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Discovery of novel antibiotics needs multidisciplinary ap-
proaches to gain target enzyme and bacterial activities while
aiming for selectivity over mammalian cells. Here, we report a
multiparameter optimisation of a fragment-like hit that was
identified through a structure-based virtual-screening campaign
on Escherichia coli IspE crystal structure. Subsequent medicinal-
chemistry design resulted in a novel class of E. coli IspE

Introduction

The bottleneck in discovering new antibiotics arises from the very
first steps of research due to the difficulty to find novel
compounds and targets that do not exhibit cross-resistance, as
defined by the innovative criteria set by the World Health
Organisation.” Over the past years, several rules have been
developed to speed up the discovery of ideal antibiotic
candidates, particularly against Gram-negative pathogens In a
review, A. L. Parkes raised the most fundamental question in
antibiotic research, “what can we design for?"® There are contra-
dicting opinions on which of the rules are actually of importance.
Successful antibiotic drug design should be guided by the recently
introduced concept of bacterial bioavailability that accounts for a
holistic balance of bacterial uptake, distribution, metabolic and
efflux pathways.” The outer membrane of Gram-negative bacteria
represents an extra hurdle for compounds to enter the cells in
comparison to their Gram-positive counterparts. Essentially, com-
pounds can be actively transported through membrane porins
and pumps or pass passively through the phospholipid layers.” In
2017, Richter et al. reported the so-called eNTRy rules aiming for a
good accumulation into Gram-negative Escherichia coli bacteria.

inhibitors, exhibiting activity also against the more pathogenic
bacteria Pseudomonas aeruginosa and Acinetobacter baumannii.
While cytotoxicity remains a challenge for the series, it provides
new insights on the molecular properties for balancing
enzymatic target and bacterial activities simultaneously as well
as new starting points for the development of IspE inhibitors
with a predicted new mode of action.

The eNTRy rules state that a well-accumulating compound needs
an ionisable amine (N), preferably a primary amine, low globularity
(<0.25) (T=three-dimensionality) and rotatable bonds (<5) (R=
rigidity). Based on the eNTRy rules, ionisable amines provide better
accumulation due to a key electrostatic interaction with the outer
membrane porin F (OmpF).”! Although this LC-MS-based accumu-
lation study focused only on Gram-negative E. coli, the follow-up
studies have also suggested a broader applicability of the rules for
other Gram-negative bacteria, namely Acinetobacter baumannii
and Klebsiella pneumoniae® The activity against the less perme-
able Pseudomonas aeruginosa, however, is often lacking and we
questioned the overall applicability of the rules in an amino acid
modified series” ? Good accumulation and permeability into the
cytoplasm are important in order to achieve good inhibition of
intracellular enzymes. In this study, we focus on evaluating the
cytoplasmic 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway
that is vital for the biosynthesis of universal isoprenoid
precursors.”! Since the same isoprenoid precursors are synthesised
via the distinct mevalonate pathway in humans, the bacterial MEP
pathway is a rich source of attractive anti-infective drug targets.”
Clinical proof of concept and validation of the enzymes of the
MEP pathway was demonstrated by fosmidomycin, an inhibitor of
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1-deoxy-D-xylulose-5-phosphate reductoisomerase (DXR or IspC),
that is in clinical trials to treat malaria." It also inhibits multidrug-
resistant bacterial strains, such as P.geruginosa."" However, to the
authors’ knowledge, comparably advanced success stories with
other compounds targeting the bacterial MEP pathway have not
yet been reported. In the search for novel inhibitors of the MEP
pathway, we focused on the fourth enzyme IspE that phosphor-
ylates the natural substrate 4-diphosphocytidyl-2-C-methyl-D-
erythritol (CDP-ME) to afford 4-diphosphocytidyl-2-C-methyl-D-
erythritol 2-phosphate (CDP-MEP) in the presence of ATP. Most of
the previously reported IspE inhibitors against Gram-negative E.
coli have low-micromolar enzyme activity but report no activity in
whole-cell assays.*? Yet, IspE was examined to be a moderately
druggable target in E. coli™ To address this translational gap, we
embarked on an in silico virtual screening (VS) of the commercially
available SPECS library of 106,801 compounds using the crystal
structure of EclspE (PDB 10J4) and applying the eNTRy rules in the
filtering process to obtain hits with a high E. coli accumulation."

