbamic acid trihydrate in DMF (5 mg mL-1, 
5 x 20 mL) and DMF (5 x 20 mL). TFA∙H2N-Gly-OAllyl (230 mg, 1.00 mmol) was coupled 
using BOP (442 mg, 0.999 mmol) and DIPEA (350 µL, 2.01 mmol) under nitrogen flow for 
1 h. Fmoc SPPS was continued using a similar procedure as above: Fmoc was removed using 
a 20% piperidine solution (3 x 10 mL, 2 x 2 min then 1 x 10 min). The resin was washed 
and a coupling solution of amino acid (4 equiv), BOP (4 equiv) and DIPEA (8 equiv) in 
DMF (10 mL) was added and bubbled with nitrogen for 1 h. The process was repeated to 
extend the N-terminus to include Trp8. The resin was then treated with Alloc-Gly-OH (1.20 
g, 7.54 mmol), DIC (1.20 mL, 7.66 mmol) and DMAP (30.0 mg, 0.246 mmol) in CH2Cl2 and 
DMF (16 mL, 3 : 1) under nitrogen for 18 h. Alloc protecting groups were removed following 
the aforementioned protocol with tetrakis(triphenylphosphine) palladium. Cyclization was 
then achieved by adding a solution of BOP (442 mg, 0.999 mmol) and DIPEA (350 µL, 2.01 
mmol) in DMF (10 mL) and bubbling with nitrogen for 2 h. The remaining linear N-terminal 
section of the peptide was synthesized using the above SPPS protocol. The two batches of 
resin were divided and lipid tails were attached as above on a 0.1 mmol scale. Dried resin 
was subsequently added to cleavage cocktail containing TFA, TIPS and H2O (5 mL, 95 : 2.5 
: 2.5) for 1.5 h. The reaction mixture was then filtered through cotton and precipitated in 
MTBE and petroleum ether (1 : 1). The resulting precipitate was washed with fresh MTBE and 
petroleum ether (1 : 1) and lyophilized from t-butanol and water (1 : 1). The crude peptide 
was then purified by RP-HPLC Method B. Pure fractions were pooled and lyophilized.

