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of cystobactamids as antibiotics
and bacterial imaging carriers lead to compounds
with high in vivo efficacy†
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There is an alarming scarcity of novel chemical matter with bioactivity against multidrug-resistant Gram-

negative bacterial pathogens. Cystobactamids, recently discovered natural products from myxobacteria,

are an exception to this trend. Their unusual chemical structure, composed of oligomeric para-

aminobenzoic acid moieties, is associated with a high antibiotic activity through the inhibition of gyrase.

In this study, structural determinants of cystobactamid's antibacterial potency were defined at five

positions, which were varied using three different synthetic routes to the cystobactamid scaffold. The

potency against Acinetobacter baumannii could be increased ten-fold to an MIC (minimum inhibitory

concentration) of 0.06 mg mL�1, and the previously identified spectrum gap of Klebsiella pneumoniae

could be closed compared to the natural products (MIC of 0.5 mg mL�1). Proteolytic degradation of

cystobactamids by the resistance factor AlbD was prevented by an amide-triazole replacement.

Conjugation of cystobactamid's N-terminal tetrapeptide to a Bodipy moiety induced the selective

localization of the fluorophore for bacterial imaging purposes. Finally, a first in vivo proof of concept was

obtained in an E. coli infection mouse model, where derivative 22 led to the reduction of bacterial loads

(cfu, colony-forming units) in muscle, lung and kidneys by five orders of magnitude compared to

vehicle-treated mice. These findings qualify cystobactamids as highly promising lead structures against

infections caused by Gram-positive and Gram-negative bacterial pathogens.
Introduction

The public health threat posed by bacterial infections has
increased to an alarming extent, because bacterial resistance
against common antibiotics has risen over the last two decades
while, at the same time, an innovation gap in antibiotic
discovery led to a shriveled pipeline of novel drugs.1 This is
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tion (ESI) available. See DOI:
particularly true for Gram-negative pathogens: since infections
with carbapenem-resistant Enterobacteriaceae are associated
with mortality rates of 40–50%, these species as well as drug-
resistant Acinetobacter baumannii and Pseudomonas aeruginosa
have been classied as ‘critical’ by the WHO.2 The main scien-
tic problem that hampers the discovery of novel antibiotics
against Gram-negative species concerns the lack of knowledge
on how to design molecules that can achieve sufficient intra-
cellular concentrations by overcoming the highly effective
penetration barriers imposed by the inner and outer
membranes on the one hand, and by avoiding efflux-mediated
export on the other hand.3,4 Recent progress was achieved by
establishing structural guidelines for synthetic small mole-
cules,5 or by antibiotic conjugation to actively transported
moieties (the ‘Trojan Horse’ principle).6 However, studying
natural products arguably remains the most fruitful strategy to
discover novel antibiotic lead structures against Gram-negative
bacteria.1,7 This is exemplied by the recently discovered cys-
tobactamids, myxobacterial natural products that exhibit
potent, broad-spectrum antibacterial properties through the
inhibition of bacterial gyrase A.8 Cystobactamids, their
This journal is © The Royal Society of Chemistry 2020
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derivatives coralmycin9 and the closely related albicidin10 are
featured by an unusual aromatic oligopeptide structure,
composed of ve para-aminobenzoic acid (PABA)-derived
moieties and a central aliphatic amino acid (Scheme 1). An in-
depth isolation study from Myxococcus sp. resulted in the
discovery of derivative 861-2 as the most potent cystobactamid
analog.11 Soon aer their rst isolation, total syntheses of
albicidin (1) and the cystobactamids 861-2 (2) and 919-2 (3) were
reported,11–15 all highlighting the hidden challenges behind the
chemistry of these natural products, such as low reactivity in
aromatic amine couplings combined to solubility problems.
First variations of the albicidin structure at various positions led
to mostly equal antibacterial activity compared to the natural
product.16–19

In this paper, we report the establishment of three different
synthetic routes for a systematic study of cystobactamid's
structure–activity relationships (SAR), in order to optimize the
activity prole across a larger panel of bacterial pathogens. We
obtained compounds with signicantly improved antibacterial
activity, and a rescaffolding of the C-ring led to the circum-
vention of AlbD-mediated resistance, an endopeptidase that
site-specically cleaves albicidin in two inactive fragments.
Furthermore, a proof of principle that the cystobactamid scaf-
fold can be used as a targeting moiety for bacterial imaging is
provided. Finally, the pharmacokinetic properties as well as
a rst in vivo proof of concept of derivative 22 are presented.
Results

Cystobactamids do not obey the guidelines for physicochemical
properties that are important for activity against Gram-negative
bacteria: according to O'Shea and Moser, a low molecular
weight (cutoff ca. 600 Da) and high polarity are important
features of Gram-negative antibiotics to facilitate transport
through porin channels.20 In addition, the so-called “eNTRy”
rules proposed by Richter et al. state that accumulation in
Gram-negative bacteria is more likely to occur if a molecule
possesses basic nitrogens (primary amines being optimal), low
Scheme 1 Chemical structures of albicidin and cystobactamids 861-2
and 919-2. Characteristic structural features of the classes are high-
lighted in blue for albicidin and in red for cytobactamids.

This journal is © The Royal Society of Chemistry 2020
globularity and high rigidity.5 In contrast, cystobactamids have
no basic nitrogen, their molecular weight (>850 Da) is far
beyond the cutoff, they are highly nonpolar (clog P ¼ 4.19), and
15 (principally) rotatable bonds limit their rigidity (ESI Section
2†). Because the potent activity of cystobactamids against Gram-
negative pathogens is achieved with atypical physicochemical
properties, we did not apply such parameters as lters for
compound design. In the absence of structural information on
the binding to gyrase and on uptake determinants, the
synthesis of novel compounds was driven by their antibacterial
activity and their ability to inhibit gyrase.

In order to understand the minimal structural requirement
for high antibiotic activity, a simplication of the cystobactamid
structure was targeted, starting with the most potent analog 2.
We rst decided to investigate the relevance of the methoxy
group in the central linker region, as the high activity of albi-
cidin suggested that a substituent at position C-3 of the
aliphatic amino acid may not be mandatory. Therefore, the des-
methoxy analog 4 was synthesized following the retrosynthetic
approach that we recently reported11 for the total synthesis of 2
(Scheme 2), with the main difference that the central fragment 6
bears L-Asn instead of the (2S,3R)-b-methoxy-Asn moiety of 2.

