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Abstract: The discovery of novel antibacterials devoid of cross resistance is of utmost importance. At the same
time, biological pathways and processes suitable to be targeted are limited. At Actelion Pharmaceuticals we de-
cided to work on novel bacterial topoisomerase inhibitors (NBTI) to discover new antibiotics with broad spectrum
activity and limited resistance development for use against severe hospital infections. This paper summarizes the
learnings and results of our efforts in the field, which led to the discovery of multiple chemical classes with potent
Gram-negative activity and ultimately to the selection of several compounds that underwent preclinical profiling.
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1. Introduction
Antimicrobial resistance is a global problem putting the lives of

many people at risk. An estimated 1’270’000 deaths every year are
currently attributed to infections caused by resistant pathogens and
the numbers are expected to rise to 10 Mio in 2050.[1,2] The WHO
has defined themost problematic pathogens, the so-calledESKAPE
pathogens, Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa and Enterobacter spp.[3] Especially the Gram-negative
pathogens are of concern, because their cell architecture is com-
posed of two cell membranes rendering themmuch less susceptible
to antibiotics than Gram-positives with a single membrane.

Despite antimicrobial resistance (AMR) being an urgent threat
to global health care, the absolute numbers of untreatable infec-
tions are still low (about 16 per 100’000[2]). This means that for
most infections it is possible to find a treatment option among
the old and cheap drugs. The development of new antibacterial
agents which will only be used as a last resort is financially not
sustainable and is not paying back the initial investment. More
and more companies and institutions decided to leave the field for

this reason. This fact was true in 2004 when Actelion started its
antibacterial research and still is unfortunately today.[4] To maxi-
mize the likelihood of success we set ourselves clear objectives:

• Target the highest medical need: severe hospital infections
• Select highly conserved targets to cover a broad spectrum

of pathogens and, therefore, several clinical indications
and to be suitable for empirical use

• Avoid cross resistance with currently used antibiotics
• Low risk of resistance development
• Allow for iv formulation for hospital use (ICU)

Bacterial topoisomerases, DNA gyrase and topoisomerase IV,
are targets that fulfill these requirements. While both enzymes are
essential for the regulation of topology of DNA, they differ in func-
tion. Gyrase introduces supercoils and topoisomerase IV relaxes
DNA and is necessary for decatenation of the chromosomes after
replication.Thanks to the high homologybetween the two enzymes
it should be possible to find dual inhibitors. Inhibiting both targets
simultaneously and to a similar extent was shown to slow down the
emergence of high-level resistance. The reason being that the prob-
ability of mutating both targets at the same time is much smaller
than for a single target. Several classes of topoisomerase inhibitors
have been described over the last 50 years:[5] fluoroquinolones (FQ)
such as ciprofloxacin, the only class with several representatives in
clinical use; novobiocin and other ATP binding compounds,[6] and
finally the Novel Bacterial Topoisomerase Inhibitors (NBTIs)[7]
whose first representative, gepotidacin (GSK2140944),[8] is cur-
rently in Phase 3 clinical trials.

2. Optimizing Antibacterial Activity
Initially, work from GSK served as inspiration for our own

endeavor in this field. Publication of several patents,[9,10] report-
ing molecules such as GSK299423, led to the discovery of our
first tetrahydropyran-based (THP-based) NBTIs such as 1, 2 and
3 (Fig. 1) with suitable antibacterial spectrum (Table 1) and good
properties. In the course of the optimization we realized early on
that the major hurdles to be overcome were i) potent hERG block-
age leading to QT

c
prolongation in vivo, ii) duality (activity on

both targets DNA gyrase and topoisomerase IV) to limit resis-
tance development as well as iii) penetration and efflux in Gram-
negative bacteria leading to reduced potency on these pathogens.
Our learnings in these early classes of compounds have been pub-
lished previously.[11–15]
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hibitors are stabilizing the ternary complex by intercalating with
the bicyclic aromatic quinoline moiety (left hand side, LHS) in

In 2010, the groundbreaking publication of an X-ray struc-
ture of GSK299423 in complex with gyrase and DNA[16] finally
showed the binding mode of NBTIs and explained the observed
lack of cross resistance with the class of FQ antibiotics. In con-
trast to FQ which bind in a 2:1 stoichiometry to the DNA/en-
zyme complex in which DNA is covalently linked to the enzyme
(cleaved complex), NBTIs bind in a 1:1 ratio and stabilize the
DNA/enzyme complex prior to the cleavage process as shown
in Fig. 2.

Despite the proximity of resistance conferring mutation sites
(Ser84 for FQ and Asp83 or Met121 for NBTI (S. aureus num-
bering) respectively) no cross resistance is observed for these two
classes of antibiotics. This is illustrated in Table 1 for the early
Actelion compounds and comparator ciprofloxacin using three
strains of S. aureus with differing resistance phenotype.

All three NBTIs inhibit the growth of wild-type (wt) S. au-
reus and a FQ-resistant isolate to the same extent, while they are
less potent on theNBTI-resistant (NBTI-R) strain. Ciprofloxacin
shows the expected profile, active on wt and NBTI-R strains.
The reduced or absent activity of NBTIs on the Gram-negative
strains E. coli, A. baumannii, K. pneumoniae and P. aeruginosa
has been shown to be linked to penetration and efflux issues
rather than lack of inhibitory activity on the enzyme level (see
Section 3). Ciprofloxacin in turn is active on wt strains of these
species.

The spectrum of 1 and 2 was considered suitable for the
treatment of acute bacterial skin and skin structure infections
(ABSSSI). Unfortunately, toxicity issues were found (myelo-
suppression and liver toxicity, as well as CNS side effects)
during preclinical developmentwhich prevented further development.

