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The growing incidence of infections caused by multi-drug resistant Gram-negative bacteria has led to an

increased use of last-resort antibiotics such as the polymyxins. Polymyxin therapy is limited by toxicity

concerns, most notably nephrotoxicity. Recently we reported the development of a novel class of

semisynthetic polymyxins with reduced toxicity wherein the N-terminal lipid and diaminobutyric acid

residue are replaced by a cysteine-linked lipid featuring a reductively labile disulfide bond. In the present

study we further explored the potential of this approach by also varying the amino acid residue directly

adjacent to the polymyxin macrocycle. This led to the identification of new semisynthetic polymyxins that

maintain the potent antibacterial activity of the clinically used polymyxin B while exhibiting a further

reduction in toxicity toward human proximal tubule epithelial cells. Furthermore, these new polymyxins

were found to effectively synergize with novobiocin, rifampicin, and erythromycin against mcr-positive,

polymyxin resistant E. coli.

Introduction

Among serious infections requiring antibacterial therapy,
those due to drug-resistant Gram-negative bacteria form a
particularly dangerous group. This is reflected in the World
Health Organization's list of priority pathogens wherein drug-
resistant A. baumannii, P. aeruginosa, and Enterobacteriaceae
are the only members categorized as critical.1 In addition, a
recent report indicates that more than half of the 1.27 M
deaths registered in 2019 as attributable to drug-resistant
bacterial infections were due to Gram-negative species.2

Despite the clear need, the development of new anti-Gram-
negative antibiotics is limited due to both scientific and
economic challenges.3 Among the compounds successfully
developed to address Gram-negative pathogens in the past 20
years, the vast majority have been analogues of known classes
discovered in the mid-20th century.4 A shining exception to
this is GSK's gepotidacin, a new oral antibiotic for urinary
tract infections, which recently performed well in phase III

trials.5 In general, however, most new antibacterial drug
discovery programs in recent years have failed to deliver novel
therapies, often due to safety issues.6 A notable example in
this case is the recently developed murepavadin which held
great promise as a first-in-class narrow spectrum treatment
for P. aeruginosa lung infections but which eventually failed
in phase III trials due to excessive nephrotoxicity.7

With few new therapies available, older drugs for treating
multi-drug resistant (MDR) Gram-negative infections remain
a key component of the clinical antibiotic arsenal. This
includes the polymyxins, a family of cyclic lipopeptide
natural products that exclusively act against Gram-negative
bacteria.8–10 Mechanistically, the polymyxins target lipid A,
the central membrane-embedded anchor of bacterial
lipopolysaccharide (LPS).11–13 While the activity of many
antibiotics is limited by poor permeability across the Gram-
negative outer membrane (OM), this is not an issue for the
polymyxins, as their target is found on the outer surface of
the OM. Upon binding to LPS in the OM, polymyxins
effectively destabilize the OM and in the process enhance
their own uptake to the periplasmic space by so-called ‘self-
promoted uptake’.14 While polymyxin B (Fig. 1A) and the
closely-related colistin both exhibit potent anti-Gram-negative
activity and are used clinically, their systemic use is
notoriously associated with toxicity, most notably
nephrotoxicity.15–19 This nephrotoxicity is generally
associated with the presence of the N-terminal lipid tail
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based on the finding that the polymyxin B nonapeptide
(PMBN), resulting from removal of the lipid and N-terminal
diaminobutric acid (Dab) residue, is much less toxic.20,21

With this knowledge, many medicinal chemistry campaigns
have investigated the effect of modifying the exocyclic
tripeptide and lipid moieties in pursuit of polymyxin
analogues with reduced kidney cell toxicity.22–25 Notably,
analogues that maintain the structure of the peptide
macrocycle found in polymyxin B or colistin also allow for
convenient semisynthetic strategies starting from readily
available polymyxin B or colistin. To this end our group
recently reported a new series of semisynthetic polymyxins
wherein the lipidated Dab residue at the N-terminus was
replaced by a Cys residue linked to a variety of lipids via a
side chain disulfide (Fig. 1B).26 The rationale for doing so
was based upon the hypothesis that such analogues should
be unstable in the more highly reducing environment found
inside renal proximal tubule cells,27 thereby degrading to less
toxic metabolites analogous to PMBN. Using this approach,
we successfully generated a number of novel polymyxins with
antibacterial activity on par with polymyxin B and reduced
toxicity towards human renal proximal tubular epithelial cells
(PTECs). In the present study we expand upon this approach
by exploring the impact of additional structural variations in
the exocyclic tripeptide of polymyxin B, most notably at the
3-position. The 3-position is known to be a site of variation
among naturally occurring polymyxin variants such as
polymyxin A and polymyxin D which contain D-Dab or D-Ser
at this position, respectively.10 This led researchers at Pfizer
to further explore such substitutions leading to the
identification of polymyxin derivatives with equal potency
and reduced toxicity.24 Variation of the 3-position has

