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SUMMARY

Resistance to the last-resort antibiotic colistin is
now widespread and new therapeutics are urgently
required. We report the first in toto chemical synthe-
sis and pre-clinical evaluation of octapeptins, a class
of lipopeptides structurally related to colistin. The
octapeptin biosynthetic cluster consisted of three
non-ribosomal peptide synthetases (OctA, OctB,
and OctC) that produced an amphiphilic antibiotic,
octapeptin C4, which was shown to bind to and
depolarize membranes. While active against multi-
drug resistant (MDR) strains in vitro, octapeptin C4
displayed poor in vivo efficacy, most likely due to
high plasma protein binding. Nuclear magnetic reso-
nance solution structures, empirical structure-activ-
ity and structure-toxicity models were used to design
synthetic octapeptins active against MDR and exten-
sively drug-resistant (XDR) bacteria. The scaffold
was then subtly altered to reduce plasma protein
binding, while maintaining activity against MDR and
XDR bacteria. In vivo efficacy was demonstrated in
a murine bacteremia model with a colistin-resistant
P. aeruginosa clinical isolate.

INTRODUCTION

The increasing incidence of bacterial resistance in the clinical

setting, coupled with a barren antibiotic development pipeline
380 Cell Chemical Biology 25, 380–391, April 19, 2018 ª 2018 Elsevi
has been dubbed ‘‘the perfect storm’’ (Gould, 2009). The World

Health Organization has identified antimicrobial resistance as

one of the three greatest threats to human health. The situation

is more dire for Gram-negative ‘‘superbugs’’ (notably Pseudo-

monas aeruginosa, Acinetobacter baumannii, and Klebsiella

pneumoniae), against which no novel classes of antibiotics are

available. The emergence of polymyxin resistance means

in essence that there will be no effective antibiotics available

for treatment of infections caused by these Gram-negative

superbugs.

The octapeptins are a family of lipooctapeptide antibiotics

with a broad antimicrobial spectrum (Meyers et al., 1976; Storm

et al., 1977). They are structurally similar to the polymyxin lipode-

capeptides, and can be considered as a sub-class that retain the

cyclic heptapeptide core, but have a truncated linear peptide tail

(Figure 1; Table 2). Both octapeptins and polymyxins contain

multiple cationic diaminobutyric acid (Dab) residues at the

same positions within the heptapeptide core. The major differ-

ences between the polymyxins and octapeptins are that the oc-

tapeptins contain: (1) a hydrophobic Leu residue at position 8

instead of a polar Thr residue at the corresponding position 10

in the polymyxins; (2) a D-Dab at position 1 in the truncated

exocyclic tail instead of L-Dab at the corresponding position 3

in the polymyxins; and (3) N-terminal 3(R)-hydroxy fatty acids

rather than a mixture of alkyl fatty acids seen at the N-terminal

of the polymyxins (Table 2).

The octapeptins were discovered almost four decades ago

as natural products produced by the soil bacteria Bacillus circu-

lans, and were given the company compound codes Bu-2470,

EM49, 333-25, and Bu-1880 by the then Squibb Institute (Prince-

ton), Bristol-Banyo Research Institute (Tokyo), and Shionogi

Research Laboratory (Osaka) (Kato and Shoji, 1980; Konishi
er Ltd.
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Figure 1. Overview of the Octapeptin Biosynthetic Gene Cluster

The exploded panel shows the domain arrangement and predicted biosynthetic intermediate for each NRPS module in the cluster. The key indicates predicted

functions for the open reading frames within the cluster as deduced by blast search against functionally characterized BGCs in the MiBig repository.
et al., 1983; Meyers et al., 1973a, 1973b, 1974, 1976; Parker and

Rathnum, 1973, 1975; Shoji et al., 1976, 1980; Sugawara et al.,

1983). Eventually, a consensus on the nomenclature was

reached and these octapeptins were alphabetically designated

into four sub-groups, A, B, C, and D, based on minor structural

differences in their core scaffold (Meyers et al., 1976). Research

on this class had been limited to a handful of publications before

the 1980s, although very recently a new member of this class

was discovered (Qian et al., 2012).

The octapeptins display good activity against Gram-negative

bacteria (Konishi et al., 1983; Meyers et al., 1973a, 1973b,

1974; Shoji et al., 1976, 1980; Storm et al., 1977). Despite their

resemblance to the polymyxins on a structural level (Table 2),

the octapeptins exhibit marked differences in their biological

profile: (1) unlike the polymyxins, the octapeptins display activity

against Gram-positive bacteria, yeast, fungi, and protozoa

(Konishi et al., 1983; Meyers et al., 1973a, 1973b, 1974; Shoji

et al., 1976, 1980; Storm et al., 1977), and (2) most importantly,

the octapeptins retain activity against polymyxin-resistant

Gram-negative bacteria (Storm et al., 1977).

Following their discovery, the octapeptin class was essentially

neglected by researchers for the next four decades, presumably

due to preferential development of b-lactam and fluoroquinolone

antibiotics. Hence, there is no structure-activity relationship

(SAR) information available for octapeptins. The chemistry and

biology of the octapeptins need to be revisited, and their thera-

peutic potential evaluated within the scope of modern drug

discovery procedures. In the present study, we identify the

biosynthetic pathway of the octapeptins and report the synthesis

of a representative natural octapeptin (octapeptin C4) and a

number of novel analogs. Furthermore, we characterize their
3D structure, mode of action, and in vitro and in vivo antimicro-

bial activity and toxicity.

RESULTS AND DISCUSSION

Identification and Annotation of the Octapeptin
Biosynthetic
In the present study, we obtained a draft whole-genome

sequence for B. circulans ATCC 31805, from which we identified

and annotated the complete octapeptin biosynthetic gene clus-

ter (BGC).