Results and Discussion

We selected the catalytic, ATP-binding pockets of EclspE as the
binding pocket for the VS based on the druggability assessment
using DogSiteScorer (details are reported in the Supporting
Information (SI) Section 1.1), and used BioSolvelT software (LeadIT
for docking and SeeSAR for scoring) to perform the VS (Fig-
ure S1)." Previously, we published other EclspE inhibitors address-
ing the same catalytic site and other VS campaigns have also been
conducted using EclspE (PDB 10J4)."™ Most of these inhibitors,
however, lack the needed antibacterial cell activity and to the best
of our knowledge, they have not been further developed. Thus, by
implementing the eNTRy rules into the filtering process of the VS
library, we aimed to find a hit with both cellular activity against E.
coli and inhibitory activity against the enzyme EclspE. The selection
of VS hits included a mixture of compounds with different degrees
of ionisation of the ionisable amine (Table S1). In addition, we also
selected a few compounds simply with the highest estimated
HYDE-binding affinities and a few compounds based on a novel
antibacterial scoring profile developed by Optibrium."® The
original research paper on the eNTRy rules pinpoints that most of
the commercially available libraries do not contain enough
primary amines, concluding this might be one of the reasons for
unsuccessful screening campaigns in the search for novel
antibacterial candidates.”” Overall, the particular SPECS library we
used comprised 70 primary amines and we decided to test twelve
additional primary amines that had not passed the VS filters.

Hit selection

Disappointingly, out of the 24 compounds (1-24) we purchased
after the applied VS filters, none displayed EclspE inhibition in
the primary screening and even those showing slight EclspE
inhibition also inhibited the auxiliary enzymes, pyruvate kinase
and lactate dehydrogenase (PK/LDH), in the coupled enzyme
assay (Tables 52-6)."”
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Furthermore, we tested twelve additional primary amines
(25-36, Table S7) that had not passed the VS filters. They were
also tested against E. coli and out of them, three compounds
showed moderate inhibition (e.g., the tricyclic scaffold 27 (50 +
8% inhibition of E. coli K12 at 100 uM and 81 £ 0% inhibition of
E. coli AtolC), the thiazole 33 (76 + 16 % inhibition of E. coli K12
at 100 uM and minimum inhibitory concentration (MIC)=98+
11 uM of E. coli AtolC) and another tricyclic compound 36 (57 +
4%-inhibition of E. coli K12 at 100 uM and 79 + 1 %-inhibition of
E. coli AtolC) Table S7). These twelve compounds were not
further exploited in our laboratory, but they may provide an
interesting starting point for further optimisation.

Thereby, we made a top-three hit selection (Table S8) based
on the multiparameter evaluation considering antibacterial activ-
ity, in vitro and/or in silico EclspE engagement and cytotoxicity.
The compounds in the top-three selection are structurally different
and include primary, secondary and tertiary amines (2, 15 and 14,
respectively). They all have a promising antibacterial-activity
profile, inhibiting E. coli K12 and AtolC, measured as percentage
inhibition at the highest solubility, where no MIC could be
measured. We also tested them against the more pathogenic
Gram-negative strains, P.geruginosa PA14 and A. baumannii, as
well as against Gram-positive Staphylococcus aureus and Bacillus
subtilis (Table S8). Importantly, the MEP pathway is mainly present
in Gram-negative bacteria and only exists in some selected Gram-
positive bacteria, including B. subtilis."® We therefore included the
Gram-positive strains S. aureus and B. subtilis as a negative and
positive control, respectively, providing a first indication of target
engagement with the enzyme IspE and we validated the
interference of 15 with the MEP pathway in live B. subtilis cells via
comparative phenotype profiling (Figure S2). Both 2 and 15
showed poorer activities against S. aureus and B. subtilis than E.
coli K12, supporting the expected activity profile for MEP inhibitors
although acknowledging the non-selective nature of our early hit
compounds. Later, we used biophysical assays to examine binding
to EclspE and enzyme-activity assays revealed the secondary
amine derivative 15 and another compound from the VS 19 to
inhibit EclspE (Table S5). However, we have not followed up on
them to date due to their weaker antibacterial profiles.