subsequently been evaluated in other recently reported
polymyxins now in preclinical/clinical development
including: NAB-739 (containing D-Ser at position 3),28 and
SPR206 and QPX9003 (both containing diaminopropionic
acid (Dap) at position 3).23,29

Given the structural variability of the polymyxin 3-position
in generating analogues with reduced nephrotoxicity, we set
out to examine such substitutions in combination with our
previously validated disulfide-linked lipidation strategy. In
doing so we applied a robust semisynthetic strategy that
provided ready access to a panel of novel polymyxins that
were subsequently screened for antibacterial activity and
toxicity towards PTECs. This led to the identification of a
subset of compounds displaying potent activity equivalent to
that of polymyxin B along with a further reduction in kidney
cell toxicity relative to our first-generation compounds. In
addition, we confirmed the capacity for these new polymyxins
to synergize with Gram-positive specific antibiotics in
overcoming polymyxin resistance among strains positive for
plasmid-borne mobile colistin resistance (mcr).

Results and discussion

Our previous investigations involving polymyxin variants
containing reductively labile lipids revealed that the
incorporation of lipidated D-Cys based building blocks at the
N-terminus consistently gave the most active compounds.26

Also, among the lipids screened in these studies we
identified three moieties that were generally associated with
potent antibacterial activity: ethylcyclohexyl, isopentyl, and
m-chlorobenzyl. In the present study we therefore elected to
focus on position 3 analogues wherein the N-terminal moiety
was based on D-Cys linked to these three lipids by means of a
disulfide bond. In considering options for the preparation of
our new position 3 analogues we elected for a semisynthetic
strategy employing the appropriately tri-Boc protected
heptapeptide PMBH(Boc)3 building block accessible via
enzymatic degradation of polymyxin B (Scheme 1A).30 In
doing so, a two-step/one-pot procedure was followed wherein
all Dab side chains were first Boc protected by treatment with
Boc anhydride in a water/acetonitrile mixture. After complete
protection (as indicated by LC/MS analysis) the industrial
enzyme Savinase® was directly added as aqueous solution
leading to selective cleavage between the Dab residue at
position 3 and the heptapeptide macrocycle. While we
initially followed the chromatographic purification of
PMBH(Boc)3 reported in the literature, we subsequently
developed an operationally simpler extractive work up of the
crude digestion mixture resulting in isolation of the product
in better yield and purity.

We next turned our attention to the synthesis of the
required protected tripeptides containing the disulfide-linked
acyl tail, which were prepared via solid phase peptide
synthesis on 2-chlorotrityl chloride resin (Scheme 1B). In
doing so a series of tripeptides was prepared bearing either
D-Ser, Gly, D-Dap, L-Dap or D-Dab at position 3 along with

Fig. 1 A) Clinically used polymyxin B with common residue number-
ing indicated. B) Semisynthetic polymyxins containing reductively labile
disulfide-linked lipid at the N-terminus.
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ethylcyclohexyl, isopentyl, or m-chlorobenzyl moieties
connected to the N-terminal D-Cys via a disulfide linkage. The
requisite D-Cys lipid-disulfide building blocks were prepared
as previously reported.26 Resin cleavage using mildly acidic
conditions yielded protected tripeptides 4a–e, 5a–e, and 6a–e
in purities suitable for direct use in the subsequent coupling
to PMBH(Boc)3 3 (Scheme 1C). The solution phase coupling
was performed using HCTU/HOBt after which the peptides
were fully deprotected by treatment with TFA and purified by
RP-HPLC to give 7a–e, 8a–e, and 9a–e. Of note, analogues 7f,
8f, and 9f, all bearing the native Dab at position 3, were
prepared using our previously reported semisynthetic route
making use of PMBN(Boc)4.