In brief, Fmoc-Asn(Trt)-OH and methyl-p-aminobenzoate
were coupled efficiently by means of POCl3 at 0 �C. Keeping the
temperature low was important in order to avoid racemization
of the aliphatic amino acid (Scheme 3).21 Aer deprotection of
the Fmoc group, the second PABA unit was installed using
HBTU and para-nitrobenzoic acid (PNBA) to give 94 in 78%
yield. Because the ester hydrolysis under standard hydrolytic
conditions (LiOH, water/THF) led to complete racemization, the
carboxylic acid 6 was obtained using an excess of LiI in ethyl
acetate under reuxing conditions.22

Fragment 7, synthesized as reported previously,11 was
coupled to 6 using POCl3 to obtain the pentapeptide 11. The
reduction of the nitro group and the removal of the trityl pro-
tecting group afforded 12. The N-terminal PNBA moiety was
activated as an acyl chloride and coupled to 12. Aer the
removal of the allyl protecting groups and a nal purication by
preparative reversed phase (RP) HPLC, 4 was obtained as an
ammonium salt. A Marfey analysis,23–25 used to assess the
enantiomeric ratio, revealed that less than 5% of racemization
occurred during the synthesis (see ESI†). The overall synthesis
had 12 steps in the longest linear sequence and an overall yield
of 1.9%.

The minimal inhibitory concentrations (MICs) of all
compounds were determined against a small panel of three
clinically important pathogens comprising Escherichia coli,
Pseudomonas aeruginosa and Staphylococcus aureus. For the two
former species, mutants with impaired efflux (E. coli DtolC and
P. aeruginosa DmexAB) were tested in order to assess transport-
mediated effects. In addition, a functional gyrase supercoiling
assay served to probe the target-specic activity of the cys-
tobactamids. Compound 4 showed high antibacterial activities
that were comparable to those of 2, with the notable exception
of a strongly decreased activity against P. aeruginosa (Table 1).
The overall prole conrmed the assumption of the b-methoxy
group in the central amino acid linker is not essential. Because
Chem. Sci., 2020, 11, 1316–1334 | 1317
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Scheme 2 Retrosynthetic disconnection of 4.

Scheme 3 Reagent and conditions: (a) POCl3, TEA, DCM, 0 �C, 2 h (96%); (b) 20% Et2NH in CH3CN, rt, 30 min; (c) HBTU, DiPEA, CH3CN, rt, 3 h
(78% 2 steps); (d) LiI, EtOAc, 90 �C, 5 d (86%); (e) amine 7, POCl3, DiPEA, THF/DCM, rt, 6 h (54%); (f) Zn dust, 10% AcOH, THF/EtOH, rt, 5 h, (g) TFA,
Tips, DCM (94% 2 steps); (h) 4-nitrobenzoic acid, BTC, collidine, DiPEA, THF, rt, 4 h (80%); (i) Pd(PPh3)4; PhSiH3, THF, rt, overnight (21%).
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4 was slightly more potent than 2 in a target-based gyrase
supercoiling assay (IC50 values of 0.11 mM vs. 0.22 mM), the
additional methoxy moiety of 2 seems to be benecial for
intracellular compound accumulation in P. aeruginosa WT.

As the synthesis of 4 was more amenable to scale up
compared to that of 2, a series of cystobactamid analogs bearing
L-asparagine as a central element was designed that carry
Table 1 Antibacterial activity of 2 and 4, given as minimal inhibitory conc
in mM

Compound

MIC [mg mL�1]

E. coli DtolCa E. coli WTb P. aeruginosa Dm

2 0.125 0.125 0.5
4 0.125 1 1

a Strain provided by collaborators, see ESI. b DSM-1116. c PA14. d ATCC29

1318 | Chem. Sci., 2020, 11, 1316–1334
alterations in the N-terminal (ring A) and C-terminal (rings D–E)
regions of the molecule.
A-ring variations

For A-ring variations, the advanced intermediate 12was coupled
to different carboxylic acids that varied in the nature, number
entrations (MICs) in mg mL�1, and inhibitory activity against DNA gyrase

E. coli
gyrase IC50 [mM]exABa P. aeruginosa WTc S. aureusd

2 0.5 0.22
>64 1 0.11

213.

This journal is © The Royal Society of Chemistry 2020
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Table 2 Antibacterial activity of cystobactamid A-ring analogs, given as minimal inhibitory concentrations (MICs) in mg mL�1, and inhibitory
activity against DNA gyrase in mMe

Compound

MIC [mg mL�1]

E. coli
gyrase IC50 [mM]

E. coli
DtolCa E. coli WTb P. ae. DmexABa P. ae. WTc S. aureusd

R

o m p

Reference 4 H H NO2 0.125 1 1 >64 1 0.11
14 H H NHAc 0.06 16 >64 >64 64 nd
15 H H H 0.5 >64 2 >64 >64 4.0
16 H H F 0.5 0.5 2 >64 2 nd
17 H H NH2 32 2 4 >64 >64 26.8
18 H NO2 H 0.25 >64 0.5 >64 >64 2.2
19 H NH2 H 2 32 4 >64 >64 nd
20 NO2 H H 2 8 16 >64 >64 nd
21 H H NHCONH2 #0.03 0.5 4 >64 64 8.7
22 H H CN 0.06 0.5 0.25 2 0.25 0.08
23 H H CF3 #0.03 0.5 64 >64 16–32 nd

24 H H >64 0.5 >64 >64 >64 2.5

25 OH i-PrO NO2 >64 >64 >64 >64 >64 >50
26 OH i-PrO NH2 0.01 2 2–4 32 >64 50
27 H H SO2CH3 #0.03 2 4 >64 >64 nd

28 8 16 >64 >64 >64 16

29 #0.03 #0.03 1 >64 1 1.4

30 #0.03 #0.03 1 >64 64 0.5

31 #0.03 #0.03 0.25 0.5 #0.03 0.9

32 #0.03 #0.03 0.25 0.5 0.25 0.5

33 #0.03 0.06 1 >64 4 nd

This journal is © The Royal Society of Chemistry 2020 Chem. Sci., 2020, 11, 1316–1334 | 1319
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Table 2 (Contd. )

Compound

MIC [mg mL�1]

E. coli
gyrase IC50 [mM]

E. coli
DtolCa E. coli WTb P. ae. DmexABa P. ae. WTc S. aureusd

R

o m p

34 #0.03 #0.03 0.5 >64 64 0.7

35 >64 >64 >64 >64 >64 3.6

36 0.5 0.25 >64 >64 >64 0.3

a Strain provided by collaborators, see ESI. b DSM-1116. c PA14. d ATCC29213. e nd ¼ not determined, P. ae. ¼ P. aeruginosa.
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and position of substituents (ESI Scheme S1†). The acids were
activated as acyl chlorides by means of BTC and collidine12 or
oxalyl chloride. Alternatively, when the substituents required
a milder activation strategy, a combination of EDC and HOAt
was chosen. Most derivatives were puried by preparative RP-
HPLC with a water/acetonitrile gradient using 10 mM
NH4HCO3 as a modier and obtained as ammonium salts.