The issue we encountered with di-basic compounds such as 3
was high clearance in vivo along with low tolerability in rodents
and ECG abnormalities in animal models.

The X-ray structure of GSK299423 clearly explains the re-
duced activity on a GyrA Asp83Asn mutation (Fig. 3). The in-

Table 1. Early Actelion NBTIs

Compound
Minimal inhibitory concentration [µg/ml]a hERG

IC
50
[µM]

S.aureus
wtb

S.aureus
QR c

S.aureus
NBTI-Rd

E.faecium
QRe

E.coli wtf A.baum.
QRg

K.pneum
QRh

P.aerug.
wti

cipro 0.25 32 0.25 >8 0.016 >8 >8 0.25

1 0.03 0.03 1 0.125 8 0.5 >8 >16 19

2 0.03 0.016 1 0.5 16>8 2 >8 32 >60

3 0.25 0.25 8 16 0.25 2 2 1 52

avalues are means of several independent measurements, bATCC 29213, cA-798 (GyrA S84L, GrlA S80F, E84V), dlaboratory mutant (GyrA: D83N), eA-
949 (ParC S80R), fATCC25922, gT6474 (GyrA S83L, ParC S80L (e.coli numbering), hT6474 (GyrA S83I, ParC S80I), iATCC 27853; cipro=ciprofloxacin

Fig. 1. Early NBTIs.

Fig. 2. Comparison of binding modes of FQ (top, 2XCT) and NBTIs (bot-
tom, 2XCS). Enzyme surface shown in grey, DNA in purple, ciprofloxacin
in red and NBTI in green.
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2.2 Oxazolidinones with Tricyclic LHS[22,23]

During the profiling of early oxazolidinones, further issueswere
identified. Sulfur-containing RHS (benzothiazinones and pyrido-
thiazinones) showed reactivemetabolite formation leading to gluta-
thione trapping upon incubation with microsomes. We extensively
studied the SAR of the RHS, i.e. substituent on the oxazolidinone
and realized that many modifications (mono- and bicyclic fused
aromatic moieties) led to compounds active in the enzymatic assay
and on Gram-positive bacteria. Unfortunately, whole cell activity
on Gram-negative pathogens was only achieved with bicyclic moi-
eties like the ones mentioned before as well as with their oxazinone
analogs. For this reason we conducted further explorations with
the pyridooxazinone-linked oxazolidinone as summarized in Fig.
5 and Table 3 (X = N unless mentioned otherwise).

Replacement of the methoxynaphthyridine (in compound 8)
by N-methylquinolinone (10) was tolerated. The subsequent cy-
clization to a 6,6,5- or 6,6,6-tricyclic systems was also possible
(11, 15). The attachment point of the side chain had no big impact
on the potency of the compounds (16 vs. 11, 17 vs. 15). The posi-
tion of the nitrogen in the spacer (11 vs. 18, 19) had no influence
on potency but on hERG block. Introduction of an additional ni-
trogen in the tricyclic system (20, 21) led to a loss in potency. It
turned out that the presence of a fluorine in combination with
the basic amine in the benzylic position (11) was best to reduce
hERG block.

The stereochemistry at the two stereogenic centers did not have
an impact on the potency on the enzymes (cf. 11–14) nor in whole-
cell assays. This can be explained by the particular binding mode
of BTIs that intercalate with the LHS into DNA and with the RHS

Fig. 4. Discovery of oxazolidinone containing NBTIs.

Fig. 3. Side view of GSK299423 (grey) in complex with gyrase (backbone
of GyrA subunits in light green and cyan) and DNA (purple) (2XCS).
Ser84 (mutation conferring resistance to FQ) in red; Asp83 and Met121
(mutations conferring resistance to NBTIs) in green.

Table 2. Oxazolidinones

Compound
Minimal inhibitory concentration [µg/ml]a hERG

IC
50
[µM]

S.aureus
wtb

S.aureus
QRc

S.aureus
NBTI-Rd

E.faecium
QRe

E.coli wtf A.baum.
QRg

K.pneum
QRh

P.aerug.
wti

4 <0.03 <0.03 16 1 1 nt nt 16 nt

5 <0.03 0.06 2 2 >16 nt nt >16 6.1

6 <0.03 <0.03 1 0.5 >16 nt nt >16 3.7

7 <0.03 <0.03 0.125 0.25 1 nt nt 4 nt

8 0.008 0.008 0.5 <0.06 0.125 <0.03 0.25 1 1.5

9 <0.003 <0.03 <0.03 <0.03 0.06 <0.03 0.25 0.125 1.5

avalues are means of several independent measurements, bATCC 29213, cA-798 (GyrA S84L, GrlA S80F, E84V), dlaboratory mutant (GyrA D83N), eA-
949 (ParC S80R), fATCC25922, gT6474 (GyrA S83L, ParC S80L (e.coli numbering), hT6474 (GyrA S83I, ParC S80I), iATCC 27853;

DNA and binding with the right hand side (RHS) in a lipophilic
pocket formed by the two GyrA subunits at their center of sym-
metry, where Asp83 makes a hydrogen bond to the basic amine
of the NBTIs.

2.1 Oxazolidinone Containing NBTIs[17–31]
Well before any information on the mode of action of NBTIs

was published, we decided to modify the linker between cyclic
core and RHS of themolecules with the aim tomodulate the basic-
ity of our molecules and herewith hERG blockage.