26

Antibacterial assays

The antibacterial activities of polymyxins 7a–f, 8a–f, and 9a–f
were assessed against a panel of Gram-negative bacteria and

compared with that of polymyxin B. Table 1 presents these
data grouped based on the nature of the N-terminal
hydrophobic moiety with compounds 7a–f bearing the
cyclohexyl, 8a–f the isopentyl, and 9a–f the m-chlorobenzyl
groups respectively. Compounds 7a–e, containing alternate
amino acids at position 3, exhibit some enhancement of
activity relative to 7f which bears a Dab residue at this
position as in polymyxin B. In general, the minimum
inhibitory concentration (MIC) values measured for
compounds 7a–e were comparable and slightly elevated
relative to those measured for polymyxin B. By comparison,
compounds 8a–f bearing the N-terminal isopentyl motif,
exhibited enhanced antibacterial activities with some
compounds exhibiting MICs equal to or lower than those
measured for polymyxin B. Most notable in this regard is
analogue 8d where position 3 is substituted with a Dap
residue. Compounds 9a–f containing the m-chlorobenzyl
motif, were also generally more active than 7a–f but slightly

Scheme 1 Semisynthesis of polymyxin analogues 7a–e, 8a–e, and 9a–e: A) synthesis of PMBH(Boc)3 (3). Conditions: a) (Boc)2O, Et3N, H2O/ACN,
RT, 3 h; b) Savinase®, H2O/ACN, pH 9, RT (till completed), followed by extractive work-up; B) synthesis of protected tripeptides 4a–e, 5a–e, 6a–e.
Conditions: c) i. Fmoc-protected AA, DIPEA, CTC resin, RT, 2 h; ii. piperidine/DMF; iii. Fmoc-Thr(OtBu)-OH, BOP, DIPEA; d) i. piperidine/DMF; ii.
D-Cys-disulfide building block I, II, or III, BOP, DIPEA; e) HFIP/DCM, 1.5 h, RT; C) synthesis of polymyxin analogues 7a–e, 8a–e, 9a–e. Conditions: f)
HCTU, HOBt, DIPEA, DMF, RT, 3 h; g) TFA/TIPS/H2O, RT, 1.5 h followed by RP-HPLC. *Synthesis previously reported.26
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less active than 8a–f. Overall, these data indicate that among
the D-Cys disulfide-linked lipid polymyxins here evaluated,
those bearing the isopentyl moiety are most active with
compound 8d exhibiting consistently potent antimicrobial
activity (highlighted in bold in Table 1).

Evaluation of kidney cell toxicity

The nephrotoxicity of the polymyxins is primarily based on
their effects on proximal tubule cells (PTECs) which are known
to accumulate polycationic agents.30 As such, PTECs are
regularly used for evaluating the toxicity of polymyxins and
related compounds.23,24,26 In the present study, differentiated
PTECs were therefore exposed to 7a–f, 8a–f, 9a–f, as well as
polymyxin B, at concentrations of 100, 250, and 500 μM for 24
hours, followed by viability read-out. In line with expectation,
incubation with polymyxin B at 250 μM led to pronounced
cytotoxic effect with an associated cellular viability of only 15%
(Fig. 2, S1 and S2†). By comparison, the majority of the new
analogues tested exhibited much lower levels of toxicity (Fig. 2).
When grouped based on the N-terminal hydrophobic moiety, a
clear trend is observed with the isopentyl substituted analogues
8a–f exhibiting the lowest level of toxicity towards PTECs. The
importance of the amino acid featured at position 3 is also
evident from these data: notably compounds 7f, 8f, and 9f
which all contain Dab at position 3, as for polymyxin B,
exhibited >50% cytotoxicity. The effect of variation at this
position is striking with Gly-for-Dab substitution, as in 7b, 8b,
and 9b, consistently leading to reduced toxicity. Especially
noteworthy in this regard is compound 8d, which bears a Dap
residue at position 3 and showed the lowest toxicity among all
analogues prepared. Based on these findings, a more
comprehensive analysis of the toxicity of 8d was conducted

revealing it to have a TC50 of 1.48 mM on PTECs versus 0.13
mM for polymyxin B (Fig. S3†). Such a >10-fold reduction in
cellular toxicity relative to polymyxin B is comparable to that
seen for other polymyxin analogues that have previously been
progressed for (pre)clinical development.23,24