Hit validation

Overall, the primary amine derivative 2 possessed the most
promising starting point for further optimisation due to its
fragment-likeness ~ (MW=261.7 g/mol).  After  resynthesis
(Scheme S1) and validation of the hit compound, we evaluated its
binding affinity using the thermal shift assay (TSA) and microscale
thermophoresis (MST), showing a shift in melting point (T,,=
50.42+0.09 (—1.1)°C, Table S13) and weak binding to EclspE (K,
~700 uM, Table S14). We also confirmed its binding with EclspE
using saturation-transfer difference (STD)-NMR spectroscopy (Spec-
trum S1). Based on the lack of in vitro EclspE activity, it was clear
that IspE is not the only target. Nevertheless, it is still unclear how
strong the MEP pathway target needs to be bound for cellular
inhibition. Therefore, due to its fragment-likeness with the
opportunity to explore and expand its chemical structure, we
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decided to proceed with the primary amine hit 2 to evaluate its
potential to increase the affinity for EclspE and in parallel, focusing
on understanding the structure—permeation relationship for
antibacterial activity through subtle handle modifications while
simultaneously addressing the cytotoxicity flag (2, HepG2 ICs,=
21+1 uM, Table 1).

The resynthesis of 2 began from the corresponding phenolic
derivative followed by introduction of the handle via an S2
reaction (Scheme S1). In order to evaluate the need for the
primary amine, we tested all the synthetic derivatives, the
phenolic core 37 and the nitrile-handle 38 derivatives, and
confirmed that the primary amine indeed boosted the activity
against the wild-type E. coli K12 (Table 1 and Table S9). These
slight modifications in the handle, hereafter called the ‘activity
handle’, further encouraged us to move on with the series
aiming to evaluate the molecular causes leading to differential

antibacterial

also against P. aeruginosa.'

In addition, a similar ethanolamine
handle was used for arylomycin derivative G0775 to increase
antibacterial activity against a panel of Gram-negative bacteria,

6e]

Multiparameter optimisation: evaluation of various activity

handles

As the next step, we investigated several commercially available
(39-56) close derivatives of the hit 2, mainly focusing on
different modifications of the activity handle. These compounds
were tested against multiple E. coli mutant strains as well as the
target enzyme EclspE (a comprehensive list is given in
Table S10). None of the activity-handle modifications exhibited
clear EclspE activity, however, thioether 43 showed slight

Table 1. Comparison of the different activity handles.

NH, N H o
Il N N HO
HN \L
o ) \L 0
0
o0 o0 g U
O s
Cl cl B
2 38 46 47 49
Minimum Inhibitory Concentration (MIC) or Percentage Inhibition at 100 uM
Escherichia coli K12 99+2 uM 13+£2% 13+11% n.i. 27+3%
Escherichia coli AtolC® 9744 uM 3841 uM 85-£8% 8811 uM 500 uM
Escherichia coli AacrB™ 9540 uM 544+5% 10844 uM 304+12%9 10343 uM
Escherichia coli D22 105+7 uM 3545 uM 67+4% 34+6%9 224+4%
Escherichia coli Omp8® 87+7% n.d. 584+5% ni@ 10442 uM
Pseudomonas aeruginosa 52+10% n.i. 43+9% n.il9 n.i.
PA 14
Pseudomonas aeruginosa 33+9% nd. 354+21% n.il9 nd.
AmexB®
Pseudomonas aeruginosa 49+25% n.d. 43+10% ni@ nd.
AmexA®
Pseudomonas aeruginosa 59427% nd. 48+8% 204+10%9 nd.
AoprF®
Pseudomonas aeruginosa 48+5% nd. 31+16% n.ild nd.
Aomph®
Acinetobacter baumannii 100+£0 uM n.i9 14+6% ni9 n.i9
Staphylococcus aureus 47 +8% ni@ 20+10% 22+6% 32+21%
Cytotoxicity Inhibitory Concentration (ICs,) or Percentage Inhibition at 100 uM
HepG2 20+1 uM 80+3% 21+4uM 47 £4% 69+20%
Calculated properties
clogD¥ 1.6 5.2 2.0 4.1 43
Most basic pK, 9.1 N/A 10.1 N/A N/A
Amphiphilic moment! 7.3 6.5 52 5.0 54

[a] Efflux pump mutant. [b] Porin mutant. [c] Strain with defective LPS layer. [d] Calculated with StarDrop 7.0.1 at pH 7.4. e] Calculated with StarDrop 7.0.1.
[f] Calculated with MOE 2020.09 for the energy-minimised molecule. [g] Experiment performed at 50 uM. n.d.: not determined;. n.i.. no inhibition, if
inhibition < 10%; N/A: not applicable.