Analysis of the assembled genome sequence for B. circulans

ATCC 31805 using antiSMASH 4 identified an NRPS containing

BGC that had characteristics consistent with production of the

octapeptins. The octapeptin BGC (accession no. LN999013)

contains eight NRPS modules that are over distributed three

open reading frames (Figure 1). The NRPS genes in the octapep-

tin cluster obey the colinearity principle, and the amino acid

specificity predictions modules are a close match for the known

octapeptin structures (Figure 1; Table 1). Modules one and

four of the octapeptin BGC contain epimerization domains, in

agreement with the presence of D-amino acids in the corre-

sponding positions of the octapeptins. The presence of pre-

dicted DCL-specific condensation domains downstream of

each of these epimerization domains is also consistent with of

incorporation of a D-amino acid.

Consistent with the N-acyl group found in the octapeptins, the

first C domain in the octapeptin BGC was annotated as a starter

C domain. This motif is common in the first domain of lipopepti-

des and indicates condensation of and incoming fatty acyl-CoA

initiates the biosynthesis. There is no obvious acyl-CoA ligase
Cell Chemical Biology 25, 380–391, April 19, 2018 381



Table 1. Substrate Specificity Predictions for Adenylation

Domains in the Octapeptin Biosynthetic Gene Clusters

Predictiona Pocketb Observedc

A1 Dab DVGEISAIDK Dab

A2 Dab DVGEISAIDK Dab

A3 Dab DVGEISAIDK Dab

A4 Leu DAWIIGAIVK Phe

A5 Phe DAFTIGAICK Leu

A6 Dab DVGEISAIDK Dab

A7 Dab DVGEISAIDK Dab

A8 Leu DAWIIGAIVK Leu
aSubstrate specificity prediction furnished by SANDPUMA algorithm.
bTen-amino acid Statchelhaus code from NRPS-predictor 2 output.
cResidue observed in Octapeptin A1.
candidate in the octapeptin cluster, and this may indicate that

the gene responsible for this step in the biosynthesis is located

elsewhere in the chromosome, as was previously observed for

the polymyxins.

In addition to the core NRPS enzymes responsible for biosyn-

thesis of the peptide backbone, the octapeptin cluster contains

an enzyme closely related (98% amino acid identity) to the trans-

aminase PlpA found in the pelgipeptin BGC. Enzymes of this

type are known to convert aspartate b-semialdehyde to Dab

(which is the substrate for A domains 1, 2, 3, 6, and 7 in the oc-

tapeptin biosynthetic pathway) (Figure 1). The cluster also con-

tains a Sfp-type 40-phosphopantiethienyl transferase as well as

regulatory proteins and transporters.

In Toto Synthesis and In Vitro Antibacterial Activity
Owing to their nonribosomal biosynthetic origins, octapeptins

are produced as a mixture of closely related components (Ko-

nishi et al., 1983; Meyers et al., 1973a, 1973b; Parker and Rath-

num, 1973, 1975; Shoji et al., 1976, 1980; Sugawara et al., 1983).

In the present study, we synthesized for the first time a pure ma-

jor component, octapeptin C4, via a highly efficient and robust

Fmoc-based solid-phase synthesis procedure. Antimicrobial ac-

tivity was subsequently screened against a panel of ATCC and

clinical isolates of polymyxin-susceptible and -resistant Gram-

negative strains of P. aeruginosa, A. baumannii, K. pneumoniae,

and Enterobacter cloacae, and Gram-positive E. faecium and

Staphylococcus aureus (Table 2).

The octapeptins displayed good antibacterial activity against

the polymyxin-susceptible strains of P. aeruginosa and

K. pneumoniae (Table 2). Octapeptin C4 (minimum inhibitory

concentrations [MICs] = 4–16 mg/mL) was less potent against

the polymyxin-susceptible strains compared with both poly-

myxin B and colistin (0.25–1 mg/mL). Notably, the octapeptins

displayed poor activity against the polymyxin-susceptible

strains of A. baumannii tested, presumably due to differences

in the outer membrane lipid A of this species compared with

other Gram-negatives. Compared with polymyxin B and colistin

(MICs = 4–128 mg/mL), the octapeptins showed improved

activity (MICs = 0.5–32 mg/mL) against polymyxin-resistant clin-

ical isolates of P. aeruginosa, A. baumannii, and K. pneumoniae

(Table 2). However, octapeptins MCC5387, FADDI-116, FADDI-

117, and FADDI-118 were generally less active against the poly-
382 Cell Chemical Biology 25, 380–391, April 19, 2018
myxin-resistant strains (MIC R 32 mg/mL). Furthermore, we

screened the activity of the octapeptins against a panel of mcr

isolates of K. pneumoniae and Escherichia coli (Table S4). Inter-

estingly, FADDI-114 to FADDI-118 showed comparable MICs

with colistin and polymyxin B (MICs = 4–16 mg/mL) against the

mcr isolates, whereas FADDI-118 was essentially inactive

(MICsR 16 mg/mL). We speculate that the comparable MICs be-

tween the octapeptins and the polymyxins is due to the relatively

low levels of polymyxin-resistance-conferring modified lipid A in

the outer membrane of these isolates; which is reflected by their

MICs, which show a relatively low level of polymyxin resistance.

Static time-kill studies were performed to evaluate the antimicro-

bial kinetics of polymyxin B (Figure 4A), colistin, and octapeptin

C4 (Figure 4B) against a polymyxin-resistant P. aeruginosa strain

FADDI-PA070. Polymyxin B and colistin showed no antimicrobial

effect at 1 or 4 mg/mL, following the same activity profile as the

control. Polymyxin B at 32 mg/mL showed a six log10 colony-

forming unit (CFU)/mL kill from 1 to 4 hr, followed by regrowth,

whereas colistin at 32 mg/mL showed poor killing activity. In

comparison, octapeptin C4 displayed nearly a six log10 CFU/mL

kill with no bacterial growth being detected between 0.5 and

6 hr at 32 mg/mL, and a nearly four log10 CFU/mL reduction

compared with the control from 2 to 6 hr at 4 mg/mL. However,

regrowth of resistant bacteria was evident at 24 hr, resulting in

a final three and five log10 CFU/mL reduction for polymyxin B

and octapeptin C4, respectively.