Synergist potential of polymyxin analogue 8d

The low toxicity of 8d towards PTECs, combined with its
potent antibacterial activity, prompted us to further assess its
antimicrobial activity against an expanded panel of Gram-
negative bacteria, consistently showing it to be on par with
polymyxin B (ESI,† Table S1). Recent studies have also
revealed the capacity for polymyxin B to behave as a synergist
in potentiating the activity of other antibiotics against

Table 1 MIC data for polymyxin analogues 7a–f, 8a–f, and 9a–f. Values are expressed in μg mL−1 (backgrounds of all strains used are provided in Table S3†)

E. coli K. pneumoniae A. baumannii P. aeruginosa

Lipid
Position 3
residue

ATCC
25922 1313

NCTC
13846a

ATCC
13883 JS-123

NCTC
13443

ATCC
19606

ATCC
17978 MDR 2018–006

ATCC
27853

NRZ
08418

NRZ
03961

Polymyxin B Dab 1 0.125 4 0.25 0.25 0.5 0.25 0.25 0.5 0.125 1 1 1
7a D-Ser 2 1 8 1 1 1 0.25 1 1 0.5 4 4 4
7b Gly 2 0.5 8 1 0.5 1 0.5 0.5 1 0.5 2 2 4
7c D-Dap 2 0.5 4 1 1 1 0.5 1 1 0.5 2 2 2
7d Dap 1 0.5 2 1 0.5 1 0.5 1 1 0.5 2 2 2
7e D-Dab 2 0.5 4 1 1 1 0.5 1 1 0.5 2 2 2
7f Dab 1 2 8 1 2 2 0.5 1 1 0.5 2 4 4
8a D-Ser 2 0.5 16 0.5 0.5 1 0.25 0.25 0.5 0.5 4 8 8
8b Gly 2 0.25 16 0.5 0.5 0.5 0.5 0.5 0.5 0.5 4 4 4
8c D-Dap 2 0.5 8 0.5 0.5 0.5 0.25 0.25 0.25 0.25 1 4 2
8d Dap 1 ≤0.125 4 0.25 0.25 0.25 0.25 0.25 0.25 0.25 1 1 1
8e D-Dab 2 0.25 8 0.5 0.25 0.5 0.25 0.25 0.5 0.25 1 2 2
8f Dab 1 ≤0.125 8 0.5 0.25 0.5 0.5 1 1 0.5 1 1 2
9a D-Ser 2 0.5 8 1 0.25 0.5 0.5 0.5 0.5 0.5 4 4 8
9b Gly 2 0.25 8 1 0.5 0.5 1 1 1 1 4 4 4
9c D-Dap 2 0.5 16 0.5 2 8 0.5 0.5 0.5–1 0.5 1 0.5 2
9d Dap 2 ≤0.125 2 0.5 0.5 2 0.5 ≤0.25 8 2 4 2 2
9e D-Dab 2 0.5 4 1 0.5 0.5 0.5 1 1 0.5 2 2 2
9f Dab 1 0.125 4 0.5 0.25 0.25 1 1 4 2 4 2 1

a Multi-drug resistant strain, mcr-1 positive, making it intermediate resistant to polymyxin B.

Fig. 2 Viability of PTECs upon incubation with polymyxin analogues.
Cells were exposed to the compound at a concentration of 250 μM for 24
hours, followed by washing, and incubation with resazurin (PrestoBlueTM)
and fluorescence read-out. Data are normalized to positive control
(medium treated cells). Represented date are from triplicates.
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polymyxin resistant strains.31 Specifically, antibiotics that are
typically only effective on Gram-positive bacteria can be made
active against Gram-negative bacteria in the presence of a
compound that enhances their passage across the OM.32–34