ChemMedChem 2023, 18, €202300346 (3 of 11)

© 2023 The Authors. ChemMedChem published by Wiley-VCH GmbH

35U9D17 SUOWIWOD dA1ESID 3ot dde au Ag peusenob ae sl YO ‘38N JO S3|NJ 10y AiqiaUljuO AS]1A UO (SUONIPUOD-PpUR-SLUB)L0D" A8 | 1M ATe1q 1jpU1 [UO//:SANY) SUONIPUOD pue SWid | 84} 885 *[202/TT/TT] Uo Akeiqiauliuo A3|IM ‘sapue|ees sad 1elsieAlln Ag 9vE00E202 IPLO/Z00T 0T/I0p/LL0d A3 1M Akelq 1 jpujuo'ado.ne-Ans weyo//sdny woly pepeojumod ‘6T ‘€§0z ‘Z8T/098T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemMedChem doi.org/10.1002/cmdc.202300346

inhibition (EclspE 1C;,=447 uM, from a single measurement),
just as its close derivative 48 bearing the hydroxyl group in
ortho-position (EclspE 1C;,=356+46 uM), and a slight decrease
in the melting point (T,,=51.10+£0.08 (—0.4)°C, Table S13).
Given that the sulfoxide derivative 44 showed no activity and
also due to the fact that thioethers may oxidise to the sulfoxide
in cellulo, we decided not to pursue in this direction.

We also screened some of the compounds featuring
modifications in the activity handle, including hit 2 against
different E. coli and P. aeruginosa mutants. In detail, e.g. the
efflux pump mutants E. coli AacrB and P. aeruginosa AmexA
were used to identify potential efflux issues, E. coli D22 has a
defective lipopolysaccharide (LPS) layer that usually (in wild
type strains) forms a dense protective hydrophilic barrier
against entry of drugs, and E. coli Omp8 and P. aeruginosa
AoprF possess mutated porins (Table 1). The nitrile-handle 38,
the amide 47 and hydroxyl 49 could further support the
hypothesis that a primary amine is necessary, as all the other
derivatives without an ionisable amine proved to be inactive
against the E. coli K12 wild-type. Most of them only showed
inhibition of E. coli AtolC growth, suggesting efflux issues may
account for the lack of activity against E. coli K12. In addition, in
case of 38, 46 and 47, the activities slightly increased against
the LPS mutated E. coli D22, proposing the overall core scaffold
also to form key interactions with the LPS layer. Nevertheless,
we could demonstrate that the activity against the E. coli porin-
knockdown mutant omp8, (BL21(DE3)omp8), lacking the major
E. coli OmpF, OmpA and OmC porins, with 2 suffered a 10%
decrease in activity (%-inh.=87+7% at 100 uM), suggesting
that 2 finds an alternative uptake mechanism despite the
primary amine being present" Interestingly, the amide
derivative 47 showed no inhibition against E. coli Omps8,
unexpectedly hinting it relies more on porin uptake than the
corresponding amine 2 in disagreement with the eNTRy rules
(Table 1).

Next, we evaluated 58 (Scheme S1, Table S9) with a central
diaryl ether linker and an aniline-linked activity handle, which
lacked cellular activity despite the primary and secondary amine.
However, its toxicity was lower than for 2, (HepG2%-inh.=48+
7% at 100 uM vs 1C5o=21+1 pM), respectively. Removing the
amines also helped with cytotoxicity (compounds 38 and 49), but
as previously mentioned also reduced their activity.