The antibacterial properties of all analogs were determined
subsequently (Table 2). The electronic properties and the
position of the N-terminal substituent turned out to be essen-
tial, as the replacement of the nitro group by a hydrogen atom
in 15 was associated with a drop of activity against E. coli from
1 mg mL�1 to >64 mg mL�1. Also its shi from the para-to meta-
and ortho-positions led to MICs of >64 mg mL�1 and 8 mg mL�1,
respectively. Likewise, reduced analogs bearing an amino
group (17) or an N-acetylamino group (14) had lower activities
of 2 mg mL�1 and 16 mg mL�1, respectively. An ureido substi-
tution as in 21 resulted in equipotent compounds against
E. coli, but reduced activity against S. aureus or P. aeruginosa.
Also the installation of a photoactivatable triuoromethyl-
diazirine moiety at the para-position led to pronounced drops
in gyrase inhibition and antibacterial activity, suggesting that
1320 | Chem. Sci., 2020, 11, 1316–1334
28 is not ideally suited for the mapping of the gyrase binding
site in cross-linking experiments.

As cystobactamids are PABA oligomers, we wondered
whether their elongation to a heptapeptide by the addition of
another PNBA moiety to the N-terminus would further
enhance potency. However, 24 showed a 20-fold reduced
inhibitory activity in the gyrase assay and displayed worse
antibacterial activity compared to 4. We then copied the
substitution pattern of the oxidized D-ring of cystobactamids
to the N-terminus. The obtained compound 25 neither showed
acceptable gyrase inhibition nor any antibacterial activity. In
contrast, the replacement of the nitro group with other
electron-withdrawing substituents like triuoromethyl (23) or
uorine (16) retained antibiotic activity or even improved
them, as observed for a cyano (22) or a lactone moiety (29). The
cyano group was identied as particularly favorable, because
22 also displayed a strongly increased activity against P. aer-
uginosa (2 mg mL�1 vs. >64 mg mL�1 for 4); this substituent was
therefore retained in most subsequent analogs. The intro-
duction of a second substituent in ortho- or meta-position, as
in 88–92, did not lead to improved properties (see Table S1 of
the ESI†).
This journal is © The Royal Society of Chemistry 2020
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Table 3 Antibacterial activity of cystobactamids with different A–B linkers, given as minimal inhibitory concentrations (MICs) in mg mL�1, and
inhibitory activity against DNA gyrase in mMe

Compound R

MIC [mg mL�1]
E. coli
gyrase IC50 [mM]E. coli DtolCa E. coli WTb P. ae. DmexABa P. ae. WTc S. aureusd

Reference 22 0.06 0.5 0.25 2 0.25 0.08

39 1 >64 >64 >64 >64 nd

40 0.125 0.25 4 >64 >64 nd

41 >64 >64 >64 >64 >64 nd

42 >64 >64 >64 >64 >64 >50

43 0.06 0.06 0.5 >64 #0.03 0.5

44 >64 >64 >64 >64 >64 >50

45 0.06 0.25 0.25 1 0.25 nd

46 #0.03 0.125 0.25 1 0.06 0.2

47 #0.03 1 >64 >64 >64 16.3

48 #0.03 0.125 0.5 >64 >64 1.0

49 #0.03 0.06 >64 >64 >64 1.8

This journal is © The Royal Society of Chemistry 2020 Chem. Sci., 2020, 11, 1316–1334 | 1321
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Table 3 (Contd. )

Compound R

MIC [mg mL�1]
E. coli
gyrase IC50 [mM]E. coli DtolCa E. coli WTb P. ae. DmexABa P. ae. WTc S. aureusd

50 #0.03 0.25 >64 >64 >64 0.8

51 4 >64 >64 >64 >64 nd

a Strain provided by collaborators, see ESI. b DSM-1116. c PA14. d ATCC29213. e nd ¼ not determined, P. ae. ¼ P. aeruginosa.
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In attempts to replace the phenyl ring, heterocyclic moieties
with different electronic properties and ring size were prepared,
including the electron-poor pyridines 30 and 31, the thiophene
32 and the thiazole 33, and, due to its ability to interact with
DNA bases,26 the electron-rich N-methyl pyrrole 34. A hydroxy-
pyridinone heterocycle with iron-chelating properties was
applied (35), as this moiety has been successfully attached to b-
lactams as a siderophore mimic to enhance their permeation
into Gram-negative bacteria through iron uptake pathways.27,28

Finally, the quinoline 36 should inform whether an extended p-
system was favorable for gyrase binding.

The position of the nitrogen in pyridyl analogs mattered,
because the 2-carboxyamide-5-cyano-substituted derivative
31 was highly potent against all tested strains, whereas the 3-
carboxyamide-6-cyano derivative (30) was inactive against
S. aureus and P. aeruginosa. A consistently high antimicrobial
activity was also observed for the thiophene 32, whereas the
pyrrole 34 and the quinoline 36 lost activity against S. aureus
and P. aeruginosa. The introduction of an iron-chelating
motif (35) led to a complete loss of antimicrobial activity
and to signicantly reduced anti-gyrase activity. Aer opti-
mizing ring A, we decided to re-introduce the methoxy in the
central asparagine, peculiar of the natural cystobactamids,
to further assess its inuence on the biological activity
(ESI†). Remarkably, this molecule showed potent activity
against all strains of the small panel of pathogens (analog 93,
Table S1†).

In summary, the A-ring turned out to be a sensitive struc-
tural handle for the breadth of the antibacterial spectrum and
the potency of cystobactamids. The most important ndings
are that a hydrogen bond acceptor and small substituents at
1322 | Chem. Sci., 2020, 11, 1316–1334
the para-position are essential for a high antibiotic activity, and
that the replacement of PABA with heterocyclic moieties is
tolerated.
Variations of the linker between A and B rings

A key structural difference between cystobactamids and the
closely related albicidin 1 concerns the N-terminus, which is
spanned by a para-hydroxy-2-methylcinnamoyl moiety in 1. To
assess the impact of this substitution, 45, a hybrid of the two
structures, was synthesized by replacing the PNBA unit of 4 with
para-hydroxy-2-methylcinnamoyl. Compound 45 indeed
possessed high antibiotic activity on all tested strains, including
an MIC of 1 mg mL�1 against P. aeruginosa. As electron-donating
substituents in the N-terminal ring of cystobactamids were
unfavorable (see above), the para-hydroxy group of 45 was
replaced by a cyano group to yield 46, but surprisingly, this
change led to an overall unaltered antibacterial potency
(Tables 3 and 7).