SARs
At present, we have made significant progress in understanding

polymyxin SAR (Gallardo-Godoy et al., 2016; Storm et al., 1977;

Vaara, 2013; Velkov et al., 2010); however, there is virtually no in-

formation on the SAR of the superior antimicrobial activity of the

octapeptins against polymyxin-resistant strains. To optimize de-

rivatives with variations in hydrophobicity to explore potential

differences in protein binding and in vivo efficacy (vide infra),

we made a series of novel octapeptin derivatives with substitu-

tions that probed the variations between the octapeptins and

polymyxins in the b-hydroxy versus alkyl fatty acyl chain compo-

nent and the Thr8 versus Leu8 alterations (Table 2).

The octapeptins are N-terminally acylated with longer nona-

noyl (C9) or decanoyl (C10) b-hydroxy fatty acyl chains, as

opposed to the polymyxins, which are acylated with shorter hep-

tanoyl (C7) or octanoyl (C8) fatty acyl chains (Meyers et al.,

1973a, 1973b, 1974; Parker and Rathnum, 1973, 1975; Puar,

1980; Rosenthal et al., 1976, 1977, Shoji et al., 1980; Sugawara

et al., 1983). It may be significant that the b-hydroxyl group in the

octapeptin fatty acyl chain is separated from the cyclic peptide

component by the same number of bonds as the Thr2 hydroxyl

substituent in the polymyxin structure. Previous literature reports

have shown that the N-terminal fatty acyl substituent is essential

for antimicrobial activity, as the activities of deacylated octapep-

tins against P. aeruginosa were 20- to 100-fold lower than the

polymyxins (Storm et al., 1977). This is not unlike the deacylated

nonapeptide forms of colistin or polymyxin B (Viljanen and Vaara,

1984). Specifically, the naturally occurring octapeptins possess

either the straight chain 3(R)-hydroxy-decanoic acid or the

branched chain 8-methyl-3(R)-hydroxy-nonanoic acid or 8(S)-

methyl-3(R)-hydroxy-decanoic acids (Meyers et al., 1973a,

1973b; Shoji et al., 1980; Sugawara et al., 1983). Our studies



Table 2. Structures ofOctapeptin-C4, Polymyxin B,Colistin, andNovel Octapeptin Analogs; and theirMICs against Gram-Negative and

Gram-Positive Bacteria

Name

Polymyxin B

(PmxB)

Polymyxin E

(Colistin)

Octapeptin-

C4 (OctC4) MCC5387

FADDI-

115

FADDI-

116

FADDI-

117

FADDI-

118

Tail

P1 Dab Dab D-Dab D-Dab D-Dab D-Dab D-Dab D-Dab

P4 D-Phe D-Leu D-Phe D-Phe D-Phe D-Phe D-Phe D-Phe

P8 Thr Thr Leu Thr Leu Thr Leu Thr

P. aeruginosa ATCC 27853 1 1 2 2 4 2 4 2

P. aeruginosa FADDI-PA025 1 1 8 4 4 2 2 1

P. aeruginosa FADDI-PA025 1 2 4 4 2 0.5 1 1

P. aeruginosa FADDI-PA070 32 >128 2 1 8 4 1 8

P. aeruginosa FADDI-PA060 >32 >128 2 2 4 0.5 1 1

P. aeruginosa FADDI-PA090 4 8 8 2 2 0.5 1 0.5

A. baumannii ATCC 19606 1 1 8 >32 >32 >32 >32 >64

A. baumannii FADDI-AB110 0.5 0.5 8 >32 4 32 >32 >32

A. baumannii ATCC 17978 1 0.5 4 >32 8 32 32 >32

A. baumannii FADDI-AB065 128 128 16 >32 8 32 32 >32

A. baumannii FADDI-AB156 8 16 >32 >32 8 32 >32 >32

A. baumannii FADDI-AB167 16 8 16 >32 16 32 >32 >32

K. pneumoniae ATCC 13883 1a 1a 4 16a 8 >32 8 >64

K. pneumoniae FADDI-KP032 <0.125 1 4 2 2 2 2 8

K. pneumoniae FADDI-KP027 128 >128 16 >32 16 >32 32 >32

K. pneumoniae FADDI-KP003 >32 128 8 >32 32 >32 >32 >32

K. pneumoniae FADDI-KP012 16 32 8 >32 8 >32 16 >32

E. coli ATCC 25922 0.25 0.25 4 2 ND ND ND 16

E. cloacae FADDI-EC006 >32 >32 32 >32 8 >32 >32 >32

E. cloacae FADDI-EC001 0.25 0.25 16 16 8 8 16 32

E. cloacae FADDI-EC003 0.5 <0.125 4 2 4 4 4 8

S. aureus ATCC 43300b >32 >32 32 >32 8 >32 >32 >32

All amino acids are L-isomers unless otherwise indicated. MICs, minimum inhibitory concentrations; ND, not determined.

Susceptibility or resistance of isolates was determined according to European Committee on Antimicrobial Susceptibility Testing (EUCAST) MIC

breakpoints (http://www.eucast.org/clinical_breakpoints).
aDenotes median MIC value reported, K. pneumoniae ATCC 13883 demonstrates heteroresistance to polymyxins with an MIC in these assays ranging

from 0.125 to 8 mg/mL (literature MIC up to >128 mg/mL has been reported).
bMIC of MSSA controls: meropenem = 0.06 mg/mL, vancomycin = 2 mg/mL.