Among the best studied such synergists is PMBN which,
though inactive itself, strongly potentiates the activity of
antibiotics like novobiocin, rifampicin, and erythromycin on
Gram-negative bacteria.33,35,36 Interestingly, while the
potentiating effect of PMBN is severely diminished against
polymyxin-resistant bacteria, full-length polymyxins do
exhibit synergistic activity against such strains.13,31 We were
therefore interested in also assessing the capacity of our
novel polymyxin 8d to potentiate the activity of Gram-positive
specific antibiotics against polymyxin-resistant bacteria.
Using checkerboard assays with an mcr-2 positive E. coli
isolate, we found novobiocin, rifampicin, and erythromycin
to be strongly potentiated by 8d, with calculated fractional
inhibitory concentration index (FICi) values well below 0.5 in
all cases (Fig. 3). Notably, low concentrations of 8d (0.5–1.0
μg mL−1) were sufficient to effectively potentiate the activity
of these antibiotics against this polymyxin resistant strain.
Furthermore, the synergy exhibited by 8d is comparable to
that observed for polymyxin B (see ESI† Fig. S4, Table S2).
The capacity for sub-MIC concentrations of polymyxins to
synergize with other clinically used antibiotics may provide a
means of safer administration of these potent but
nephrotoxic agents. In this regard, the finding that our novel
polymyxins show similar synergistic activity while also
exhibiting lower kidney cell toxicity is noteworthy.

Conclusion

Polymyxin B and colistin are increasingly used to treat
infections caused by MDR Gram-negative bacteria. Clinical
application of these agents for systemic use is hindered by their
dose-limiting nephrotoxicity. To address this issue, our group
recently reported a new series of semisynthetic polymyxins that
contain a reductively labile disulfide linkage between the
peptide and lipid moieties leading to reduced kidney cell
toxicity relative to polymyxin B.26 We here describe efforts

directed at further developing this concept by introducing
various amino acid substitutions at position 3 which has
previously been shown to be amenable to modifications that
can attenuate polymyxin activity and toxicity. In general,
substituting the parent Dab residue at position 3 in our
disulfide containing polymyxins with L-Dap, D-Dap, D-Ser, Gly or
D-Dab was found to further reduce in vitro kidney toxicity. Most
notably, compound 8d including L-Dap at position 3, in
combination with a disulfide-linked isopentyl moiety attached
to the N-terminal D-Cys, was found to outperform all the other
analogues, both in terms of antibacterial activity and kidney cell
toxicity. Compound 8d exhibits the same potency as polymyxin
B towards Gram-negative pathogens while being >10-fold less
toxic towards PTECs. Also of note is the finding that 8d
effectively synergizes with novobiocin, rifampicin, and
erythromycin – antibiotics typically used for the treatment of
Gram-positive infections – against polymyxin-resistant
mcr-positive E. coli. Taken together, the improved balance
between antibacterial activity and kidney cell toxicity observed
for these next-generation polymyxins is encouraging and
suggests that such design strategies may serve to address the
shortcomings associated with the polymyxins as they remain an
important class of last-resort antibiotics.

Experimental section
Reagents

All reagents employed were of American Chemical Society
(ACS) grade or finer and were used without further purification
unless otherwise stated. Commercially sourced polymyxin B
was obtained as a mixture of isomers (Combi-Blocks, San
Diego, USA), with polymyxin B1, B2, and B3 accounting for
>90% of the isomers. The Boc-D-Cys based building blocks I, II
and III were prepared as previously described.26

General procedures

For compound characterization, HRMS analysis was performed
on a Shimadzu Nexera X2 UHPLC system with a Waters Acquity
HSS C18 column (2.1 × 100 mm, 1.8 μm) at 30 °C and equipped
with a diode array detector. The following solvent system, at a

Fig. 3 Checkerboard assays with 8d, combined with antibiotics typically used for Gram-positive infections only: novobiocin (left), rifampicin
(middle), erythromycin (right) against an mcr-2 positive polymyxin-resistant E. coli isolate. Color intensity corresponds to growth (as read by OD600

measurements), with white areas indicating no growth. Each square represents data from a technical triplicate.
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flow rate of 0.5 mL min−1, was used: solvent A, 0.1% formic
acid in water; solvent B, 0.1% formic acid in acetonitrile.
Gradient elution was as follows: 95 : 5 (A/B) for 1 min, 95 : 5 to
15 : 85 (A/B) over 6 min, 15 : 85 to 0 : 100 (A/B) over 1 min, 0 :
100 (A/B) for 3 min, then reversion back to 95 : 5 (A/B) for 3
min. This system was connected to a Shimadzu 9030 QTOF
mass spectrometer (ESI ionization) calibrated internally with
Agilent's API-TOF reference mass solution kit (5.0 mM purine,
100.0 mM ammonium trifluoroacetate and 2.5 mM
hexakis(1H,1H,3H-tetrafluoropropoxy)phosphazine) diluted to
achieve a mass count of 10000.