The fact that the aromatic A and B rings can be connected by
a methacrylamide instead of an amide moiety inspired us to
vary the length and chemical nature of this region. To access
broader diversications of the N-terminus, a modied synthetic
strategy with a late introduction of pre-functionalized A and B
rings was adopted (Scheme 4). First, the fragments 38 and 7
were coupled, followed by the cleavage of allyl- and Fmoc-
protecting groups. The obtained deprotected tetrapeptide was
then coupled to a diaryl unit that comprised rings A and B. The
advantages of this approach over the one presented in Scheme 2
are the higher reactivity of the primary, aliphatic amine in the
last coupling step and a shortened longest linear sequence
(11 steps).
This journal is © The Royal Society of Chemistry 2020
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Scheme 4 Retrosynthetic disconnection of cystobactamid with
modified A–B rings.
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First, the CH]CMe fragment of methacrylamide of 46 was
replaced by saturated (CH2–CH2 as in 48), heteroatom-
substituted (O–CHMe as in 49, S–CHMe as in 50) or truncated
linkers (CH2 as in 47). In addition, one or two methylene units
were introduced between the para-cyanobenzamide terminus of
22 and the B-ring to yield 39 and 40, respectively. The high
cellular activity against E. coli was retained, but the fact that
none of the compounds inhibited S. aureus or P. aeruginosa
demonstrates that the structure–activity relationship (SAR) for
a cellular activity is steep and organism-specic at this position.

The impact of the B-ring topology on activity was probed by
41 and 42, which possess a meta-connectivity on ring B; both
compounds were completely inactive. In order to investigate
whether the amide linking rings A and B in cystobactamid
adopts a cis or trans conformation upon binding to gyrase, 43,
linearized by an alkyne moiety, and the triazole 44, mimicking
a cis-conformation, were synthesized. While 43 retained high
gyrase inhibition and antibacterial activities, 44 was inactive in
both assays. This led us to conclude that (i) a para-substitution
at the B-ring and a stretched or trans-conformation between A
and B is required for gyrase binding and (ii) the original amide
linker of natural cystobactamids is not required, but can be
replaced by a rod-like alkyne connector. However, the original
linker between A and B rings had the best overall properties and
was therefore retained in subsequent optimizations.

D-ring modications

Two selected modications of the D-ring were targeted. An
analog of 4, devoid of the free hydroxy group, was assembled in
10 steps (ESI Schemes S4 and S5†). The analog 52 lost all activity
against wild type pathogens, but prevented the growth of efflux-
impaired strains, which underlines the crucial importance of
the hydroxy group for antibiotic function. In line with this, also
the masking of the hydroxy group by an allyl ether as in 13 led to
a complete loss of antibacterial activity (Table 4). It is note-
worthy that the amide bond between rings D and E is unusually
acidic (pKa < 8), as manifested by the comparison of 1H-NMR
data between the ammonium salt with the free acid analog of
4 (ESI Fig. S12†). Both the signals of the amide and the phenolic
protons were absent in the spectra of the ammonium salt,
which could be attributed to the presence of an anionic,
hydrogen-bonded six-membered ring.

Next, the isopropoxy substituent of the D-ring was elongated
by a single methylene unit to further increase the bulkiness of
This journal is © The Royal Society of Chemistry 2020
this structural feature, yielding 53 (Table 4). This rather subtle
structural modication led to an eight-fold decrease of gyrase
activity and a complete loss of activity against E. coli wild type
and the P. aeruginosa DmexAB mutant. Two derivatives (54, 55)
combining the isobutoxy residue and optimized N-terminal ring
substitutions could restore the activity against E. coli WT, but
not against P. aeruginosa. On the other hand, a natural cys-
tobactamid with an ethoxy-substitution at the D ring also
showed decreased antibacterial activity.11 Both results under-
line the importance of the D-ring substitution pattern and imply
that the substituent pattern of natural cystobactamids is
optimal.

Furthermore, a drastic re-scaffolding was investigated: cys-
tobactamids target subunit A of bacterial DNA gyrase.8 As this
subunit is responsible for interactions with DNA,29 we hypoth-
esized that it could be benecial to incorporate a motif into the
antibiotic which itself has strong DNA binding properties.
Among the high-affinity DNA minor groove recognition
elements reported in the literature,30,31 we selected a minor
groove binder developed by Renneberg and Dervan26 that
contains a 4-hydroxybenzimidazole as well as an N-methyl-
pyrrole moiety (a Hz/Py pair) and incorporated it into the cys-
tobactamid scaffold. In an attempt to maintain the overall
architecture of cystobactamids, the Hz/Py pair replaced the C
and D rings of cystobactamids in 56 (Scheme 5). The synthesis
of this compound was impaired by solubility and reactivity
limitations, but succeeded with an approach that relied on the
disconnection in the two fragments 58 and 59. The fragments
were coupled following the activation of the carboxylic acid to
an acyl uoride to avoid potential side reactions of asparagine,
such as intramolecular cyclization.32–34 In sum, 56 was assem-
bled in 11 steps (longest linear sequence) in a total yield of 8.2%
(Schemes S6 and S7†).

Compound 56 inhibited bacterial gyrase with an IC50 of
10.9 mM, which represents an approximately 100-fold decrease
in activity compared to 22. In consequence, 56 did not exert
antibacterial activities at concentrations up to 64 mg mL�1 (ESI
Table S2†). This result reects that the re-scaffolding represents
a high risk approach in the absence of information on
cystobactamid-target interactions, and it also underlines the
high importance of obtaining structural data on cystobactamid
binding to inform a rational analog design.

A potential Achilles heel of oligo-PABA antibiotics was
recently characterized by Süssmuth and coworkers: the endo-
peptidase AlbD, expressed by the Gram-negative Enterobacte-
rium Pantoea dispersa, was shown to cleave the amide bond
connecting C and D rings in 1 as well as in a tripeptide carrying
a substitution pattern as in cystobactamids, thereby inacti-
vating the antibiotics.35 Although the potential clinical rele-
vance of this resistance mechanism is unclear, as albD has not
been detected in human pathogens yet, we attempted to
circumvent it by replacing the amide cleavage site with a 1,2,3-
triazole as a bioisoster (Fig. 1).36 For this purpose, 61 was
synthesized in 11 steps and an overall yield of 7% based on
a retrosynthetic disconnection in two fragments (ESI Schemes
S8 and S9†). The larger fragment 156 was synthesized by
coupling 4-ethinylaniline to Fmoc-Asn(Trt)OH, followed by the
Chem. Sci., 2020, 11, 1316–1334 | 1323
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Table 4 Antibacterial activity of cystobactamids with modified D rings, given as minimal inhibitory concentrations (MICs) in mg mL�1, and
inhibitory activity against DNA gyrase in mMe

Compound

N-terminus

R R1 R2

MIC [mg mL�1]

E. coli
gyrase IC50 [mM]E. coli DtolCa E. coli WTb P. ae. DmexABa P. ae. WTc S. aureusd

Reference 4 NO2 i-Pr OH OH 0.125 1 1 >64 1 0.11a

52 NO2 i-Pr H OH 0.06 >64 1 >64 >64 nd
129 NO2 i-Pr H OMe >64 >64 >64 >64 >64 nd
13 NO2 i-Pr OAllyl OAllyl >64 >64 >64 >64 >64 nd
53 NO2 i-Bu OH OH 2 >64 >64 >64 1 0.9
54 CN i-Bu OH OH <0.03 0.25 >64 >64 0.25 nd

55 i-Bu OH OH 0.06 0.5 >64 >64 0.06 nd

a Strain provided by collaborators, see ESI. b DSM-1116. c PA14. d ATCC29213. e nd ¼ not determined, P. ae. ¼ P. aeruginosa.