Cell Chemical Biology 25, 380–391, April 19, 2018 383



indicate that the hydroxyl group appears to be dispensable, as

substitution of the N terminus with non-branched decanoyl

(C10) fatty acyl chains had no major effect on the antimicrobial

activity of octapeptins (FADDI-115 versus octapeptin C4;

Table 2), notably retaining activity against polymyxin-resistant

strains. Decreasing the length of the N-terminal fatty acyl chain

from decanoyl (C10) to octanoyl (C8) decreased the antimicro-

bial activity against polymyxin-susceptible and -resistant strains,

particularly against A. baumannii and K. pneumoniae, but not

P. aeruginosa (e.g., FADDI-115 versus FADDI-117; Table 2).

A significant difference between the polymyxins and octapep-

tins is the absence of Thr at position 8 in the heptapeptide ring of

the octapeptins, where it is replaced with Leu. Notably, reverting

this residue to the polymyxin substituent (Leu/Thr position 8

substitution; FADDI-116, FADDI-118, and MCC5387) did not

dramatically impact the antibacterial activity compared with oc-

tapeptin C4.

NMR Structure Determination
1H and 13C assignments (Data S1) were derived from analysis

of 2D NOESY, ROESY, and 2D TOCSY spectra, as well as 2D
13C-HSQC and 2D 13C-H2BC spectra (Figures S2 and S3 and

Data S1). The 2D NOESY spectra recorded at 20–25�C of either

peptide displayed only intra and sequential nuclear Overhauser

effect (NOE) cross-peaks. At 3�C–5�C, a medium range NOE be-

tween D-Phe4-Ha/Dab6-HN and another very weak NOE be-

tween D-Dab1-Ha/Dab3-HN were observed (Data S1), and are

indicative of a pair of a turn-like motifs spanning residues 3–6

and from the lipid to Dab3. These motifs are in low abundance

as evidence by strong, sequential Ha(i)-HN(i+1) NOEs combined

with 3JHNHa and amide temperature coefficients that were not

significantly reduced for these residues (Data S1). While a

reduced amide temperature coefficient for Dab7 (OctC4 =

�0.9 ppb/K, FADDI-115 = �2.0 ppb/K) indicates a significantly

protected amide, there was no supporting structural data to infer

a hydrogen bond acceptor as part of a regular turn motif. The

amide chemical shifts of the two peptides in water were very

similar (Figure S2A), as expected for a dynamically structured lip-

opeptide that differs only by a hydroxy substitution. Notably, no

NOEs were observed to indicate an interaction between the

decanoyl lipid tail and the main body of the cyclic peptide

(Figure S3B).

To investigate the structure of the lipopeptides in a more func-

tional environment (e.g., phospholipids) we recorded nuclear

magnetic resonance (NMR) data in the presence of an excess

of deuterated n-dodecylphosphocholine (d38-DPC) micelles as

a membrane mimetic. Titrating increasing amounts of d38-DPC

micelle into�2.0 mM octapeptin C4 led to widespread chemical

shift changes in the 1D 1H-NMR spectrum of the lipopeptide un-

der conditions of fast exchange on the chemical shift timescale,

reaching an endpoint at approximately 100–120 mM DPC.

General broadening of the signals was consistent with a bound

lipopeptide/micelle complex with a combined molecular mass

as expected to be in the order of 20–30 kDa. Assignments of

the 1H and 13C signals of the lipopeptides (Data S1) were simi-

larly carried out from analysis of 2D TOCSY (50 ms mixing),

NOESY (50–200msmixing), and 13CHSQC spectra and by com-

parison with those spectra recorded in acetate-buffered water

(vide supra).
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Concordant with the formation of a slowly tumblingmicelle/lip-

opeptide complex was a substantial increase in the size and

number of the cross-peaks in the 2DNOESY spectra (Figure S2).

Notably, NOEs were assigned that identified spatial proximity

between the decanoyl protons and the aromatic protons of

D-Phe4 (Figure S3). Moreover, the high quality of the 2D NOESY

spectra facilitated the calculation of the structure of each lipo-

peptide using a total of 222 (octapeptin C4) and 198 (FADDI-

115) experimentally determined distance constraints, within the

program CYANA 2.1. Final statistics are documented in Data S1.

The structures showedhighly converged ensembleswith over-

all backbone root-mean-square deviations of 0.05 Å (octapeptin

C4) and 0.06 Å (FADDI-115) (Figure 2C), with both lipopeptides

showing very similar overall structures. The striking feature is a

three-pronged forkmotif constructed in part by the decanoyl lipid

tail, which drops down past the side chain of Dab3 and packs

against the aromatic side chain of the D-Phe4-Leu5 diad,

completing the hydrophobic fork. Scrutiny of the NOEs revealed

six additional, weakNOEcontacts for octapeptinC4between the

lipid tail and the side chain of Dab7, which pull the lipid tail inward

and orient the Dab7 side chain downward compared with that

observed in FADDI-115. A plausible driving interaction is likely

between the b-hydroxyl group in octapeptin C4 and the charged

side chain of Dab7, or perhaps the hydroxyl interacts with the hy-

drophilic region of themicelle.While these andother subtle struc-

tural variations are likely reflected in the observed differences in

the amide chemical shifts (Figure S2), the high-resolution NMR

structures (Figure 2A) clearly show an overall structural similarity

of octapeptinC4andFADDI-115, as anticipated.Collectively, our

NMR data show that the structures of octapeptin C4 and FADDI-

115 are substantiallymore compact comparedwith polymyxin B.

Notably, both octapeptin lipopeptides display a very similar

three-pronged hydrophobic triad, consisting of the N-terminal

hydroxyl fatty acyl chain, and the D-Phe-Leu segment. It is likely

that this shared hydrophobicmotif is instrumental in theirmodeof

action against polymyxin-resistant strains as discussed below.