As depicted in Fig. 4 and Table 2, replacement of the ben-
zylic amine in 4 by an amide (5) was possible without loss of
activity, but replacement with a spiro oxazolidinone led to more
potent compounds. While compound 6 with a dioxolane RHS
showed only Gram-positive activity, the substitution with a thia-
zinone (7) led to the first compound in this series with activity
on Pseudomonas. Such rigid molecules however proved very in-
soluble. To our surprise it turned out that the region of the linker
was very amenable to modifications.

Linear aswell as cyclic linkerswere toleratedandwith8and9we
had discovered highly potent and broad spectrumNBTIswithMICs
below 1 µg/ml for all species tested in the panel. Unfortunately, also
this class of compounds suffered from potent hERG block and other
issues such as cytotoxicity and CYP450 inhibition.
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stick in the lipophilic pocket formed by the two GyrA subunits (Fig.
3). The linker itself seems to make no direct contacts. Rather it
is responsible for the correct positioning of the aromatic moieties.
The linker length could be reduced by one atom at the expense of
potency (data not shown).

Compound 11 was chosen as preclinical candidate because of
its favorable PK in rodents, good aqueous solubility as a mesyl-
ate salt (12 mg/ml) and excellent in vivo efficacy. Unfortunately,
genotoxicity in vivo and in vitro (micronucleus formation assay)
prevented its development in the indications of complicated uri-
nary infection (cUTI) and complicated intra-abdominal infections
(cIAI).

2.3 Biaryl LHS[24,25]

As mentioned previously, the pyrido-oxazinone oxazolidi-
none RHS was crucial for Gram-negative activity and therefore
to be kept constant. In addition, we hypothesized that the culprit
for genotoxicity was the tricyclic moiety of 11, as we had not en-
countered this issue with earlier compounds. We therefore turned
our attention to this region to further modulate the properties of
our inhibitors. We found that simple biphenyl moieties retained
good in vitro potency as long as a planar arrangement was possible
for intercalation.

Introduction of heteroatoms was tolerated as well as polar and
basic sidechains as depicted in Fig. 6. The optimal linker lengthwas
four atoms, the basic amine in benzylic position. Any substitution
on the linker led to reduced activity. As observed previously, the
stereochemistry on the oxazolidinone had no impact on activity.

Compounds with potent and broad-spectrum activity (22, 23)
were discovered. A basic side chain on the LHS was detrimental
for activity onAcinetobacter baumannii (24) and despite high IC

50

Fig. 5. Oxazolidinones with tricy-
clic LHS.

Table 3. Tricyclic LHS

Compound

Minimal inhibitory concentration [µg/ml] a
hERG

IC
50
[µM]

(%inh@10µM)
S.aureus

wtb
S.aureus
QR c

S.aureus
NBTI-Rd

E.faecium
QRe

E.coli
wtf

A.baum.
QRg

K.pneum
QRh

P.aerug.
wti

10 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 0.25 0.25

11 (S,S)

12 (S,R)

13 (R,S)

14 (R,R)

0.004

<0.016

<0.016

<0.016

<0.008

<0.016

<0.016

<0.016

0.125

0.125

0.25

0.125

<0.125

<0.125

<0.125

<0.06

0.25

0.25

0.25

0.125

0.06

<0.06

<0.06

<0.03

0.5

0.5

1

0.25

1

1

1

0.5

37

24

26

30

15 <0.03 <0.03 0.5 0.06 0.25 0.06 1 2 11

16 <0.03 <0.03 0.5 0.25 <0.03 <0.03 0.125 0.25 5.8

17 <0.03 <0.03 0.125 0.06 0.125 <0.03 nt 1 (98%)

18 <0.016 <0.016 0.125 0.125 0.125 0.03 0.25 0.25 (88%)

19 <0.03 <0.03 0.25 0.125 0.06 <0.03 nt 0.5 2.5

20 <0.016 <0.016 0.5 0.125 0.5 0.125 0.5 0.5 6.3

21 0.125 0.125 4 1 2 0.25 2 2 >60

avalues are means of several independent measurements, bATCC 29213, cA-798 (GyrA S84L, GrlA S80F, E84V), dlaboratory mutant (GyrA D83N), eA-
949 (ParC S80R), fATCC25922, gT6474 (GyrA S83L, ParC S80L (E. coli numbering), hT6474 (GyrA S83I, ParC S80I), iATCC 27853;

Fig. 6. Examples of biaryl LHS containing NBTIs.
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on hERG, the compounds prolonged QT
c
interval in vivo and were

not tolerated (Table 4). For unknown reasons, many compounds
were not able to control the growth of Enterococcus faecium.

Antibacterial spectrum, hERG block, cytotoxicity and solu-
bility greatly differed between derivatives and a compromise on
antibacterial activity had to be accepted. 25 is a good compound
in this respect, lacking in addition the genotoxicity liability and
showing good in vivo efficacy in murine animal models.

Unfortunately, the pyridazine moiety which was essential for
good solubility is a substrate for metabolism by aldehyde oxidase
in humans and the compound therefore did not qualify for devel-
opment. The risk for unfavorable and variable PK in patients was
considered too high.

2.4 Fluoroquinolone Hybrids[26–28]
Over the course of the project it became clearer that the class

of oxazolidinone NBTIs suffered from penetration and efflux is-
sues in Gram-negative bacteria. This is in contrast to the clini-
cally used FQ antibiotics which penetrate well and even accumu-
late in the cytoplasm thanks to their zwitterionic character, the
weakly acidic nature of the carboxylic acid (pKa ~6.3) and the
basic amine (pKa ~8.5). The pH gradient between periplasm (pH
6.1) and cytoplasm (pH 7.8) in Gram-negatives such as E. coli
favor entry (as ‘overall neutral’ zwitterion) and hinder exit of the
charged species.[29] Fluoroquinolones also intercalate into DNA
as mentioned in the introduction.