Purity of the peptides was confirmed to be ≥95% by
analytical RP-HPLC using a Shimadzu Prominence-i LC-2030
system with a Dr. Maisch ReproSil Gold 120 C18 column (4.6
× 250 mm, 5 μm) at 30 °C and equipped with a UV detector
monitoring at 214 nm. The following solvent system, at a
flow rate of 1 mL min−1, was used: solvent A, 0.1% TFA in
water/acetonitrile, 95/5; solvent B, 0.1% TFA in water/
acetonitrile, 5/95. Gradient elution was as follows: 100 : 0 (A/
B) for 3 min, 100 : 0 to 0 : 100 (A/B) over 47 min, 0 : 100 (A/B)
for 4 min, then reversion back to 100 : 0 (A/B) over 1 min,
100 : 0 (A/B) for 5 min.

Synthesis of protected tripeptides 4a–e, 5a–e, 6a–e

The protected tripeptides 4a–e, 5a–e, and 6a–e were
synthesized on 2-chlorotrityl chloride (CTC) resin, employing
general solid phase peptide synthesis methods. To begin,
CTC resin was functionalized with either Fmoc-L-Dap(Boc),
Fmoc-D-Dap(Boc), Fmoc-D-Dab(Boc), Fmoc-D-Ser(tBu) or
Fmoc-Gly, all coupled to the resin via the carboxyl moiety.
Typical loadings were 0.4–0.7 mmol per gram of resin.
Peptides were synthesized on a 0.12 mmol scale. Fmoc
deprotections were carried out using 20% piperidine in DMF
(5 minutes + 25 minutes), followed by washings (DCM, DMF).
Coupling of Fmoc-Thr(OtBu) was done in DMF for 1 hour
with an amino acid : BOP :DIPEA ratio of 4 : 4 : 8, relative to
the resin. The Boc-D-Cys based building blocks I, II and III
(prepared as previously reported26) were coupled in DMF for
3 hours, with an amino acid : BOP :HOBt : collidine (2,4,6-
trimethylpyridine) ratio of 2 : 2 : 2 : 4, relative to the resin.
After synthesis completion, peptides were washed (DMF,
DCM), followed by resin detachment with 20%
hexafluoroisopropanol (HFIP) in DCM (1.5 hours). HFIP was
removed by rotary evaporation, yielding the protected
peptides which were used directly in the next step.

Synthesis of PMBH(Boc)3

The protected cyclic peptide PMBH(Boc)3 was obtained after
enzymatic digestion of Boc protected polymyxin B.30

Polymyxin B sulfate (1.5 g, 1.0 mmol) was dissolved in a
mixture of acetonitrile (15 mL) and water (7.5 mL).
Triethylamine (0.89 mL, 6.4 mmol) was added, and the
mixture was stirred for 5 minutes. Di-tert-butyl dicarbonate
(1.4 g, 6.4 mmol) was added in one portion and mixture was
stirred at RT for 1.5 hours. Savinase® 16 L (4.5 mL) was

added and pH was adjusted to 9 by addition of NaOH (1 M).
After overnight digestion, additional Savinase® (2 mL) and
NaOH (1 M, till mixture achieved pH 9) was added and the
digestion was again left to run overnight. After completion,
water (30 mL) was added and the mixture was extracted with
MTBE (2 × 60 mL). Combined organics were washed with
NaOH (1 M, 30 mL) and water (30 mL), three times. The
organic layer was washed with brine, dried over Na2SO4 and
concentrated in vacuo to give PMBH(Boc)3 as a yellowish
powder. Yield: 0.9 g, 0.85 mmol, 85%.