Scheme 5 Retrosynthetic analysis followed for the synthesis of cys-
tobactamid analog 56. The minor groove bindingmoiety is highlighted
in red.
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installation of the diaryl unit 64. In the synthesis of fragment
154, the azide moiety was introduced into the advanced
intermediate 158 via Sandmeyer reaction using tBu-NO and
TMS-azide in 70% yield. Finally, fragments 156 and 154 were
coupled efficiently via copper-catalyzed 1,3-dipolar cycloaddi-
tion, and aer cleavage of the acid-labile protecting groups, 61
was puried by preparative RP-HPLC. Remarkably, 61 dis-
played high potency against E. coli (MIC ¼ 0.06 mg mL�1) and
1324 | Chem. Sci., 2020, 11, 1316–1334
S. aureus (MIC # 0.03 mg mL�1) and a good potency against
P. aeruginosa (MICs of 2 and 8 mg mL�1 against mutant and
wild type), in spite of a ca. 20-fold weaker inhibition of
bacterial gyrase (ESI Table S3†). Thus, the “triazole cys-
tobactamid” 61 has practically the same spectrum coverage as
the corresponding analog bearing the original amide 22, but
showed lower inhibitory properties at the molecular target.
The stability of 61 was rst tested in an in vitro assay with
recombinant, puried AlbD. While albicidin and 22 were
efficiently cleaved into their corresponding tetra- and dipep-
tides following a 6 h incubation with AlbD, 61 remained fully
stable under these conditions (Fig. 1 and ESI Fig. S2–S4†).
Further evidence that 61 indeed breaks AlbD-mediated resis-
tance was obtained by MIC data against the AlbD producer
P. dispersa: whereas P. dispersa was resistant against albicidin
(MIC > 64 mg mL�1) and showed limited sensitivity towards the
best natural cystobactamid 2 (MIC ¼ 16 mg mL�1), 61 potently
inhibited its growth with an MIC of 1 mg mL�1.

Thus, a bioisosteric substitution of the amide bond con-
necting rings C and D is tolerated, and the overall good spec-
trum coverage of 61 and its resistance-breaking properties make
this molecule an interesting scaffold for further investigations.
E-ring modications

For the investigation of the C-terminal region of the molecule,
a retrosynthetic disconnection was chosen that featured a late-
stage introduction of the E-ring (Scheme 6). In a rst target
compound, the E-ring was completely omitted to yield the
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Design of the AlbD-stable cystobactamid analog 61, with the amide-triazole replacement highlighted in red. The stabilities of 61 (retention
time: 13.56 min) and 22 (retention time: 13.56 min) following a 6 h incubation with AlbD have been monitored by LC/UV/MS. Depicted is the UV
absorption (190–400 nm) over time. The degradation products (retention times 10.29 min and 12.14 min) are depicted above the
chromatograms.
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pentapeptide 67. This compound was active only against
mutant E. coli and possessed more than 100-fold reduced
enzymatic activity compared to 22 (Table 5). This nding
Scheme 6 Retrosynthetic disconnection used for late stage variations o
installation of ring E.

This journal is © The Royal Society of Chemistry 2020
further underlines the importance of the full hexapeptide
conguration for the Gram-negative antibacterial activity, that
was demonstrated before by the inactive, N-terminally
f ring E. Fragments 65 and 64 are coupled first, followed by the final

Chem. Sci., 2020, 11, 1316–1334 | 1325
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Table 5 Antibacterial activity of cystobactamids with varying E ring substitution patterns, given as minimal inhibitory concentrations (MICs) in
mg mL�1, and inhibitory activity against DNA gyrase in mMe

Compound Y Ring E

MIC [mg mL�1]

EC gyrase IC50 [mM]E. coli DtolCa E. coli WTb P. ae. DmexABa P. ae. WTc S. aureusd

Reference 22 CN 0.06 0.5 0.25 2 0.25 0.08

67 CN –OH #0.03 >64 >64 >64 >64 9.4

68 NO2 #0.03 1 >64 >64 64 0.2

69 NO2 0.125 1 1 >64 2 nd

70 CN 0.25 >64 >64 >64 >64 nd

71 CN 0.25 >64 >64 >64 >64 nd

72 CN #0.03 0.5 >64 >64 2 nd

73 CN >64 >64 >64 >64 >64 0.5

74 CN #0.03 0.5 8 >64 64 nd

75 CN 0.25 >64 >64 >64 >64 nd

76 CN 0.5 >64 >64 >64 >64 nd

77 CN #0.03 >64 >64 >64 >64 0.9

a Strain provided by collaborators, see ESI. b DSM-1116. c PA14. d ATCC29213. e nd ¼ not determined, P. ae. ¼ P. aeruginosa.
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truncated albicidin16 or the tripeptide cystobactamid 507
harboring rings C–E.37

Secondly, the C-terminal carboxylic acid of 4 was replaced by
an amide in 68. The compound was highly active in the gyrase
assay, but only active against wild type E. coli. Introduction of an
ortho-uoro atom (69) retained the antibacterial spectrum of 4
with no activity against wild type P. aeruginosa. Moreover, 129,
1326 | Chem. Sci., 2020, 11, 1316–1334
the methyl ester analog of 52, was completely inactive against
efflux-impaired and wild type strains (Table 4), and similar
effects were observed upon the replacement of the carboxylic
acid by a sulfonic acid as in 75. More drastic modications of
the E-ring were realized by a replacement of the acidic PABA
with basic 4-amino-pyridyl (77) and 4-amino-piperidyl (73)
moieties, or the cycloserine 76. These switches in basicity of the
This journal is © The Royal Society of Chemistry 2020
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C-terminus led to a drastic loss of antibacterial activity of these
analogs, thereby illustrating the importance of the carboxylic
acid. The insertion of a methylene group between the terminal
arene and the amide linking it to the D-ring, which disrupts the
conjugated p-system, also led to an almost complete loss of
activity. It is noteworthy that a similar change between A and B-
rings, as in 39, was not tolerated either (see above).

In contrast, the activity against E. coli strains was retained
with a meta-substituted aminobenzoic acid terminus (as in 72)
and with an N-methyl pyrrole moiety (as in 74) replacing the
phenyl ring. However, both analogs clearly lost potency
compared to a PABA-C-terminus.