Given that some of the derivatives investigated showed some
antibacterial activity against E. coli strains, we tested the best
activity handle modifications against the more pathogenic bacteria
A. baumannii and P. aeruginosa (Tables S9 and S10). Interestingly,
the piperidine handle 46 showed slightly better % inhibition
against P. aeruginosa wild-type PA 14 (%-inh.=43+9 at 100 uM)
than E. coli wild-type K12 (%-inh.=13+11 at 100 uM), despite the
lack of a chlorine atom in 4-position, lowering the amphiphilic
moment. The general trend is that most of the compounds active
against E. coli lose potency when moving to the more pathogenic
bacteria. Only compound 2 showed some inhibition of A.
baumannii (MIC=100=40 uM), indicating that the amino group
plays a role for the activity. We also had the capability to test the
latter two and the amide-handle derivative 47 as a negative
control against other Pseudomonas mutant strains to evaluate the

ChemMedChem 2023, 18, 202300346 (4 of 11)

potential efflux or permeability issues with outer-membrane porin
mutants AoprF and AompH, and efflux-pump mutants AmexB and
AmexA® Surprisingly, we did not observe such striking activity
differences as we had seen for the E. coli mutants, mainly with
AtolC (Table 1). This could, however, suggest that there are other
molecular properties governing the uptake and efflux ratios in P.
aeruginosa, as supported by J. Ude et al,, concluding that porin-
independent permeation may play a bigger role in P. aeruginosa
and yet, carboxylates favour permeation via porins.?"

Multiparameter optimisation: modifications of the
amphiphilic moment

Next, we focused on altering the amphiphilic moment, as also
described in the original eNTRy rules on our fragment hit 2.5% The
amphiphilic moment is the distribution of or distance between the
hydrophilic and hydrophobic parts of a compound. In the hit
structure 2, there is a high amphiphilic moment between the
chlorine and the free amine (vsurf_A=7.3). In simplicity, one can
consider charge necessary to get through the outer membrane
porins favourably and lipophilicity for passive uptake through the
lipophilic polysaccharide bilayers either in the outer or the inner
membrane, as earlier hinted by H. Nikaido et al.”? Therefore, to
modify the amphiphilic moment, we synthesised a so-called
halogen series (Table 2, Scheme S2), where the chlorine in 4-
position was substituted by different halogens. The calculated
amphiphilic moment increased when going down the halogen
row in the periodic table. The intermediates from the synthesis
have also been tested but were all poorer in inhibiting E. coli K12,
re-emphasising the need for the primary amine (59-67, Tables S9
and S10).

We confirmed that the increased amphiphilic moment
clearly boosted the activity when moving down the periodic
table for all tested strains (Table 2). The iodine derivative led to
a two-fold decreased MIC value against E. coli K12 and
increased activity against A. baumannii and P. aeruginosa, but
failed to improve the cytotoxicity profile.

Multiparameter optimisation: introduction of dichloro
substituents

During the VS, some binding poses were observed to interact
with Arg72 from the other monomer. In particular, this was
seen with 15 (EclspE=253+24 uM) bearing a dichloro motif.
Therefore, with the aim to further explore this part of the
binding pocket, we designed the dichloro-derivative 67
(Scheme S3) of the initial hit using the structure of EclspE (PDB
10J4) (Figure 1, Table S11).

This dichloro motif was introduced on the right-hand side
phenyl ring and for the first time, the series showed EclspE
inhibitory activity (IC;,=159+4 uM) with an increased binding
affinity determined by MST (K, ~60 uM, Table S14). STD-NMR
studies further confirmed the binding with EclspE (Spectrum S2).

Based on the docking pose, the interaction of this dichloro-
motif could disturb the dimerization of EclspE by interacting
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Table 2. Summary of the biological results for the halogen series to investigate the influence of the amphiphilic moment on the antibacterial activity.
NH, NH, NH, NH,
[ (e} o o o
(¢}
F Cl Br |
39 59 2 60 61
Minimum Inhibitory Concentration (MIC) or Percentage Inhibition at 100 pM
Escherichia coli K12 31+£5% 38+2% 99+2 uM 90+0 uM 53+4 uM
Escherichia coli AtolC*! 41+0% 48+6% 97 +4uM 93+4uM 88+4uM
Escherichia coli AacrB”® 42+1% 44+11% 9540 uM 9440 uM 84+5uM
Escherichia coli Omp8® n.i. n.i. 87+7% 94+ 1 uM 75410 uM
Pseudomonas aeruginosa n.i. 1M£1% 52+10% 70+3% 52+6%
Acinetobacter baumannii 22+1% ME1% 1000 uM n.d. 95+0 uM
Staphylococcus aureus 1M+7% n.i. 47 +8% 79% 86+8%
Cytotoxicity Inhibitory Concentration (ICs,) or Percentage Inhibition at 100 pM
HepG2 88+5% 58+10 uM 21+1puM 98+1% 171 uM
Calculated properties
clogD" 0.9 1.1 1.6 13 1.3
Most basic pK,' 9.3 9.3 9.1 9.1 9.1
Amphiphilic moment® 53 6.8 7.3 73 7.8
[a] Efflux pump mutant. [b] Porin mutant. [c] Calculated with StarDrop 7.0.1 at pH 7.4. [d] Calculated with StarDrop 7.0.1. [e] Calculated with MOE 2020.09
for the energy-minimized molecule. [f] Experiment performed at 25 pM. Value of a single measurement. n.d.: not determined; n.i.: no inhibition, if inhibition
<10%.