SAR Model
We employed the NMR solution structure of octapeptin C4 to

generate a SAR model with the aminoarabinose-modified

lipid A (Figure 2B), representative of themodified lipid A structure

commonly seen in polymyxin-resistant P. aeruginosa strains

(Miller et al., 2011). The SARmodel revealed that the four cationic

Dab side chains form polar contacts with the Kdo2 (3-deoxy-D-

manno-oct-2-ulosonic acid) sugars, which is unlike the Dab-

phosphate contacts in the polymyxin B (Mares et al., 2009).

The three-pronged hydrophobic triad of the octapeptin structure

forms hydrophobic contacts with the fatty acyl chains of lipid A.

Again, this is reminiscent of the polymyxin B-lipid A complex,

albeit, the octapeptin triad provides a more focused series of hy-

drophobic contacts that are all close together. The formation of

the triad is a result of the more compact conformation (8.7 Å oc-

tapeptin C4 versus 13.1 Å polymxyin B; Figure 2B) adopted by

the octapeptin by virtue of the truncated linear peptide segment

and the D-amino residue at position 1, which rotates the N-termi-

nal hydroxyl fatty acyl close to the D-Phe-Leu segments. In com-

parison, the hydrophobic contacts between the N-terminal fatty

acyl and D-Phe-Leu of polymyxin B and the lipid A fatty acyls are

further spaced apart, due to the less compact structure of



Figure 2. NMRStructures of Octapeptins C4

and FADDI-115

(A) Stereo view of the superposition of the final 20

NMR structures of octapeptin C4 (top) and FADDI-

115 (bottom) viewed from the front (left) or side

(right) as determined by NMR. The backbone is

shown in red and the cyclized side chain of Dab2 in

cyan. Hydrophobic residues are shown in blue and

positively charged Dab residues in yellow.

(B) SAR model for the interaction of octapeptin

C4 with 4-amino-4-deoxy-L-arabinose (L-Ara4N)

modified lipid A, which confers polymyxin resis-

tance (top and side views are shown). For com-

parison the polymyxin B-lipid A complex is shown

in identical views.
polymyxin B. Polymyxins are heavily reliant on the complemen-

tary charge interaction to initiate lipid A complex formation,

and are easily repelled by the lipid A of polymyxin-resistant

strains, where the phosphates are modified with cationic sugars

such as aminoarabinose (Velkov et al., 2010). The unique

compact conformation and hydrophobic triad of the octapeptins

would allow them to effectively bind to lipid A of polymyxin-resis-

tant strains in which the lipid A phosphates are blocked with

cationic sugars that normally repel polymyxins.
Cell Chemic
Interactions with Model
Membranes, Lipid A, and LPS-
Binding of Lipopeptides to Model
Membranes and Lipid A Evaluated
by SPR
Polymyxins interact directly with Gram-

negative bacterial lipid A (Velkov et al.,

2010). To examine whether octapeptin

C4 also possessed affinity for lipid A, its

ability to bind to model membranes was

compared with that of colistin and poly-

myxin B using surface plasmon reso-

nance (SPR) with model membrane

sensor chips (L1 sensor chip) in a Biacore

3000 system. Affinity for model mem-

branes composed of neutral synthetic

lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC), or negatively

charged POPC/1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphoglycerol (POPG) (4:1

molar ratio), more representative of bac-

terial membranes, were compared. An

increase in the membrane-binding affinity

in the presence of negatively charged

membranes was evident for colistin,

polymyxin B, and octapeptin C4 when

binding to POPC and POPC/POPGmem-

branes was compared (Figure 3A, top

and middle). This affinity was further

increased with lipid A-containing mem-

branes (Figure 3A, bottom). Interestingly,

octapeptin C4 showed an increased

ability to bind lipid A compared with

colistin and polymyxin B, supporting the
SAR model that indicated a stronger hydrophobic binding

interaction.

Impact of Lipopeptide Treatment on the Inner and Outer
Membrane ofGram-Negative Bacteria: OuterMembrane
Permeability NPN Assay
N-Phenyl-1-naphthylamine (NPN) is an uncharged lipopilic

probe with low fluorescence quantum yield in an aqueous envi-

ronment, which becomes fluorescent when partitioned in a
al Biology 25, 380–391, April 19, 2018 385



Figure 3. Mode of Action Studies for Octa-

peptin C4

(A) Binding of colistin, polymyxin B, and octapeptin

C4 to phospholipid bilayers as followed by SPR.

Three lipid systems are compared: from top to

bottom, POPC, POPC/POPG (4:1 molar ratio), and

POPC/E. coli lipid A (4:1 molar ratio). Data were

normalized and are represented as compound-to-

lipid (C/L) ratio(mol/mol) using a reporting point at

the end of the compound injection.

(B) E. coli outer membrane permeabilization as

measured with NPN fluorescence emission (exci-

tation at 340 nm and emission at 405 nm)

normalized for the maximum. Data points repre-

sent mean ± SD (n = 3).

(C) Membrane depolarization of E. coli cells

measured using fluorescence emission (excitation

at 620 nm and emission at 670 nm) of diSC3-5 dye

following 30min incubationwith lipopeptides. Data

points represent mean ± SD (n = 3), normalized for

the maximum.

(D) Cell membrane permeabilization of E. coli as

followed by SYTOX green fluorescence emission

and flow cytometry (laser excitation 488 nm,

emission at 530 nm, band pass 30 nm). Mer-

openem, a compound that does not permeabilize

E. colimembranes was used as a negative control.

Top panel: percentage of full cell permeabilization

calculated as a measure of the percentage of cells

with fluorescence emission signal with intensity in

the 104–105 range. Bottom panel: percentage of

full and partial cell permeabilization calculated as a

measure of the number of cells with fluorescence

emission intensity within certain ranges. Data

points represent mean ± SD (n = 3); 100,000 cells

were screened per sample.