Next, we investigated a conundrum of the E-ring substitution
pattern: compared to the rst-discovered cystobactamid 3, both
the removal of a substituent (des-isopropoxy, to yield 2) and the
addition of a substituent (hydroxy-919-2 ¼ coralmycin A) were
reported to enhance antibacterial activity.9 To assess whether an
unsubstituted or a hydroxy/isopropoxy-substituted E-ring is
superior, the latter pattern was combined with the ve best N-
terminal substitutions reported above (Table 6). The obtained
analogs 78–82 showed comparable and high activity against
Table 6 Antibacterial activity of cystobactamids with optimized A-rings a
concentrations (MICs) in mg mL�1, and inhibitory activity against DNA gy

Compound R

MIC [mg mL�1]

E. coli DtolCa E. coli WTb

Reference 78 0.125 0.5

79 #0.03 0.25

80 #0.03 0.06

81 0.06 0.125

82 #0.03 0.125

a Strain provided by collaborators, see ESI. b DSM-1116. c PA14. d ATCC29

This journal is © The Royal Society of Chemistry 2020
E. coli and S. aureus, but two of them were less active against
P. aeruginosa compared to their counterparts 31 and 32. This led
us to conclude that the unsubstituted PABA unit was the
superior E ring substitution for a broad spectrum coverage that
includes P. aeruginosa.

Based on the structural modications in A, B, D and E rings
as well as in selected linker regions described above, a small set
of ten cystobactamid derivatives that were most potent on the
small microbial strain panel and/or showed activity on the
P. aeruginosa wild type strain was selected. This set was tested
on a larger panel of Gram-negative and -positive pathogens of
clinical interest, including A. baumannii, Klebsiella pneumoniae
and other Enterobacteriaceae. The two natural products 1
(synthesized according to the reported experimental proce-
dure),12 2 and ciprooxacin served as reference compounds.

Remarkably, eight derivatives displayed potent (MIC #

1 mg mL�1) activity against Enterobacter aerogenes, and three
derivatives were active against K. pneumoniae, whereas both 1
and 2 were inactive (Table 7). Also spectrum gaps against
E. aerogenes, Enterobacter cloacae and Proteus mirabilis could be
closed by synthetic analogs.
nd isopropoxy/hydroxyl-substituted E-ring, given as minimal inhibitory
rase in mMe

EC gyrase IC50 [mM]P. ae. DmexABa P. ae. WTc S. aureusd

1 >64 0.05 0.2

1 2 #0.03 0.6

0.5 >64 #0.03 nd

2 >64 0.06 nd

0.25 1 0.06 0.2

213. e nd ¼ not determined, P. ae. ¼ P. aeruginosa.

Chem. Sci., 2020, 11, 1316–1334 | 1327
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Table 7 Antibacterial activity of cystobactamids, given as minimal inhibitory concentrations (MICs) in mg mL�1a

a Alb¼ albicidin, CIP¼ ciprooxacin, ESBL¼ extended spectrum b-lactamases, 1ATCC-29212, 2DSM-28765, 3ATCC29213, 4DSM-30008, 5DSM-1116,
6E. coli based on the WT-3 wild type strain, carrying the mutations indicated above, 7DSM-30053, 8DSM-30054, 9PA14 10DSM-24600, 11DSM-46316,
12DSM-30104, 13DSM-30039, 14DSM-30121, 15DSM-2140, 16DSM-4479. Additional bacterial strain information is present in the experimental part.
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For A. baumannii, nine compounds reached MICs #

1 mg mL�1, and the most potent congener 46 had a strongly
improved activity (MIC ¼ 0.06 mg mL�1) compared to cipro-
oxacin (0.32 mg mL�1) or Cys 861-2 (1 mg mL�1).

The activity against E. coli WT-3, a strain that has a ca. 100-
fold reduced uoroquinolone sensitivity due tomutations at the
active site of gyrase, was also assessed. The fact that the activity
of most cystobactamids was not affected by the mutations
1328 | Chem. Sci., 2020, 11, 1316–1334
supports the hypothesis that the binding site of the natural
products is different from that of ciprooxacin.

For all different ring substitutions, compounds that show
a reduced gyrase affinity, but still potently kill E. coli were
observed. This effect may either be due to a particularly high
uptake, or due to the presence of a second, yet unidentied
antibacterial target. To explore the latter option, a chemo-
proteomic study using accordingly modied chemical probes is
regarded as an attractive future endeavor. To better understand
This journal is © The Royal Society of Chemistry 2020
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the contributions of uptake to the observed SAR, mass
spectrometry-based intracellular concentration measurements
in a panel of strains with enhanced outer membrane perme-
ability or impaired efflux are warranted in future studies.

For the cystobactamids 2 and 22 no signs of cytotoxicity,
assessed by an MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide)-based assay, were visible within the
tested concentration range of 0.1–10 mM. This is in line with
previously published cytotoxicity data on cystobactamid
analogs.8,11

Derivative 93 has the broadest antibacterial spectrum
coverage. Remarkably, it possesses activity in the low mg mL�1

range against all tested bacteria except of E. cloacae and
Serratia marcescens. These results indicate that the presence of
the methoxy-group in the central Asn moiety is benecial for
the spectrum coverage. On the other hand, it is noteworthy
that 93 does not exhibit the lowest MIC values against all the
tested strains. For example, the lowest MIC values against
K. pneumoniae, A. baumannii and Enterococcus faecalis were
obtained with 81/22, 46 and 80/81, respectively. This suggests
that strain-specic effects inuence the activity of cys-
tobactamid derivatives. Given that recent changes in the
regulatory guidelines for the clinical testing of antibiotics
encourage pathogen-specic antibiotic developments (in
addition to classical paths focused on the body site of infec-
tion), it is well-conceivable that several different cys-
tobactamids could be developed as narrow-spectrum
antibiotics against single pathogens.

The current work allows deriving the following structure–
activity relationships (Fig. 2): the full length of the molecule is
essential for the activity, shortening it of a single aromatic unit
either at the N- or C-terminus led to a complete loss of activity.
For optimal inhibition of gyrase and good antibacterial prop-
erties, ring A should have a hydrogen bond acceptor, with
a cyano group conferring the best antibacterial properties. The
optimal position of the substituent on ring A is para. The
replacement of the phenyl ring with heterocycles is possible and
has a benecial effect on the activity. Finally, the presence of
a short rigid spacer, such as a substituted double bond, between
ring A and carbonyl is well tolerated. The para-connectivity of
the aromatic building blocks is also essential for the B-ring,
Fig. 2 Structure–activity relationships of cystobactamids established
in this work.

This journal is © The Royal Society of Chemistry 2020
while a relocation of the amino group to the meta-position
has a drastic negative effect on the activity. The omission of the
methoxy group in aliphatic linker region is well tolerated; this
nding is in line with a recent study on natural albicidins.18

However, the enlarged panel of bacterial pathogens investigated
in this study suggests that the presence of the methoxy group is
overall benecial for a broader spectrum coverage.

The D-ring represents a critical part of the molecule; the
enlargement of the isopropoxy group was associated with
a drastic loss of activity; the same is true for a removal or
etherication of the hydroxyl group. The latter nding stands in
contrast to a recent report on a corresponding dehydroxy-
albicidin that retained its activity (against a different panel of
strains).18 Finally, ring E carrying an acidic function was found
to be essential for antimicrobial activity. Among all variations
tested, the E-ring substitution pattern of the natural product 2
was found to be optimal.
Cystobactamid-based targeted bacterial imaging

In addition to optimizing the cystobactamid scaffold to an
antibiotic, we explored its potential for bacterial imaging. We
speculated that structural elements of the cystobactamids could
serve as a carrier of imaging moieties due to their capability of
penetrating into a broad range of clinically relevant Gram-
positive and -negative bacteria. A binding to gyrase is not
required to fulll this purpose.