Figure 1. Binding site with 67 showing the possible interaction with the
Arg72 from the other monomer in its predicted docking pose. Molecular
modelling was done in SeeSAR 12.1 and the figure was created in StarDrop
7‘0_1‘[14111

with the residue Arg72 from the other monomer, potentially
destabilising the enzyme, which could lead to a decreased
melting point in a TSA. To the authors’ knowledge, such a
mode of action against EclspE has not been explored to date.

ChemMedChem 2023, 18, €202300346 (5 of 11)

The dichloro-derivative 67 was also tested in TSA, where we
indeed observed a decreased melting point (AT,=-1.9°C,
Table S13) in comparison to the native EclspE (T,,=51.5+
0.14°C), being in the previously reported range.”® In compar-
ison, the natural substrate CDP-ME shows an increased melting
point (AT,,= +0.8°C). This was the first indication supporting
the binding of 67 in the hydrophobic pocket, possibly
disturbing the dimerisation, although it is not yet fully
confirmed, whether the EclspE enzyme really exists as a dimer
in solution.” We tested all synthetic derivatives of the dichloro-
series against EclspE and confirmed that the free amine 67
selectively inhibits EclspE, whereas the phenol derivative 68
also inhibits the auxiliary enzymes PK/LDH (Table S11). This was
a key information for our further optimisation of the series.

As we had seen changes in activity between E. coli and P.
aeruginosa with different activity handles (primary amine 2 vs
piperidine 46), we synthesised the dichloro-derivative using a
piperidine activity handle 70 aiming to increase the bacterial
activity selectively for P. aeruginosa. The piperidine 70 displays
the highest antibacterial activity of the series against P.
aeruginosa (MIC=107 £12 uM, Table 3), showing also activity
against E. coli wild-type K12 (MIC=98+6 uM), but suffering
simultaneously from efflux (E. coli AtolC MIC=1140 uM). In
comparison, we could determine no MIC for the corresponding
primary amine derivative 67 against P. aeruginosa wild-type
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Table 3. Summary of the biological results of the dichloro-series (compounds 67-70).
H
NH, NHBoc N
: r : e
(¢} (e} Cl (¢}
o} (e} Cl (e}
i (e} Cl
Cl Cl
Cl Cl Cl
Cl Cl
68 69 70
Enzyme Activity
EclspE 1Csq (uM) 156+ 13 36+4 116+ 14 290105 uM
PK/LDH ICs, (uM) >500 46+ 1 >500 >500
T (O [AT, Q)] 49.60+£0.20
(—1.9) n.d. 51.31+0.08
(—0.2) n.d.
Ky ~60 M n.d. n.d. n.d.
Minimum Inhibitory Concentration (MIC) or Percentage Inhibition at 50 uM
Escherichia coli K12 8546 uM 58 +6%" n.i® 9846 uM
Escherichia coli Omp8™ 45+2 M nd. nd. nd.
Escherichia coli AtolC*! 41+£2uM 2540.1uM n.if 114+0uM
Escherichia coli AacrB® 4441 M nd. nd. nd.
Pseudomonas aeruginosa 63+8% n.d. n.i.f 107 £12 uM
Acinetobacter baumannii 64+2 uM n.d. 22+0%" 32+2uM
Staphylococcus aureus 9946 uM 4.840.0 uM 3348%" nd.
Bacillus. subtilis 46+ 1 uM n.d. n.d. n.d.
Cytotoxicity Inhibitory Concentration (ICs,)
HepG2 1543 uM 33+2 M 55+3% 73417 uM
HEK293 1441 uM 2043 M 49+2 M n.d.
Calculated properties
clogD"¥ 2.5 5.0 56 32
Most basic pK, 9.0 N/A N/A 9.4
Amphiphilic moment® 4.1 4.1 35 6.5
[a] Efflux pump mutant. [b] Porin mutant. [c] Calculated with StarDrop 7.0.1 at pH 7.4. [d] Calculated with StarDrop 7.0.1. [e] Calculated with MOE 2020.09
for the energy-minimised molecule. [f] Experiment performed at 50 uM. n.d.: not determined; N/A: not applicable; n.i.: no inhibition, if inhibition < 10%.