(E) Leakage of lipid vesicles induced by lip-

opeptides as followed by carboxyfluorescein (CF)

dequenching. Large unilamellar vesicles (LUVs)

composed of POPC/POPG (4:1) (top) or POPC/

E. coli lipid A (4:1) (bottom) loaded with 50mM (CF)

were incubated with lipopeptides for 20 min.

Melittin and meropenem were used as a positive

and negative controls, respectively. Data points

represent mean ± SD (n = 3).

All data (A–E) are represented by nonlinear

regression curve fitting in GraphPad Prism 6.0d.
hydrophobic environment, such as the one found in lipid mem-

branes (Velkov et al., 2012, 2013). The outer membrane limits

the free diffusion of hydrophobic solutes, such as NPN (Nikaido,

2003). However, once permeated, intercalation of NPN into the

underlying phospholipid inner leaflet and the cytoplasmic mem-

brane produces an increase in fluorescence emission and can,

therefore, be used to examine bacterial outer membrane perme-
386 Cell Chemical Biology 25, 380–391, April 19, 2018
or

ly-

ic

ne
abilization. Exposure to lipopeptides re-

sulted in permeabilized log-phase E. coli

(ATCC 25922) cells, which was seen as

an increase in NPN uptake upon incuba-

tion with increasing doses of the lipopep-

tides (Figure 3B). Octapeptin C4 was less

effective at permeabilizing the mem-

brane, requiring a higher concentration
for maximum NPN uptake compared with polymyxin B

colistin, potentially reflecting its reduced potency against po

myxin-sensitive strains.

Membrane Depolarization diSC3-5 Assay
3,30-Dipropylthiadicarbocyanine iodide (diSC3-5) is a cation

potentiometric carbocyanine probe that can be used to exami



changes in the membrane potential of intact bacterial cells

(Cheng et al., 2014). If the bacterial membrane is in its native hy-

perpolarized state, the cationic dye accumulates in the mem-

brane and its fluorescence emission is self-quenched. However,

if membrane potential is disrupted, the dye loses affinity for the

membrane and is released into the aqueous environment result-

ing in an increase in the overall fluorescence emission. Figure 3C

shows that octapeptin C4, polymyxin B, and colistin induced

membrane depolarization in E. coli cells in a dose-dependent

manner. At lower concentrations (<10 mg/mL) octapeptin C4

was less effective than polymyxin B and colistin, but it was rela-

tively more effective at higher concentrations (>100 mg/mL).

Inner Membrane Permeabilization by Fluorescence-
Activated Cell Sorting Analysis of SYTOXGreen Staining
The uptake of SYTOX greenwas followed by flow cytometry (Fig-

ure 3D), and our results suggest that polymyxin B, colistin, and

octapeptin C4 disrupted both the outer and inner membranes

of Gram-negative cells. Interestingly, two distinct cell popula-

tions were found when treated with the compounds (see fluores-

cence histograms in Figure S4), consisting of a population

emitting mean fluorescence intensities of 104–105, which

matched that of isopropranol-killed dead cells, along with an in-

termediate fluorescence intensity population of 103–104, much

higher than live cells (101 to <103) but less than control dead

cells. Cell populations with distinct fluorescence emission might

result either from varying levels of SYTOX green uptake, or from

cells with different amounts of nucleic acids resulting from

different cell division stages. As only a single population was

found in the control cells permeabilized with isopropranol,

the existence of two populations suggests that polymyxin B,

colistin, and octapeptin C4 induced different degrees of cell

damage. Octapeptin induced a similar ratio of partial cell

damage as colistin and polymyxin, but not the same extent

of complete cell damage/death at the same concentration (in

mg/mL), which correlates with the relative MIC values of the

lipopeptides.

Leakage from Lipid Vesicles Induced by Lipopeptide
To examine if bacterial cell permeabilization by octapeptin C4

and polymyxins is a process dependent on the ability of lipopep-

tide to compromise lipid bilayer integrity, independent of the

presence of lipid A, permeabilization of lipid vesicles was as-

sessed. Leakage from lipid vesicles was quantified by carboxy-

fluorescein fluorescence emission de-quenching. None of the

lipopeptides destabilized the membrane of vesicles composed

of POPC or POPC/POPG (Figure 3E, top). Polymyxin B and

colistin destabilized the membrane of vesicles containing lipid

A, whereas octapeptin C4 showed minimal leakage (Figure 3E).

This suggests that, unlike the polymyxins, the ability of octapep-

tins to bind to the lipid bilayer is not entirely lipid A dependent,

but lipid A is required to disrupt membrane integrity.

Binding of Lipopeptides to LPS Evaluated by SAXS
Analysis
Synchrotron radiation small-angle X-ray scattering (SAXS) ex-

periments on the aggregate structure of P. aeruginosa serotype

10 LPS describe a solution of non-lamellar vesicular particles

whose morphology changes upon octapeptin titration (Fig-
ure S5). In the absence of the octapeptin analog FADDI-117, a

solution of large aggregates with an average radius of gyration,

Rg �30.2 nm, and a maximum particle dimension, Dmax

�97 nm, was observed. No diffraction peaks, evidence of a

partially ordered or lamellar structure, were seen. Upon the addi-

tion of FADDI-117 the LPS particles clearly increase in size,

observed as a significant increase in forward scattering intensity

as the peptide concentration increased. In addition, the average

Rg and Dmax increased to�32.4 and 106 nm, respectively, at the

final titration point. Furthermore, the particles undergo a change

in local structure, becoming more ordered, as demonstrated by

the appearance of low intensity diffraction peaks at high q

(�0.19 A�1). The same titration of P. aeruginosa serotype 10

LPS using polymyxin B produced similar diffraction peaks at

high q (data not shown). A clear change of mesoscopic structure

was observed by SAXS in solution for P. aeruginosa serotype

10 LPS upon the addition of octapeptin analog FADDI-117.

Recent work has linked such morphological changes, including

increased LPS aggregate size and/or the formation of more

lamellar/ordered particles, to decreased endotoxemia (Guts-

mann et al., 2010).