Indeed, there is a strong medical need to improve the
diagnosis of infections at body sites that are hardly accessible
for sampling. Therefore, noninvasive molecular probes that
can selectively visualize bacteria based on bacteria-specic
nutrient uptake pathways,38,39 enzymatic functions,40,41 or
antibiotic scaffolds42–44 received considerable attention
recently.45 Based on the structure–activity relationships estab-
lished above, the tetrapeptidic N-terminus of 4 was selected as
the carrier, and the aromatic rings D and E of the original
scaffold were omitted and replaced by an imaging modality
(Fig. 3a and b). Ring C was functionalized with an alkynyl
moiety to enable a conjugation of the carrier with its payload by
click chemistry. For this purpose, the Bodipy-based uo-
rophore BDP-FL-azide was coupled to the tetrapeptide to yield
85 (Scheme S11†). The free Bodipy–azide 84 was used as non-
targeted control. Both 85 and 84 had no effect on bacterial
growth (ESI Fig. S6†); however, pronounced differences in their
labeling properties were observed: images taken aer four
hours of incubation clearly indicated a strong uorescent
signal for Gram-positive (S. aureus) as well as Gram-negative
(E. coli, A. baumannii and K. pneumoniae) bacteria treated
with 85, while that was not the case for free 84 (Fig. 3c, ESI
Fig. S9†). This result was conrmed by a quantitative analysis
by ow cytometry for E. coli (ESI Fig. S7†). Interestingly, an
unlabeled subpopulation was observable aer treatment with
85, but the molecular reasons of this phenomenon are unclear
at this stage and deserve further attention in future studies.

In additional experiments, the uorogen-activating-protein/
malachite green (FAP/MG) system recently developed by us38

was applied to probe whether cyctobactamids conjugated with
Chem. Sci., 2020, 11, 1316–1334 | 1329
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Fig. 3 Labeling of bacterial cells with fluorescent or fluorogenic cystobactamid-conjugate. (a) Design of cystobactamid probe, its structure and
the fluorescent dye used. (b) Schematic representation of the basic principle of the strategy and chemical structure of the Bodipy-cystobactamid
conjugate. (c) Labeling of indicated bacterial species with Bodipy-conjugate or free Bodipy as monitored by confocal microscopy after 4 h of
incubation with 10 mM compound in PBS. Scale bars: 11 mm. (d) Fluorescence intensity (Bodipy-FI) of free Bodipy or Bodipy-conjugate was
quantified by flow cytometry. Histogram depicts Bodipy-FI vs. cell count. Exemplary result of one experiment after 5 h of incubation shown. (e)
Bodipy-conjugate uptake quantified by flow cytometry. E. coliWTwas incubated for 1 or 5 h in PBS with 85 or Bodipy (84). Quantification of two
replicate experiments of Bodipy-conjugate uptake and propidium iodide (PI) staining as measured by flow cytometry. Plot depicts the
percentage of cells classified as Bodipy- or PI-positive. (f) The bacterial uptake of cystobactamid conjugated to the fluorogenic dye malachite
green (MG) or free MG was monitored over time with a fluorescence plate reader. 87 (free MG) or 86 (Cysto-MG) were added at a final
concentration of 10 mM to E. coli_FAP6.2, and the fluorescence was recorded at indicatedwavelengths for 16 h. (g) Chemical structures of Cysto-
MG conjugate and free MG.
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synthetic dyes are internalized by E. coli, or whether the
compound binds to the outside of the cell wall. For this
purpose, the cystobactamid-MG conjugate 86 was synthesized
(see the ESI†) and uptake as indicated by uorescence emission
was monitored over time (Fig. 3f and g). The signal reached
a maximum aer 5 hours and clearly indicated an intracellular
1330 | Chem. Sci., 2020, 11, 1316–1334
accumulation of the cystobactamid-based carrier. The trans-
location occurred at a rate comparable to that of free MG 87,
which was used as a positive control and presumably enters the
cell by passive diffusion.

The ndings imply that the C-terminal truncation of cys-
tobactamid leads to the loss of its antibiotic property (in
This journal is © The Royal Society of Chemistry 2020
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accordance with the SAR ndings above), but bacterial recog-
nition and translocation are retained. However, the trans-
location mechanism of the imaging conjugates might differ
from the (hitherto unkown) translocation mechanism of cys-
tobactamid antibiotics. Apart from applications in bacterial
imaging, such conjugates may also nd use in a Trojan-horse
strategy of antibiotic delivery.6 Future studies, such as compe-
tition assays with eukaryotic cells, will clarify whether the N-
terminal motif could be utilized to specically carry payloads
into bacterial vs. mammalian cells.
In vitro and in vivo prole of 22

The cystobactamid analog 22 showed excellent inhibitory
properties against Gram-negative and Gram-positive bacteria,
while exhibiting low toxicity against HepG2 cells. Stability
studies conducted with 2 demonstrated a half-life t1/2 of 117 and
>400 min in mouse and human hepatocytes, respectively, and
stabilities of >90%, 66% and 78% aer 4 h incubation inmouse,
rat and human plasma, respectively.

The ability of four bacterial strains to develop resistance
against 22 was investigated next. We observed frequencies of
resistance (FoR) between 3.8 � 10�8 (against E. coli) and 1.6 �
10�9 (against A. baumannii) at four times MIC, whereas the
FoR's of ciprooxacin were between 2.2 � 10�8 and 1.5 � 10�10