Purification and analysis of peptides
Prep RP-HPLC purification of crude peptides. Brevicidine analogues were purified by 
Reversed-Phase High Performance Column Chromatography (RP-HPLC). Purification was 
performed on a Perkin Elmer HPLC system composed of a 200 series binary pump, UV/
Vis detector, vacuum degasser, Rheodyne 7725i injector. The system was operated using 
ThermoFisher Chromeleon 7.2 software. Method A (Preparative): Phenomenex Luna C18 
column (5 µm, 250 x 21.2 mm) equipped with a 2 mL sample loop. Runs were performed at a 
flow rate of 10 mL/min with UV detection at 220 nm. Solvent A = 0.1 % TFA in MilliQ water 
and solvent B = 0.1 % TFA in MeCN. A gradient method for C0 – C12 brevicidine analogues 
was employed, starting from 5 % B and 95 % A for 5 min, ramping up to 8 % B over 20 min, 
then ramping up to 20 % B over 15 min, ramping up to 30 % B over 3 min, ramping again 
up to 95 % B over 4 min, remaining at 95 % B for 3 min, ramping down to 5 % B over 2 min 
before staying at 5 % B for 5 min. A gradient method for C14 - C16 brevicidine analogues was 
employed, starting from 5 % B and 95 % A for 5 min, ramping up to 27 % solvent B over 6 
min, then ramping up to 44 % solvent B over 7 min, ramping up again to 78 % solvent B 
over 9 min, ramping to 95 % solvent B over 3 min, remaining  at 95 %  B for 2 min before 
ramping down to 5 % B over 3 min and remaining there for 5 min. Method B (Preparative): 
Purification was performed on a BESTA-Technik system with a Dr. Maisch ReproSil Gold 
120 C18 column (10 µm, 25 x 250 mm) and equipped with a ECOM Flash UV detector. 
Runs were performed at a flow rate of 12 mL/min with UV detection at 214 nm and 254 nm. 
Solvent A = 0.1% TFA in water/MeCN (95 : 5) and solvent B = 0.1% TFA in water/MeCN (5 
: 95). A gradient method was employed, starting at 100 % solvent A for 5 min, ramping up 
to 70 % solvent B over 50 min, remaining at 70 % solvent B for 3 min before ramping down 
to 100 % solvent A over 1 min and remaining there for 5 min. Product containing fractions 
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were pooled, partially concentrated under vacuum, frozen and then lyophilized to yield 
pure peptides as white flocculent solids. A small amount of purified peptide was analyzed 
by analytical HPLC. Method C (Analytical): Analytical runs of brevicidine analogues were 
performed on a Perkin Elmer HPLC system composed of a 200 series quaternary pump, UV/
Vis detector, vacuum degasser, Rheodyne 7725i injector equipped with a 200 µL sample loop 
and Phenomenex Luna C18 column (5 µm, 150 x 4.6 mm). The system was operated using 
ThermoFisher Chromeleon 7.2 software. Runs were performed at a flow rate of 2 mL/min 
with UV detection at 220 nm. Solvent A = 0.1 % TFA in MilliQ water and solvent B = 0.1 % 
TFA in MeCN. A gradient method was employed, starting from 20 % B and 80 % A for 2 min, 
ramping up to 95 % B over 18 min, ramping down to 20 % B over 0.1 min before staying at 
20 % B for 3.9 min. Method D (Analytical): Analytical runs of laterocidine analogues were 
performed on a Shimadzu Prominence-i LC-2030 system with a Dr. Maisch ReproSil Gold 
120 C18 (5 µm, 4.6 x 250 mm) at 30 °C. Runs were performed at a flow rate of 1 mL/min 
with UV detection at 214 nm and 254 nm. Solvent A = 0.1% TFA in water/CAN (95 : 5) and 
solvent B = 0.1% TFA in water/CAN (5 : 95). A gradient method  for C0 - C12 laterocidine 
was employed, starting at 100% solvent A for 2 min, ramping up to 50 % Solvent B over 45 
min, ramping up to 100% solvent B over 1 min, remaining at 100% solvent B for 6 min before 
ramping down to 100% solvent A over 1 min and remaining there for 5 min. A gradient 
method for C14 - C16 laterocidine was employed, starting at 100% solvent A for 2 min, ramping 
up to 70 % solvent B over 45 min, ramping up to 100% solvent B over 1 min, remaining 
there for 6 min before ramping down to 100% solvent A and remaining there for 5 min. 
High resolution mass spectrometry (HRMS) spectra of brevicidine peptides were recorded 
by Analytical Services and Environmental Projects (ASEP) at Queen’s University Belfast 
on a Waters LCT Premier ToF mass spectrometer using the electrospray ionisation (ESI) 
technique. HRMS spectra of laterocidine peptides were performed on a Thermo Scientific 
Dionex UltiMate 3000 HPLC system with a Phenomenex Kinetex C18 (2.6 µm, 2.1 x 150 mm) 
column at 35 °C and equipped with a diode array detector. The following solvent system, at 
a flow rate of 0.3 mL/min, was used: solvent A = 0.1% formic acid in water, solvent B = 0.1% 
formic acid in acetonitrile. A gradient method was employed, starting at 95 % solvent A and 5 
% solvent B for 1 min, ramping up to 95 %  solvent B over 9 min, ramping up to 98 % solvent 
B over 1 min, remaining there for 1 min before ramping back down to 95 % solvent A over 2 
min and remaining there for 1 min. The system was connected to a Bruker micrOTOF-Q II  
mass spectrometer (ESI ionization) calibrated internally with sodium formate. (HPLC traces 
of the peptides can be found in the online supplementary material at https://doi.org/10.1039/
D2MD00281G)

Antimicrobial testing
All minimum inhibitory concentrations (MICs) were determined according to Clinical and 
Standards Laboratory Institute (CLSI) guidelines. Blood agar plates were inoculated with 
glycerol stocks of E. coli ATCC 25922, K. pneumoniae ATCC 13883, A. baumannii ATCC 
17961, P. aeruginosa PAO1 and S. aureus USA300. The inoculated agar plates were then 
incubated for 16 h at 37 °C . Individually grown colonies were subsequently used to inoculate 
5 mL aliquots of TSB that were then incubated at 37 °C with shaking at 220 rpm. E. coli 25922 
MCR-1 glycerol stock was used to inoculate 5 mL of TSB supplemented with kanamycin that 
was then incubated for 16 h at 37 °C with shaking at 220 rpm. The next day the culture was 
diluted 100 fold in TSB supplemented with kanamycin and incubated at 37 °C with shaking 
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at 220 rpm. In parallel, the lipopeptide antibiotics DMSO stocks to be assessed were serially 
diluted with MHB in polypropylene 96-well plates (50 µL in each well). Colistin sulfate stocks 
were dissolved in water before being diluted with MHB.  Aliquots of the inoculated TSB 
were incubated until an OD600 of around 0.5 was reached. The bacterial suspensions were 
then diluted with MHB (2 x 105 CFU mL-1) and added to the microplates containing the test 
compounds (50 µL to each well). The well-plates were sealed with an adhesive membrane and 
after 18 h of incubation at 37 °C with shaking at 600 rpm, the wells were visually inspected for 
bacterial growth. MIC values reported are based on three technical replicates and defined as 
the lowest concentration of the compound that prevented visible growth of bacteria.