We therefore explored the idea, shown in Fig. 7, to use the
quinolone (e.g. ciprofloxacin) as intercalating moiety in NBTIs,
thereby creating hybrid molecules (e.g. with 9) such as 26. It is
known that the piperazine region in fluoroquinolones tolerates
many variations and we therefore wondered if compounds with a
double mode of action (i.e. acting at the same time as FQ and as
NBTI) were feasible.

To our surprise, 26 and all subsequently produced FQ-
oxazolidinone hybrids with various spacers act exclusively via
the NBTI mechanism. We showed this by extensive analysis of
MICs on clinical isolates with known mutations as well as on
the enzyme level with gyrase and topoisomerases containing the
Ser84 and Asp83 mutations (data not shown). Indeed, such FQ-
oxazolidinone hybrids show exquisite antibacterial spectrum and
potency and thanks to the carboxylic acid also reduced potential
to block the hERG channel (Table 5). Linked to the flat and rigid
nature of the molecules we were faced with very low solubilities
and lack of oral bioavailability. Unfortunately, despite big syn-
thetic efforts we were unable to fix this issue.

Solubility increased when we switched back to the ‘tradition-
al’ RHS having a benzylic amine instead of the oxazolidinone.
Compound 27 (Fig. 8) only showedweak but balanced antibacterial

activity across the panel with the exception of Enterococcus faeci-
um. Replacement of the cyclopropyl moiety by a methyl group (28)
increased the potency by a factor 2–8. Changing from a piperidine
spacer to a trans-configured cyclohexyl group in analogy to the ‘tra-
ditional’ NBTIs, completely abolished antibacterial activity (29).

Surprisingly however, shifting the cyclic spacer to the left,
ending up with 30 and its analog 31, we were able to regain poten-
cy, especially against the difficult to treat Gram-negative patho-
gens with MICs between 0.25 and 4. In addition, 31 exhibited
good efficacy in murine animal models which correlated with the
large free exposure in vivo. Unfortunately, it was observed that
31 precipitated in vivo in the kidneys and liver of the animals at
exposures only slightly above the one needed for efficacy against
K. pneumoniae and the compound could not be selected for de-
velopment.

3. Characterization of Actelion’s NBTIs

3.1 Enzyme Inhibition and Selectivity
Gel-based assays were used to characterize compounds for

their ability to inhibit supercoiling activity of gyrase and re-
laxation activity of topoisomerase IV.[13] Wild-type enzymes as
well as mutant enzymes from clinical isolates with resistance
phenotypes of several bacterial species were studied. In Table
6 the results for S. aureus and E. coli are listed to illustrate the
general findings. NBTIs are more active on gyrase than on topo
IV in Gram-positive isolates, especially S. aureus, while the op-
posite is true for Gram-negatives. The mutation typically confer-
ring resistance to FQ (Ser84) does not affect the potency of our

Table 4. Biaryl NBTIs

Compound

Minimal inhibitory concentration [µg/ml] a
hERG

IC
50
[µM]

(%inh@10µM)

S.aureus
wtb

S.aureus
QR c

S.aureus
NBTI-Rd

E.faecium
QRe

E.coli wtf A.baum.
QRg

K.pneum
QRh

P.aerug.
wti

22 <0.016 <0.016 0.5 0.25 0.25 0.06 1 1 (99%)

23 0.5 0.25 >32 8 0.5 1 1 1 40

24 1 0.25 >8 >8 0.5 6 1 0.25 >60

25 0.25 0.5 >8 >8 0.25 0.5 0.5 2 46

avalues are means of several independent measurements, bATCC 29213, cA-798 (GyrA S84L, GrlA S80F, E84V ), dlaboratory mutant (GyrA: D83N),
eA-949 (ParC S80R), fATCC25922, gT6474 (GyrA S83L, ParC S80L (e.coli numbering), hT6474 (GyrA S83I, ParC S80I), iATCC 27853;

Fig. 7. FQ-NBTI hybrids: the concept.



652 CHIMIA 2022, 76, No. 7/8 SCS LaureateS and awardS & FaLL Meeting 2022

compounds. The mutationAsp83Asn reduces potency by several
orders of magnitude as illustrated for S. aureus in Table 6. MIC
measurement on resistant isolates of S. aureus therefore is a rapid
assessment of on-target activity and confirmation of the desired
mode of action. With the exception of 31, which is significant-
ly weaker on S. aureus gyrase and topo IV, the compounds are
equipotent on enzymes from Gram-negative and Gram-positive
pathogens.

One clear differentiation between the modes of action of FQ
and NBTI is the formation of the cleaved complex with quino-
lones. The fact that FQ trap the complex at the stage where DNA
is covalently linked to the enzyme leads to accumulation of double
strand breaks which is highly toxic to the cells and can be easily
detected in gel-based assays, usually already at sub-MIC concen-
trations. With our NBTIs, the cleaved complex was not observed,
again confirming ‘on-target’ activity.

Selectivity vs human topoisomerase II was also assessed.With
the exception of 9 (IC

50
= 16 µM), IC

50
were above 50 µM, if mea-

surable at all.