in the same panel. Clones of A. baumannii that were resistant to
22 exhibited a tness loss in terms of impaired growth.
However, a tness loss was not observed for the other strains
(ESI Fig. S10†). Serial passaging experiments demonstrated that
a high (256 fold) level of resistance against 22 was generated
within 4 and 8 passages against E. coli ATCC25922DtolC and
P. aeruginosa PA14DmexAB. Compared to ciprooxacin, this
level of resistance formation was reached faster in case of E. coli,
but more slowly in case of P. aeruginosa (ESI Fig. S11†).
Although an optimal resistance prole (FoR's of <10�9 across all
strains) is not reached by 22, the data encouraged us to conduct
the rst in vivo test with a cystobactamid. As the synthesis of 22
was scalable to a > 100 mg range, this analog was selected for
subsequent studies. First, a dose of 5 mg kg�1 of 22 was
administered intravenously (i.v.) into male CD-1 outbred mice
to determine the pharmacokinetic (PK) parameters of the
compound. A half-life around 1 h, an area under the curve (AUC)
of around 2 mg mL�1 h�1 and a volume of distribution of
3.5 L kg�1 was observed in plasma (Table S8† and Fig. 4a). Thus,
the compound was nearly cleared 8 hours aer administration.
Next, we determined plasma levels using a subcutaneous route
of administration, as this frequently results in an initially
slower accumulation and elimination. The maximum concen-
tration Cmax aer subcutaneous (s.c.) administration of
5 mg kg�1 was determined at 128 ng mL�1, and the tmax at 1.7
hours. The mean residence time was augmented from 1 to 3
hours compared to the intravenous route, and the bioavail-
ability was calculated to be 25% (Table S6† and Fig. 4a). A
multiple dosing PK study was conducted to assess plasma as
well as urine levels aer multiple administration of 22. Initially,
22was administered at 10mg kg�1 i.v. for a rapid accumulation,
then 22 was dosed three times s.c. at 10 mg kg�1 aer 2, 6 and
This journal is © The Royal Society of Chemistry 2020
10 hours. Aer 24 hours plasma levels dropped again below 100
ngmL�1. In urine, high compound levels were observed without
accumulation. Even aer 24 hours urine levels of 22 were higher
than 1 mg mL�1 (Fig. 4b).

We then performed an in vivo tolerance study in male CD-1
mice. Compound 22 was administered four times intrave-
nously (i.v.) every 6 hours in doses of 5, 10 and 20 mg kg�1,
corresponding to total doses of 20, 40, and 80 mg kg�1 per day,
respectively. While no adverse effect was observed at 5 and
10 mg kg�1, one animal in the group treated at 20 mg kg�1

showed adverse effects like a moderate loss of activity, appeared
ungroomed and pale between the 3rd and 4th dose. These signs
remained the same until 24 h. As a result, 22 was administered
at maximal single i.v. doses of 12.5 mg kg�1 or less to avoid any
toxicity issue.

With these encouraging results from PK and tolerance
studies, we probed the antibacterial efficacy of 22 in a pharma-
codynamics (PD) study using the neutropenic thigh infection
model and the E. coli strain ATCC25922. Mice were treated with
either levooxacin, 22 (high or low dose) or vehicle (consisting
of the same formulation as used for 22). Treatment of mice
started two hours aer infection, and bacterial loads in lung,
muscle and kidney were assessed 24 hours aer infection. In
muscle, the bacterial load was reduced by 5 log-units for both 22
dosing groups as well as for the levooxacin treated group
(Fig. 4c). In kidney we observed a complete bacterial clearance
in all dosing groups compared to vehicle-treated animals
(Fig. 4d). Even lung tissue was reached by 22, demonstrated by
a reduction of the bacterial load by 3 log units (Fig. 4e).
Furthermore, we determined the compound levels in muscle,
lung and kidney. Whereas we detected around 100 ng mL�1 in
muscle for both cystobactamid-treated groups (low and high
dosing), only low amounts of 22 were observed in kidney and
lung tissue, with slightly higher levels for the high dosing group
(Table S9†). The experiments show that 22 does not only reach
the primary bacterial reservoir in muscle, but is also active in
other organs like kidney or lung, which are affected due to
secondary seeding of the bacteria.

As no dose dependency was observed in this rst in vivo
experiment, we investigated a lower daily dose in a second trial.
In the second in vivo experiment, an optimized formulation was
used to enable a more conventional dosing scheme with i.v.
administrations of 22 at 1, 7, 13, and 19 h post infection in three
dose groups (20 mg kg�1 per day, 40 mg kg�1 per day and
50mg kg�1 per day). The reduction of colony-forming units (cfu)
at the lower dose of 20 mg kg�1 per day (�3.97 log units) was
smaller than those obtained at 40 and 50 mg kg�1 per day. In
line with the rst in vivo trial, no dose dependency was observed
for the 40 and 50 mg kg�1 per day doses (�5.32 and �4.89 log
units, respectively). Compared to the cfu count in untreated
mice, 1 h post infection, 22 could not only maintain stasis, but
reach a reduction of cfu counts at all total doses of 20, 40 and
50 mg kg�1 per day (Fig. S12†).

In comparison to uoroquinolones used as comparators in
both in vivo experiments, 22 had to be administered more
frequently and at higher doses, and the cfu reductions were
Chem. Sci., 2020, 11, 1316–1334 | 1331
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Fig. 4 Pharmacokinetics and pharmacodynamics of 22 (CN-DM-861). (a) Compound levels in plasma and urine after 5 mg kg�1 i.v. and s.c.
administration into CD-1 mice (n ¼ 3). (b) Compound levels in plasma and urine after 10 mg kg�1 i.v. at t ¼ 0 h and 10 mg kg�1 s.c. at t ¼ 2, 6 and
10 h into CD-1 mice (n ¼ 3). (c–e) Neutropenic thigh infection model in neutropenic CD-1 mice (n ¼ 6). The E. coli strain ATCC25922 was used
that was sensitive to 22 (MIC ¼ 0.02 mg mL�1) and levofloxacin (MIC ¼ 0.04 mg mL�1). Cfu were determined in muscle (c), kidney (d) and lung (e).
8.2 mg kg�1 levofloxacin was administered i.p. at t¼ 2, 6 and 10 h and served as a positive control. Vehicle-treated animals received vehicle used
for 22 at t¼ 2 h (i.v.) and t¼ 4,8 and 12 h (s.c.). 22was administered in two dosing groups: group 1 were administered 7.5 mg kg�1 i.v. at t¼ 2 h and
20 mg kg�1 s.c. at t ¼ 4, 8 and 12 h. Group 2 were administered 7.5 mg kg�1 i.v. at t ¼ 2 h and 10 mg kg�1 s.c. at t ¼ 4, 8 and 12 h. ***p < 0.001;
****p < 0.0001.
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slightly lower, implying that the in vivo efficacy of 22 is slightly
inferior to the gold standard in this model.

In summary, the rst in vivo proof of concept for a cys-
tobactamid (or any other PABA-based antibiotic) strongly
encourages the further optimization and development of this
novel antibiotic class.

Conclusions

Based on the recently established synthetic access to cys-
tobactamids, we developed three different synthetic routes for
a rst, extensive SAR study at ve different positions of the
molecule. The antibacterial activity of cystobactamids was
substantially improved and/or tuned against several, medically
relevant Gram-negative pathogens. While the overall architec-
ture of the cystobactamids could not be altered, substantial
structural modications (e.g. amide replacements, heterocycles)
were tolerated or even favorable, illustrating the optimization
potential of this antibiotic lead structure. The functional versa-
tility of the scaffold was demonstrated by conjugates that were
devoid of an antibiotic activity, but served as bacterial imaging
probes. Finally, a rst proof of concept in vivo was provided in
a neutropenic thigh infectionmodel inmice using the optimized
cystobactamid analog 22. Overall, the current study leverages
and highlights the great potential of this novel chemical scaffold
to yield new antibiotics against resistant bacterial pathogens.
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