Resistance Mechanism: Lipid A Isolation and Structural
Elucidation
To investigate the mechanism of resistance for the octapeptin

class, we chose octapeptin C4 as an example. Lipid A was iso-

lated from both the octapeptin-susceptible polymyxin-resistant

P. aeruginosa FADDI-PA070 strain and a paired octapeptin-

resistant strain generated by treating a subculture of FADDI-

PA070 with 2 or 32 mg/mL concentrations of octapeptin C4.

Electrospray ionization-tandem mass spectrometry analysis re-

vealed that the mass spectra of lipid A from the octapeptin-sus-

ceptible wild-type strain displayed predominant mass peaks at

m/z 1,732.05, 1,748.05, 1,863.11, and 1,879.11, corresponding

to the hexa-acylated lipid A modified by one or two aminoarabi-

nose (L-Ara4N) sugars on its phosphates (Figure S6A) a known

polymyxin resistance modification. The peaks at m/z 1,651.09

and 1,667.08 represent the dephosphorylation (Dm/z = �79.97)

of the lipid A species at m/z 1,732.05 and 1,748.05. The mass

peaks at m/z 1,560.92, 1,576.92, 1,692.98, and 1,708.98 corre-

spond to the penta-acylated lipid A modified by one or two

L-Ara4N moieties on the phosphates. The two main peaks at

m/z 1,480.95 and 1,496.96 represent the removal of one

phosphate group from the lipid A species at m/z 1,560.92 and

1,576.92, respectively. The two peaks at m/z 1,930.21 and

1,946.20 represent the addition of one palmitate (Dm/z =

+237.23) to the lipid A species at m/z 1,692.98, and 1,708.98,

which was confirmed through tandem mass spectrometry (MS/

MS) spectrum (Figure S6D).

The mass spectrum profile of the lipid A from the octapeptin-

resistant P. aeruginosa FADDI-PA070 exposed to antibiotic at

the MIC (2 mg/mL) did not display any noticeable mass peak

differences compared with the octapeptin-susceptible wild-

type P. aeruginosa FADDI-PA070 strain (Figure S6B), albeit the

relative intensities of the lipid A species that lack a hydroxyl

group at the secondary C12 fatty acyl chains (m/z 1,480.95,

1,692.98, and 1,863.11) increased dramatically. In comparison,

the lipid A profile of the lipid A from the octapeptin-resistant

P. aeruginosa FADDI-PA070 isolated at 32 mg/mL displayed
Cell Chemical Biology 25, 380–391, April 19, 2018 387



Figure 4. In Vitro and In VivoActivity Profiles

of Octapeptin C4

(A and B) Time-kill profiles of (A) polymyixn B and

(B) octapeptin C4 against P. aeruginosa FADDI-

PA070 (MIC of polymyxin B R 128 mg/L; MIC of

octapeptin C4 = 1 mg/L).

(C) Pharmacokinetic profiles of polymyxin B and

octapeptin C4 after an intravenous (10 mg/kg)

dose in mice.

(D) In vivo efficacy against polymyxin-resistant

(FADDI-PA070, FADDI-PA090, and FADDI-PA060)

and polymyxin-susceptible strain of P. aeruginosa

(ATCC 27853) in a mouse bacteremia model.

Polymyxin B, octapeptin C4, and analogs were

dosed at 4 mg/kg intravenously.
significant variations compared with the wild-type strain (Fig-

ure S6C). Notably, most of the hexa- and penta-acylated

lipid A peaks presented in the wild-type strain were absent.

A noticeable mass peak at m/z 1,933.23, unique to the

32-mg/mL-resistant strain was seen, which represents the palmi-

toylation of lipid A to the primary fatty acyl chain (Figures S6F).

The MS/MS spectra suggested this was a different compound

to the one at m/z 1,930.21 (Figures S6D and S6E).

Pharmacokinetics
Following an intravenous bolus injection of 10 mg/kg in mice,

octapeptin C4 had a substantially lower total clearance

(4.1 mL/min/kg) and a longer half-life (6.6 hr) compared with

polymyxin B (7.3 mL/min/kg and 3.6 hr, respectively) (Figures

4C; Table S1) (Li et al., 2003). Polymyxin Bwas 51%bound to hu-

man plasma proteins. In comparison, octapeptin C4 was highly

bound to plasma proteins (>90%), which would account for the

extended half-life.

In Vivo Efficacy in a Mouse Blood Infection Model
A proof-of-concept study was performed using a neutro-

penic mouse blood infection model to compare the in vivo effi-

cacy of polymyxin B, alongside octapeptin C4, FADDI-116,

FADDI-117, and FADDI-118, against a polymyxin-susceptible

ATCC27853 strain of P. aeruginosa and three polymyxin-resis-

tant strains, FADDI-PA070, FADDI-PA090, and FADDI-PA060

(Figures 4D; Table S2). Against the polymyxin-susceptible

isolate P. aeruginosa ATCC27853, all the octapeptin analogs

were �50% less active than polymyxin B, which was consistent

with their less potent in vitroMICs. The novel octapeptin-like lip-

opeptides (FADDI-116 to FADDI-118), but not octapeptin C4,

were more effective than polymyxin B at reducing the bacterial

burden in the blood against the two polymyxin-resistant

P. aeruginosa clinical isolates. We propose that the reduced

in vivo efficacy of octapeptin C4 compared with the FADDI lipo-

peptides is primarily due to its high plasma protein binding

(>90%, human), which in turn is a result of its increased hydro-

phobicity. To test this hypothesis, we employed the SAR model
388 Cell Chemical Biology 25, 380–391, April 19, 2018
t-

o

ct

u-

ity

ly

c-

to

ity

hr

on

ng

u-

of

g.