3.2 Permeability and Efflux in E. coli[30–32]
To study the discrepancy of in vitro potency (IC

50
) vs. Gram-

negative whole cell activity (MIC), a panel of isogenic E. coli
strains containing either a rfaC mutation[33] rendering the LPS
layer more penetrable or a TolC knock-out[34] eliminating the most
important efflux pump were used. As summarized in Table 6,
while the compounds are more active on both mutants, the TolC
deletion had the greater impact. The whole-cell activity in E. coli
is therefore more affected by efflux than by penetration. As can
be estimated from the calculated efflux ratios (ratio between wt
and TolC mutant), especially the early compounds (1 and 2) are
efficiently pumped out of the cells. The FQ hybrids (26 and 31) as
well as very polar compounds (3 and 25) are less good substrates

Table 5. FQ hybrids

Compound
Minimal inhibitory concentration [µg/ml] a hERG

IC
50
[µM]

S.aureus
wtb

S.aureus
QR c

S.aureus
NBTI-Rd

E.faecium
QRe

E.coli
wtf

A.baum.
QRg

K.pneum
QRh

P.aerug.
wti

26 <0.016 <0.016 0.5 0.25 0.125 <0.016 0.25 0.5 >60

27 4 16 4 >16 1 4 8 8 nt

28 2 2 8 >8 0.25 0.5 1 4 380

29 >8 >8 >8 >8 >8 >8 >8 >8 nt

30 8 4 >16 >16 0.25 0.25 2 4 >60

31 4 2 32 >32 0.25 1 2 1 >60

avalues are means of several independent measurements, bATCC 29213, cA-798 (GyrA S84L, GrlA S80F, E84V ), dlaboratory mutant (GyrA: D83N),
eA-949 (ParC S80R), fATCC25922, gT6474 (GyrA S83L, ParC S80L (e.coli numbering), hT6474 (GyrA S83I, ParC S80I), iATCC 27853;

for TolC. Similar conclusions can be drawn for P. aeruginosa
(data not shown).

3.3 Resistance Development
Resistance development is a major problem for antibacterials

and therefore assessed early on. Antibiotics with a single target
have a high risk that a single mutation (first step mutants) can
lead to highly resistant clones. By inhibiting two targets, as is the
case for our dual inhibitors of gyrase and topoIV we anticipated
that a single mutation would only lead to a small increase in MIC
and that mutations in both targets would be needed for high level
resistance.

Indeed, the frequency of resistance measured at a concentra-
tion of 4*MIC was comparable to the one of FQ and the increase
of MIC was moderate as shown for the example of S. aureus in
Table 6. Several clones were sequenced and mutations in GyrA
(mostly Asp83 and Met121) were detected. To obtain highly re-
sistant clones, several passages were needed. This parameter also
turned out to be in the range of FQ antibiotics.

In Gram-negatives the situation looked differently. While re-
sistance frequencies as well as MICs of first step mutants were
in a similar range than for S. aureus, no mutations were found
in the topoisomerase enzymes. We suspected upregulation of
efflux or other metabolic changes to be the reason for reduced
susceptibility. Whole genome sequencing confirmed this for 11
and 31 in Pseudomonas, Klebsiella and Acinetobacter (unpub-
lished data).

3.4 Efficacy in Murine Models of Infection
Thanks to the reliability and predictivity of animal models of

infection, doses and dose regimens for human use can be estimat-
ed with high confidence.[35,36] The compounds in Table 6 were as-
sessed in animal models of infection. Compounds proved effica-
cious in models ofABSSSI (acute bacterial skin and skin structure
infections), RTI (respiratory tract infections), cUTI (complicated
urinary tract infections) and cIAI (complicated intra-abdominal
infections) in infections caused by susceptible organisms. The
frontrunner compounds are metabolically stable in microsomes
and hepatocytes of rodents and human and exhibit low to medium
clearance in vivo (Table 6).

3.5 Toxicity (hERG/QTc, genotoxicity)
Inhibition of the hERG K-channel is thought to be linked with

QTc prolongation in vivo. The potential of our compounds to
block hERG was routinely assessed as described previously.[13]
As a trend, the more polar the compounds were, the higher the
IC

50
on hERG. Reducing the pKa of the basic amines below 7,

Fig. 8. FQ hybrids.
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Table 6. Characterization of selected compounds

1 2 3 8 9 11 25 26 31

Enzyme inhibition

S.aureus gyr wt IC
50
[µM] 0.07 <0.08 0.031 0.02 <0.007 0.031 0.125 0.031 8

S.aureus gyr QR IC
50
[µM]a 0.05 <0.07 nt 0.016 <0.006 0.031 0.125 0.031 8

S.aureus gyr NBTI-Rb

IC
50
[µM]

34 5 nt 4 >65 22 128 32 >256

S.aureus topoIV wt IC
50
[µM] 4.75 5 0.5 0.5 25 2 20 2 16

E.coli gyr wt IC
50
[µM] 9 15 0.125 0.063 0.02 0.031 1.25 0.5 0.18

E.coli topoIV wt IC
50
[µM] 0.1 0.125 0.03 0.03 0.048 <0.015 0.03 0.125 0.03

Human topoII IC
50
[µM] >180 >320 384 178 15 96-256 >340 >50 >50

E. coli permeability panel :

E.c. wt MIC [µg/mL] 4 12 0.25 0.125 0.25 0.18 0.25 0.031 0.25

E.c. ∆rfaC MIC [µg/mL] 0.06 0.5 0.25 0.004 0.016 0.016 0.125 0.004 0.125

E.c. ∆TolC MIC [µg/mL] 0.016 <0.031 0.016 <0.002 0.004 0.001 0.008 0.002 <0.003

Efflux ratio (wt/∆TolC) 250 >380 16 >64 64 180 32 16 >8

Resistance frequencies

S.aureusATCC 29213

(MIC of mutant, [µg/mL])