Hemolytic assays
Experiments were performed in triplicate and Triton X-100 used as a positive control. Red 
blood cells from defibrinated sheep blood obtained from Thermo Fisher were centrifuged 
(400 g for 15 min at 4°C) and washed with Phosphate-Buffered Saline (PBS) containing 
0.002% Tween20 (buffer) five times. Then, the red blood cells were normalized to obtain 
a positive control read-out between 2.5 and 3.0 at 415 nm to stay within the linear range 
with the maximum sensitivity. A serial dilution of the compounds (128 – 1 µg/mL, 75 µL) 
was prepared in a 96-well polypropylene plate. The outer border of the plate was filled with 
75 µL buffer. Each plate contained a positive control (0.1% Triton-X final concentration, 75 
µL) and a negative control (buffer, 75 µL) in triplicate. The normalized blood cells (75 µL) 
were added and the plates were incubated at 37 °C for 1 h while shaking at 500 rpm. A flat-
bottom polystyrene plate with 100 µL buffer in each well was prepared. After incubation, the 
plates were centrifuged (800 g for 5 min at room temperature) and 25 µL of the supernatant 
was transferred to their respective wells in the flat-bottom plate. The values obtained from a 
read-out at 415 nm were corrected for background (negative control) and transformed to a 
percentage relative to the positive control.
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Yields and HRMS analysis of peptides
Table 2. Peptide number, name, chemical formula, exact mass, mass found and overall yield for 
peptides 1 – 26.

Peptide Name Chemical 
Formula

Calcd Exact 
Mass Mass found Calcd

Overall 
Yield
[%]

1 Brevicidine C74H106N18O17 1518.7983 507.2688 [M+3H]3+ 507.2734 9

9 H-Brev C67H94N18O16 1406.7095 704.3672 [M+2H]2+ 704.3620 2

10 C2-Brev C69H96N18O17 1448.7201 1449.7290 [M+H]+ 1449.7274 3

11 C4-Brev C71H100N18O17 1476.7514 1477.7579 [M+H]+ 1477.7592 25

12 C6-Brev C73H104N18O17 1504.7827 1505.8070 [M+H]+ 1505.7905 19

13 C8-Brev C75H108N18O17 1532.8140 1533.8483 [M+H]+ 1533.8218 4

14 C10-Brev C77H112N18O17 1560.8453 521.2809 [M+3H]3+ 521.2809 4

15 C12-Brev C79H116N18O17 1588.8766 795.4525 [M+2H]2+ 795.4456 3

16 C14-Brev C81H120N18 O17 1616.9079 809.4640 [M+2H]2+ 809.4612 2

17 C16-Brev C83H124N18O17 1644.9392 823.4837 [M+2H]2+ 823.4769 4

2 Laterocidine C78H113N19O18 1603.8511 802.9326 [M+2H]2+ 802.9329 2

18 H-Lat C69H97N19O17 1463.7310 732.8731 [M+2H]2+ 732.8728 2

19 C2-Lat C71H99N19O18 1505.7415 753.8783 [M+2H]2+ 753.8781 1

20 C4-Lat C73H103N19O18 1533.7728 767.8944 [M+2H]2+ 767.8937 3

21 C6-Lat C75H107N19O18 1561.8041 781.9097 [M+2H]2+ 781.9094 2

22 C8-Lat C77H111N19O18 1589.8354 795.9254 [M+2H]2+ 795.9250 2

23 C10-Lat C79H115N19O18 1617.8667 809.9410 [M+2H]2+ 809.9407 3

24 C12-Lat C81H119N19O18 1645.8980 823.9567 [M+2H]2+ 823.9563 0.4

25 C14-Lat C83H123N19O18 1673.9293 851.9881 [M+2H]2+ 851.9876 1

26 C16-Lat C85H127N19O18 1701.9606 837.9722 [M+2H]2+ 837.9720 1
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