I-

in

lly

in-

ly,

ch

p-

in

nd

te

es

ve

lls

n-

ial

e-

lar

ity

ve

ly-

s-

e

selectively reduce the hydrophobicity of

the octapeptin scaffold without compro-

mising the antibacterial activity.

We initially selectively reduced the

length of the N-terminal fatty acyl group
from C10 (octapeptin C4) to C8 (FADDI-117). This had the effe

of reducing the plasma protein binding (>90% versus 68%, h

man plasma) and significantly increasing (>5-fold) the activ

against the two polymyxin-resistant isolates. We next selective

replaced position Leu8 with a Thr8 (as per the polymyxin stru

ture), while maintaining the C10 N-terminal fatty acyl length

generate FADDI-116, which again increased the in vivo activ

>5-fold against the resistant isolates. Notably, the Leu8/T

FADDI-116 (85%, human plasma; 92% rat plasma) substituti

had a less marked effect on reducing the plasma protein bindi

than the N-terminal C10/C8 FADDI-117 substitution (68%, h

man plasma); suggesting that the N-terminal fatty acyl moiety

the octapeptin scaffold is driving the plasma protein bindin

Finally, we combined both modifications to generate FADD

118, which yielded a substantially lower level of plasma prote

binding (53%, human plasma; 75% rat plasma) and dramatica

improved the in vivo activity >10-fold against the polymyx

resistant isolates, compared with octapeptin C4. Interesting

polymyxin B (69%, human plasma; 83% rat plasma), whi

incorporates structural characteristics seen in both the octape

tin C4 and FADDI-118 scaffolds, displayed plasma prote

binding levels intermediate to that of the octapeptin C4 a

FADDI-118 levels. Our in vitro and in vivo efficacy data indica

the significant potential of novel octapeptin-like lipopeptid

as new antibiotics against polymyxin-resistant Gram-negati

superbugs.

Safety and Tolerability
There was no detectable hemolysis of human red blood ce

after exposure to octapeptin C4, polymyxin B, or colistin at co

centrations up to 100 mg/mL. In vitro assessment of potent

nephrotoxicity as measured by monitoring lactate dehydrog

nase and g-glutamyltransferase release from human tubu

cells showed that octapeptin C4 exhibited reduced toxic

relative to polymyxin B, colistin, and the gentamicin-positi

control (Figure 5A). A subcutaneous dose of 40 mg/kg of po

myxin B in mice showed acute toxic effects (e.g., decreased re

piratory rate, reduced activity). In marked contrast, the sam



Figure 5. Toxicity Assessments for Octa-

peptin C4

(A) In vitro measurements of drug-induced neph-

rotoxicity using lactate dehydrogenase (LDH) and

g-glutamyltransferase (GGT) release assays in

human tubular (hPT) cells. hPT cells were incu-

bated with 128 mg/mL of polymyxin B, colistin,

and octapeptin C4 for 4 hr (n = 6, except for

colistin, which was n = 3). Gentamicin was used

as the positive control. Error bars: SD, ns, no

statistical significance; **p < 0.01; ***p < 0.001;

****p < 0.0001.

(B–D) Microscopic images of the cortex section of

the kidneys of mice treated with (B) saline control,

or an accumulated dose of 72 mg/kg, (C) poly-

myxin B, or (D) octapeptin C4.
subcutaneous dose of octapeptin C4, FADDI-117, or FADDI-118

showed no adverse effects in mice.

Nephrotoxicity is the major dose-limiting factor for polymyxin

B and colistin therapy (Yousef et al., 2012). The kidneys of three

groups of mice (n = 3 per group) treated with octapeptin C4 sub-

cutaneously (12 mg/kg every 2 hr, accumulated dose 72 mg/kg

in 24 hr) were subjected to histopathological examination and

compared with the kidneys of mice treated with an identical

treatment of polymyxin B, colistin, or a saline control (Figures

5B–5D; Table S3).Micro- andmacro-morphological examination

of kidney sections from the octapeptin C4-treated mice revealed

no significant lesions in the cortical, medullary, or papillary re-

gions. The kidneys of themice treated with octapeptin C4 essen-

tially resembled the kidneys of mice treated with the saline

control, and no histological grade was given. In comparison,

the kidneys from the colistin-, polymyxin B-, FADDI-117-, and

FADDI-118-treated mice displayed damaged tubules, with

marked tubular dilation and degeneration. Tubular casts were

identified in both the cortex and medulla, and the animals were

identified to have severe grade 1–2 lesions. In terms of struc-

ture-nephrotoxicity relationships, this finding would suggest

that the truncation of the linear tripeptide segment through the

deletion of the Dab1-Thr2 segment renders the octapeptin scaf-

fold less nephrotoxic, compared with the polymyxins. Finally, the

high protein binding of octapeptin C4 compared with colistin,

polymyxin B, FADDI-117, and FADDI-118 may play a protective

role in reducing kidney exposure.

SIGNIFICANCE

The octapeptin lipopeptides have superior antimicrobial

activity against polymyxin-resistant XDR Gram-negative

bacteria, and potentially octapeptin C4 has reduced nephro-

toxicity compared with the last-line antibiotics polymyxin B
th

im

via

Ov

of

an

ST

De

an
Cell Chemic
and colistin. We employed a new SAR

model to engineer FADDI-118 by incor-

porating some of the hydrophilic fea-

tures of the polymyxins, producing

a superior octapeptin analog with

reduced plasma protein binding while

maintaining superior activity against

polymyxin-resistant strains. Based on
eir higher-order activity and lack of cross-resistance,

proved octapeptin analogs such as FADDI-118 represent

ble clinical candidates if nephrotoxicity can be managed.

erall, this study lays the foundations for the development

octapeptins as a new generation of novel lipopeptide

tibiotics to treat life-threatening XDR infections.
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