E.coliATCC 25922

P.aeruginosaATCC 27853

1*10-7

(0.25-0.5)

nt

nt

1*10-7

(0.25-2)

nt

nt

nt

nt

nt

nt

2*10-9

(0.25-0.5)

<8*10-10

<3*10-10

2*10-8

(0.5)

nt

3*10-6

2*10-8

(0.25)

<2*10-9

2*10-9

1*10-7

(16)

<2*10-10

<2*10-10

2*10-8

(4-8)

<2*10-9

1*10-9

3*10-8

(8)

5*10-8

4*10-7

ADME/DMPK

Solubility pH 7 [µg/mL] 789 679 >810 15 167 50 312 2 34

pKa 6.8 6.4 7, 8.7 8 8.4 6.2 7.4 nt
8.2 (basic)

6.7 (acidic)

Plasma protein binding

(m/r/h/gp)c [%]

94/ 97/ 94/
89

90/ 96/ 93/
80

63/ 76/ 49/
na

99/ >99/
99/ 99

>99/ 99/

99/ 99

94/ 98/ 92/
84

88/ 98/ 90/
82

99/ 99.5/
99.6/ na

61/ 68/ 61/
55

Microsomal stability (r/h)

[µL/(min*mg)]
220/36 146/20 106/6 >1250/387 62/<1 351/37 30/6 28/13 13/<10

Hepatocyte stability (r/h)

[µL/min*1E6 cells)]
18.8/nt 13/nt 9.5/<2 21/nt nt 30/2 20/46 6.3/nt <2/<2

PK rat

CL [mL/min/kg] 23 13 110 23 50 4 12 20 38

Vss [L/kg] 1.1 0.75 21 2.3 7.1 0.4 0.36 0.8 2.7

% bioavailability

(dose)

33 %
(5mg/kg)

47%

(1mg/kg)

0

(10mg/kg)

25%

(10mg/kg)

0

(10mg/kg)

34%

(25mg/kg)

5%

(10mg/kg)

1%

(2mg/kg)

0.2%

(10mg/kg)

QTc prolongation in GP

Dose (iv infusion/20min)

QT
c
[%]

tC
max

(fC
max

) [µM]

30mg/kg

2

36 (4)

30mg/kg

–2

39 (9)

30mg/kg

20

53 (28)

15mg/kg

8

16

15mg/kg

0

6.7 (0.07)

75mg/kg

5

172 (28)

30mg/kg

3

145 (22)

nt

60mg/kg

5

395 (179)

aGrlA S84 L; bGyrA D83N; cm: mouse, r: rat, h: human, gp: guinea pig
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or the introduction of an acidic group reduced the liability of our
compounds to interact with hERG. Selected compounds were fur-
ther assessed for QTc prolongation in anesthetized guinea pigs[13]
at increasing doses infused over a 20 min period. The observed
effect on the QTc interval and the corresponding total and free
concentrations observed at the top dose are listed in Table 6.

Genotoxicity was assessed using a microscope based as-
say[37,38] determining the number of micronuclei in the cells at
concentrations close to toxicity (ca. 50% remaining viable cells).
Micronucleus formation did not correlate with inhibition of eu-
karyotic topoisomerase and did not seem to be target related.
The cause of the genotoxicity of certain NBTIs is still unclear.
Micronucleus formation was observed for compounds 8, 9, 11,
but not for 1, 2, 25 and 31.

3.6 Solubility
The need of a formulation for intravenous application re-

quires very high solubility of the drug. This aspect of drug de-
velopment was initially underestimated. Antibiotics are given
in doses up to several grams per day. Dissolving this dose in a
reasonable amount of fluid (e.g. not more than ca. 500ml/day)
requires solubilities of the drugs around 10mg/ml in an aqueous
formulation. This is much higher than what is usually required
for oral drugs.

We early on included solubility measurements and salt
screening efforts in our optimization strategy. Still, many com-
pounds had to be dropped despite potent and broad antibacterial
spectrum because it was not possible to find a suitable formula-
tion.

4. Conclusions
Over the 13 years of the program, several compounds men-

tioned in this article were selected for preclinical development.
All of them had to be stopped, unfortunately, at different stages
of the process for tolerability reasons. The observed toxicity
was different for each compound (not target related) and ranged
from myelosuppression (1), liver toxicity due to reactive me-
tabolite formation (2), genotoxicity (11) to precipitation in vivo
(31). Sadly, we had to accept that the ambitious objective we had
set ourselves, namely to cover all of the difficult-to-treat Gram-
negative pathogens, required very high doses that left no safety
margin between exposure needed for efficacy and occurrence of
toxicity.

The innovation void in the development of antibiotics has sev-
eral reasons, the economic situation being just one of them. New
drugs are developed in the same way than 50 years ago, i.e. for a
certain clinical indication requiring a broad antibacterial spectrum
rather than against a specific pathogen.

Today’s availability of novel diagnostic tools should allow
the development of narrower spectrum compounds suitable to
treat infections caused by pathogens including recent resistant
isolates.

The problem of AMR needs to be tackled globally and with
urgency. Indeed, global initiatives exist, be it in the form of anti-
biotic stewardship or private/public partnerships to foster innova-
tion (Carb-X,[39] GARDP,[40] BARDA,[41] and others) or by initia-
tives from industry (AMR action fund[42]) to find sustainable ways
to develop novel antibiotics.[43] Thanks to these initiatives we will
hopefully witness the turnaround in this crisis, the availability of
effective antibiotics being the basis of our health care system and
modern society.