General procedure for synthesis of polymyxin analogues 7a–e,
8a–e, and 9a–e

The relevant protected tripeptide (4a–e, 5a–e, 6a–e, 2 eq.) was
dissolved in DCM and pre-activated by addition of collidine
(2,4,6-trimethylpyridine, 3.8 eq.), O-(6-chlorobenzotriazol-1-
yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate
(HCTU, 1.9 eq.), and HOBt (1.9 eq.) (both dissolved in DMF).
After 5 minutes, the mixture was added to PMBH(Boc)3 (1
eq.) previously dissolved in DCM and the reaction left for 3
hours at RT. After completion, the mixture was concentrated
by rotary evaporation, followed directly by deprotection with
TFA/TIPS/H2O (95/2.5/2.5, 90 min). The mixture was then
added drop-wise to ice-cold MTBE (60 mL) to precipitate the
peptide. After lyophilization from tBuOH/H2O, the crude
peptide was purified by RP-HPLC.

Optimized synthesis of analogue 8d

Protected peptide 5d (80 mg, 0.12 mmol, 1 eq.) and
PMBH(Boc)3 (0.17 g, 0.16 mmol, 1.3 eq.) were dissolved in
DCM/DMF (8/3 mL). To the stirred solution was added
DIPEA (63 μL, 0.36 mmol, 3 eq.), and after stirring for 5
min, O-(7-azabenzotriazol-1-yl)-N,N,N′N′-tetramethyluronium
hexafluorophosphate (HATU, 46 mg, 0.12 mmol, 1 eq.) was
added. The reaction was left to proceed at RT for 18 h. The
reaction mixture was then diluted with water (15 mL) and
extracted with MTBE (40 mL). The organic layer was washed
with KHSO4 (1 M, 15 mL), NaHCO3 (sat. aq., 15 mL) and
brine (10 mL), followed by drying over Na2SO4 and
concentration via rotary evaporation. The crude peptide was
then deprotected by treatment with TFA/TIPS/H2O (95/2.5/
2.5, 15 mL, 2 h). The sample was partially concentrated and
the crude peptide precipitated addition to ice-cooled MTBE/
PE (2/1). After lyophilization from tBuOH/H2O, the crude
peptide was purified by RP-HPLC. Yield: 0.10 g, 0.059 mmol,
49% (based on penta-TFA salt).

RP-HPLC purification

Final compounds were purified via preparative HPLC using a
BESTA-Technik system with a Dr. Maisch Reprosil Gold 120
C18 column (25 × 250 mm, 10 μm) and equipped with an
ECOM Flash UV detector monitoring at 214 nm. The
following solvent system, at a flow rate of 12 mL min−1, was
used: solvent A, 0.1% TFA in water/acetonitrile 95/5; solvent
B, 0.1% TFA in water/acetonitrile 5/95. Gradient elution was

RSC Medicinal ChemistryResearch Article
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as follows: 100 : 0 (A/B) for 3 min, 100 : 0 to 85 : 15 (A/B) over 2
min, 85 : 15 to 40 : 60 (A/B) over 45 min, 40 : 60 to 0 : 100 (A/B)
over 2 min, 0 : 100 (A/B) for 3 min, then reversion back to
100 : 0 (A/B) over 1 min, 100 : 0 (A/B) for 3 min.

MIC assays

Minimum inhibitory concentrations (MICs) on relevant
Gram-negative bacteria were determined by broth
microdilution. Indicated bacteria were taken from glycerol
stocks and incubated overnight on blood agar at 37 °C. Well-
isolated colonies were taken, suspended in TSB (5 mL) and
grown to an OD600 of 0.5. To be tested compounds were
dissolved in DMSO (6.4 mg mL−1), diluted in cation adjusted
Mueller-Hinton Broth (CAMHB) (12.5 and 20 μg mL−1 Mg2+

and Ca2+, respectively) and diluted serially on polypropylene
microtiter plates. To the diluted compounds (50 μL per well)
was added 50 μL of relevant bacterial suspension, to yield a
final concentration of 106 CFU mL−1. Plates were covered by
adhesive gas permeable membranes and incubated at 37 °C.
MIC was read out as the lowest concentration that inhibited
visual bacterial growth. Shown values are consistent results
from at least triplicate experiments.