PA14 (%-inh.=63+8% at 100 uM). Surprisingly, 67 was more
active against E. coli porin knockdown mutant Omp8 (MIC=
45+ 2 uM) than against E. coli wild-type K12 (MIC=85+6 uM),
which may hint towards porin-independent uptake despite the
primary amine. Overall, 67 showed broad-spectrum activity
against all tested strains, including the Gram-positive pathogens
S. aureus and B. subtilis (MIC=99+6 uM and 4641 uM,
respectively, Table 3). The two-fold increase from S. aureus to B.
subtilis can also indicate that the MEP-pathway is a target of 67
although not selectively, as it is utilised by B. subtilis but not S.
aureus. However, cytotoxicity was still a concern and was only
reduced in the Boc-derivative 69 with a concomitant loss in
antibacterial activity.

ChemMedChem 2023, 18, 202300346 (6 of 11)

Comparison against known antibacterial compounds with
similar chemical structure

The dichloro-motif, as the 2,4-isomer, is present in two known
antibacterial compounds: clofoctol 71 and triclosan 72. Clofoc-
tol is used against Gram-positive infections of the respiratory
tract; it inhibits cell-wall biosynthesis and induces cell-wall
permeabilisation, although its exact mechanism of action
remains unknown. Currently, 71 is under investigation as a
treatment for cancer and SARS-CoV-2.%* Triclosan is an additive
with disinfectant properties, which interferes with lipid layers at
higher concentrations but it also inhibits enoyl-acyl carrier
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protein reductase (Fabl) at lower concentrations, blocking lipid
biosynthesis in susceptible organisms.”*’

We wanted to see if the introduction of ‘our’ ethanolamine
activity handle (73 and 74) could improve their broad-spectrum
activity and whether IspE might be their additional target
(Table 4). The introduction of the activity handle (Scheme S4)
occurred via two-step synthesis and the N-Boc intermediates (75
and 76) have also been tested (Table S11). In the best case, our

series could dually inhibit two of the key isoprenoid-related
biosynthetic pathways, which could be a successful approach to
overcome resistance development. The physicochemical proper-
ties of clofoctol 71 improved upon introduction of the activity
handle (compound 73) as the amphiphilic moment increased
from 6.2 to 8.6 and the clogD value decreased from 7.3 to 4.1
(Table 4). As expected, clofoctol did not inhibit Gram-negative
bacteria. Unfortunately, introduction of the activity handle was

Table 4. Summary of the biological results for the known antibiotics clofoctol (71) and triclosan (72) bearing an ethanolamine activity handle 73-74.