Acknowledgements

Drug discovery is team-
work. None of this
work would have pos-
sible without colleagues
and co-workers from
various expertises: S.
Abele, T. Bruyère, D.
Bur, P. Caspers, S. Cren,
E.A. Ertel. S. Ewerling,
J. Funel, H. Hadana, P.
Hess, C. Hubschwerlen,

Y. Kamdzhilov,W. Keck, C. Kohl, E. Lindenberg, H.H. Locher, S. Reber,
D. Ritz, G. Rueedi, E. Ruhlmann, P. Seiler, J-P. Surivet, M. Treher, and
many more!

Over many years I had the privilege to work with highly motivat-
ed and competent colleagues and co-workers! My special thanks go to
Verena Kägi, Stephanie Enderlin-Paput, Christina Stamm and Daniela
Krüsi for their dedication and continuous support.

Received: May 24, 2022

[1] J. Neill, ‘Review on Antimicrobial Resistance’, Wellcome Trust, London,
2014, www.amr-review.org.

[2] Antomicrobial Resistance Collaborators, Lancet 2022, 399, 629,
https://doi.org/10.1016/S0140-6736(21)02724-0

[3] E. Taconelli, E. Carrara, A. Salvoldi, S. Harbarth, M. Mendelson, D. L.
Monnet, C. Pulcini, G. Kahlmeter, J. Kluytmans, Y. Carmeli, M. Ouellette,
K. Outterson, J. Patel, M. Cavaleri, E. M. Cox, C. R. Houchens, M. L.
Grayson, P. Hansen, N. Singh, U. Theuretzbacher, N. Magrini, WHO
Pathogens Priority List Working Group, Lancet Infect. Dis. 2018, 18, 318,
https://doi.org/10.1016/S1473-3099(17)30753-3

[4] ‘The global response to AMR: momentum, success, and
critical gaps’, Wellcome Trust, London, 2020, www.
https://wellcome.org/reports/global-response-amr-momentum-success-and-
critical-gaps

[5] G. S. Basarab, ‘Four Ways to Skin a Cat: Inhibition of Bacterial
Topoisomerases Leading to the Clinic’, in Eds. J. F. Fisher, S. Mobashery, M.
J. Miller, ‘Antibacterials’, Topics in Medicinal Chemistry, vol 25, Springer,
Cham, 2017, https://doi.org/10.1007/7355_2017_7

[6] A. Maxwell, M. D. Lawson, Curr. Top. Med. Chem. 2003, 3, 283,
https://doi.org/10.2174/1568026033452500

[7] For a recent review see: A. Kolaric, M. Anderluh, N. Minovski, J. Med.
Chem. 2020, 63, 5664, https://doi.org/10.1021/acs.jmedchem.9b01738

[8] E. G. Gibson, B. Bax, P. F. Chan, N. Osheroff, ACS Infect. Dis. 2019, 5, 570,
https://doi.org/10.1021/acsinfecdis.8b00315

[9] D. T. Davies, G. E. Jones, A. P. Lightfoot, R. E. Markwell, N. D, Pearson,
WO200208224, 2002.

[10] W. H. Miller, N. D Pearson, I. Pendrak, M. A Seefeld, WO2003064421,
2003.

[11] J-P. Surivet, C. Zumbrunn, G. Rueedi, C. Hubschwerlen, D. Bur, T. Bruyère,
H. Locher, D. Ritz, W. Keck, P. Seiler, C. Kohl, J-C. Gauvin, A. Mirre,
V. Kaegi, M. dos Santos, M. Gaertner, J. Delers, M. Enderlin-Paput, M.
Boehme, J. Med. Chem. 2013, 56, 7396, https://doi.org/10.1021/jm400963y

[12] J-P. Surivet, C. Zumbrunn, G. Rueedi, D. Bur, T. Bruyère, H. Locher, D.
Ritz, P. Seiler, C. Kohl, E. A. Ertel, P. Hess, J-C. Gauvin, A. Mirre, V. Kaegi,
M. dos Santos, S. Kraemer, M. Gaertner, J. Delers, M. Enderlin-Paput,
M. Weiss, R. Sube, H. Hadana, W. Keck, J. Med. Chem. 2015, 58, 927,
https://doi.org/10.1021/jm501590q

[13] J-P. Surivet, C. Zumbrunn, T. Bruyère, D. Bur, C. Kohl, H. H. Locher, P.
Seiler, E. A. Ertel, P. Hess, M. Enderlin-Paput, S. Enderlin-Paput, J-C.
Gauvin, A. Mirre, D. Ritz, G. Rueedi, J. Med. Chem. 2017, 60, 3776,
https://doi.org/10.1021/acs.jmedchem.6b01831

[14] C. Hubschwerlen, G. Rueedi, J-P. Surivet, C. Zumbrunn Acklin,
WO2010067332, 2010.

[15] C. Hubschwerlen, G. Rueedi, J-P. Surivet, C. Zumbrunn Acklin,
WO2009147616, 2009.

[16] B. Bax, P. Chan, D. Eggleston, A. Fosberry, D. R. Gentry, F. Gorrec,
I. Giodano, M. M. Hann, A. Hennessy, M. Hibbs, J. Huang, E. Jones,
J. Jones, K. Koretke Brown, C. J. Lewis, E. W. May, M. R. Saunders,
O. Singh, C. E. Spitzfaden, C. Shen, A. Shillings, A. J. Theobald, A.
Wohlkonig, N. D. Pearson, M. N. Gwynn, Nature 2010, 466, 935,
https://doi.org/10.1038/nature09197

[17] C. Hubschwerlen, J-P. Surivet, C. ZumbrunnAcklin,WO2008026172, 2008.
[18] M. Gude, C. Hubschwerlen, G. Rueedi, J-P. Surivet, C. Zumbrunn Acklin,

WO2008126024, 2008.