Checkerboard assays

Combinations of antibiotics and synergists were assessed in an
8 × 8 format, evaluating 64 combinations. E. coli EQAS mcr-2
was taken from glycerol stocks and incubated overnight on
blood agar at 37 °C. Well-isolated colonies were taken,
suspended in TSB (5 mL) and grown to an OD600 of 0.5. To be
tested antibiotics and synergists were diluted in cation adjusted
Mueller-Hinton Broth (CAMHB) (12.5 and 20 μg mL−1 Mg2+ and
Ca2+, respectively). Next, for each combination of antibiotic and
synergist, one was diluted serially on polypropylene microtiter
plates, whereas the other was diluted serially in multi-well
reservoirs. Antibiotics (25 μL) and synergists (25 μL) were
combined in checkerboard format on 96 well plates, yielding
64 individual combinations, each in triplicate. To the mixed
compounds was added 50 μL of bacterial suspension, to yield a
final concentration of 106 CFU mL−1. Plates were covered by
adhesive gas permeable membranes and incubated at 37 °C for
18 hours. The resulting bacterial suspension was homogenized,
and bacterial growth was read by OD600 measurements on a
Tecan plate reader. The resulting values are represented in
checkerboard format, normalized by the positive control
(maximum growth) and negative control (no growth). The
fractional inhibitory concentration index (FICi) is calculated as
follows:

FICi ¼ MSCant

MICant
þMSCsyn

MICsyn

with MSCant and MSCsyn the optimal synergetic concentration

of antibiotic and synergist respectively. MICant and MICsyn

indicate the MICs of the individual compounds. An FICi ≤ 0.5
indicates synergy.37

Assessment of cell-based toxicity on PTECs

Conditionally immortalized PTECs (ciPTECs) were used to
assess the toxicity of the polymyxin analogues. The
specific ciPTEC-14.4 cell line used (RRID: CVCL_W184)
was purchased from Cell4Pharma (Oss, the Netherlands),
obtained at passage 38, and cultured as reported
previously.38 Mycoplasma contamination was checked
monthly and was found to be negative in all cells used.
Compounds were dissolved at 100, 250, 500 or 1000 μM
in serum free medium [DMEM/F-12, supplemented with
insulin (5 μg mL−1), transferrin (5 μg mL−1), selenium (5
μg mL−1), hydrocortisone (35 ng mL−1), epidermal growth
factor (10 ng mL−1) and triiodothyronine (40 pg mL−1)].
Differentiated cells were washed once with HBSS and
compounds were transferred to the ciPTECs containing
plate (80 μL per well). Compounds were incubated for 24
hours at 37 °C. Cells were washed by HBSS, followed by
incubation with 10% PrestoBlue™ cell viability reagent
(Thermo Scientific, Vienna, Austria) in HBSS at 37 °C in
the dark. Fluorescence was recorded (excitation: 530 nm,
emission: 590 nm). The raw data are corrected for
PrestoBlue™ background fluorescence and reported
relative to the non-treatment control (cells treated with
medium only).

Abbreviations

ACN Acetonitrile
ATCC American type culture collection
BOP (Benzotriazol-1-yloxy)tris(dimethylamino)

phosphonium hexafluorophosphate
CAMHB Cation adjusted Mueller-Hinton broth
CFU Colony forming units
CTC Chloro trityl chloride
Dab 2,4-Diaminobutyric acid
Dap 2,3-Diaminopropionic acid
DIPEA N,N-Di-isopropylethylamine
DMEM Dulbecco's modified Eagle medium
FICi Fractional inhibitory concentration index
HATU O-(7-Azabenzotriazol-1-yl)-N,N,N′,N′-

tetramethyluronium hexafluorophosphate
HCTU O-(6-Chlorobenzotriazol-1-yl)-N,N,N′,N′-

tetramethyluronium hexafluorophosphate
HBSS Hancks' balanced salt solution
MIC Minimal inhibitory concentration
MSC Minimal synergistic concentration
NCTC National collection of type cultures
o/n Overnight
OM Outer membrane
PE Petroleum ether
PMBN Polymyxin B nonapeptide
PMBH Polymyxin B heptapeptide
PTEC Proximal tubule epithelial cell
RP-HPLC Reversed phase high performance liquid

chromatography
TC50 Half-maximum toxicity concentration
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