SCS LaureateS and awardS & FaLL Meeting 2022 CHIMIA 2022, 76, No. 7/8 655

[19] D. Bur, C. Hubschwerlen, G. Rueedi, J-P. Surivet, C. Zumbrunn Acklin,
WO2008126034, 2008.

[20] C. Hubschwerlen, G. Rueedi, J-P. Surivet, C. Zumbrunn Acklin,
WO2009077989, 2009.

[21] C. Hubschwerlen, G. Rueedi, J-P. Surivet, C. Zumbrunn Acklin,
WO2009104147, 2009.

[22] C. Hubschwerlen, G. Rueedi, J-P. Surivet, C. Zumbrunn Acklin,
WO2009104147, 2009.

[23] C. Hubschwerlen, D. Ritz, G. Rueedi, J-P. Surivet, C. Zumbrunn Acklin,
WO2010041194, 2010.

[24] S. Cren, A. Friedli, C. Hubschwerlen, G. Rueedi, C. Zumbrunn,
WO2014170821, 2014.

[25] S. Cren, A. Friedli, G. Rueedi, C. Zumbrunn, WO2016059097, 2016.
[26] S. Enderlin-Paput, C. Hubschwerlen, G. Rueedi, C. Zumbrunn,

WO2014178008, 2014.
[27] C. Hubschwerlen, G. Rueedi, J-P. Surivet, C. Zumbrunn Acklin,

WO2013068948, 2013.
[28] D. Ritz, G. Rueedi, S. Schroeder, C. Zumbrunn, WO2021009212, 2021.
[29] H. Nikaido, D. G. Thanassi, AAC 1993, 37, 1393,

https://doi.org/10.1128/aac.37.7.1393
[30] M. Masi, M. Réfregiers, K. M. Pos, J.-M. Pagès, Nature Microbiol. 2017, 2,

17001. https://doi.org/10.1038/nmicrobiol.2017.1
[31] L. L. Silver, Bioorg. Med. Chem. 2016, 24, 6379,

https://doi.org/10.1016/j.bmc.2016.06.044
[32] A. Kumar, H. P. Schweizer, Adv. Drug Deliv. Rev. 2005, 57, 1486,

https://doi.org/10.1016/j.addr.2005.04.004
[33] L. Chen, W. G. Coleman Jr, J. Bacteriol. 1993, 175, 2534,

https://doi.org/10.1128/jb.175.9.2534-2540.1993
[34] M. C. Sulavik, C. Houseweart, C. Cramer, N. Jiwani, N. Murgolo,

J. Greene, B. DiDomenico, K. J. Shaw, G. H. Miller, R. Hare,
G. Shimer, Antimicrob. Agents Chemother. 2001, 45, 1126.
https://doi.org/10.1128/AAC.45.4.1126-1136.2001

[35] A. Rodriguez-Gascon, M. Angeles Solinis, A. Isla, Pharmaceutics 2021, 13,
833, https://doi.org/10.3390/pharmaceutics13060833

[36] T. Velkov, P. J. Bergen, J. Lora-Tamayo, C. B. Landersdorfer, J. Li, Curr.
Opin. Microbiol. 2013, 16, 573, https://doi.org/10.1016/j.mib.2013.06.010

[37] K. Tilmant, H. H. J. Gerets, P. de Ron, C. Cossu-Leguille, P.
Vasseur, S. Dhalluin, F. A. Atienzar, Mutat. Res. 2013, 751, 1,
https://doi.org/10.1016/j.mrgentox.2012.10.011

[38] D. Diaz, A. Scott, P. Carmichael, W. Shi, C. Costales,Mutat. Res. 2007, 630,
1, https://doi.org/10.1016/j.mrgentox.2007.02.006

[39] https://carb-x.org/
[40] http://gardp.org/
[41] https://aspr.hhs.gov/AboutASPR/ProgramOffices/BARDA/Pages/default.

aspx
[42] https://www.amractionfund.com/
[43] M. Miethke, M. Pieroni, T. Weber, M. Brönstrup, P. Hammann, L. Halby,

P. B. Arimondo, P. Galser, B. Aigle, H. B. Bode, R. Moreira, Y. Li, A.
Luzhetskyy, M. H. Medema, J.-L. Pernodet, M. Stadler, J. R. Tormo, O.
Genilloud, A. W. Truman, K. J. Weissmann, E. Takano, S. Sabatini, E.
Stegmann, H. Brötz-Oesterhelt, W. Wohlleben, M. Seemann, M. Empting,
A. K. H. Hirsch, B. Loretz, C.-M. Lehr, A. Titz, J. Herrmann, T. Jaeger, S.
Alt, T. Hesterkamp, M. Winterhalter, A. Schiefer, K. Pfarr, A. Hoerauf, H.
Graz, M. Graz, M. Lindvall, S. Ramurthy, A. Karlén, M. van Dongen, H.
Petkovic, A. Keller, F. Peyrane, S. Donadio, L. Fraisse, L. J. V. Piddock,
I. H. Gilbert, H. E. Moser, R. Müller, Nature Rev. Chem. 2021, 5, 726,
https://doi.org/10.1038/s41570-021-00313-1

License and Terms
This is an Open Access article under the
terms of the Creative Commons Attribution
License CC BY 4.0. The material may not
be used for commercial purposes.

The license is subject to the CHIMIA terms and conditions:
(https://chimia.ch/chimia/about).

The definitive version of this article is the electronic one that can be
found at https://doi.org/10.2533/chimia.2022.647