OH Cl

o cl
O O OH cl
cl 0 O O o) cl
Cl °
cl

NH,

(

NH,

Cl
Cl Cl
71 72 73 74
Enzyme activity
EclspE 1Csq (uM) 63+11 > 500 97+16 >500
PK/LDH ICs, (uM) 22+17 - 13717 -
Minimum Inhibitory Concentration (MIC) or Percentage Inhibition at 50 uM
Escherichia coli n.i. 1.3+£0.TuM 32+£11%" 1024+2 uM
K12
Escherichia coli 34+2% n.d. 123425 uM n.d.
Omp8
Escherichia coli n.i. 0.022 +0.000 uM 554 4% 16.7+6.4 uM
AtolC?
Escherichia coli n.i. 0.102£0.040 uM 73+£29 uM 48+3 uM
AacrB®
Escherichia coli n.i. 0.20+0.05 uM n.d. 95+ 1 uM
D22[b]
Pseudomonas. aer- n.i. 41 +5%" n.i. 46+18%9
uginosa
Acinetobacter bau- n.i. 48+2.0uM 73+19% 98 +0 uM
mannii
Staphylococcus 45413 uM 17411 uM 8.142.1uM 85+ 1%9
aureus
Bacillus subtilis 54+0.8 uM 57412 57+04puM n.d.
Cytotoxicity Inhibitory Concentration (ICs,)
HepG2 1241 uM 34410 uM 5440.7 pM 1943 uM
HEK293 11+2uM n.d. 434+0.8 uM n.d.
A549 79415 uM nd. 9.0+0.4 uM nd.
Calculated properties
clogD¥ 7.3 5.0 4.1 25
Most basic pK,'! N/A N/A 9.7 8.9
Amphiphilic mo- 6.2 49 8.6 4.9
ment!®

[a] Efflux pump mutant. [b] Strain with defective LPS layer. [c] Calculated with StarDrop 7.0.1 at pH 7.4. [d] Calculated with StarDrop 7.0.1. [e] Calculated
with MOE 2020.09 for the energy-minimized molecule. [f] Experiment performed at 25 uM. [g] Experiment performed at 100 puM.. n.d.: not determined. N/A:
not applicable. n.i.: no inhibition, if inhibition < 10%.
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only enough to improve clofoctol's antibacterial activity against
Gram-negative E. coli K12 and A. baumannii to 32% and 73%
inhibition, respectively. The long aliphatic side chain with
increased hydrophobicity might be responsible for the low uptake
in Gram-negative pathogens. The Gram-positive activity against B.
subtilis and S. aureus was not affected by the introduction of the
activity handle. For the first time, we could measure EclspE
inhibitory activity confirming the 2,4-dichloro isomer as an
alternative binding motif. Of note, clofoctol’s cytotoxicity against
HepG2 (IG5, =12+1 pM) is comparable to our series and yet, its
further drug-potential is being examined for multiple uses.”*

Attempts to unravel the cytotoxicity issues

With the dichloro-series, we could obtain activity against EclspE
and increase the antibacterial activity, but without being able
to decrease the cytotoxicity. We also tested mono-halogenated
derivatives 54-57 of hit 2 lacking the right-hand side
(Table S10). They show no antibacterial activity, confirming the
right-hand side is essential for the activity, but also accounts for
the cytotoxicity. No toxicity was observed for the chloro-
derivative 55 (HepG2%-inh.=941 at 100 uM) or iodo-deriva-
tive 57 (HepG2%-inh.=—5+3 at 100 uM). Therefore, the
cytotoxicity seems to stem from the subtle balance between
lipophilicity of the aryl core and the basicity of the primary
amine, without being influenced by the halogen. This is slightly
surprising, as similar diaryl ethers are common building blocks
in drug candidates.”® To solve the cytotoxicity issues, we next
focused on a series using the central phenolic linker whilst
changing the activity handle to an aniline derivative due to
synthetic accessibility (Table S13, Scheme S5). The best parts
including the iodo-motif on the left-hand side of 61 and the
dichloro motif on the right-hand side of 68 were combined into
77 (Scheme S5). The compound showed selective EclspE activity
(IC5o=63+15 uM, Table S12), a notable increase in binding
affinity (K, ~20 uM, Table S14) and a clear drop in the melting
point (AT,,=-—3.1°C, TableS13). It also showed a better
antibacterial profile in line with the target profile for inhibiting
the MEP pathway (E. coli K12 MIC=47£2 pM, A. baumannii
MIC=43+4 uM, S. aureus %-inh.=87 £7 and B. subtilis MIC=
30+ 10 uM, Table S12) and no efflux problems, but disappoint-
ingly still suffered from a high cytotoxicity against the
HepG2 cell line (IC;,=94+1 uM, Table S12), although being
comparable to clofoctol (HepG2 IC;o=1241 pM, Table 3).
Replacing the dichloro-substituents with methyl groups in
compound 78 did not alleviate the cytotoxicity (HepG2 I1C;,=
12+ 1 uM, Table S12), but the activity against E. coli AtolC was
improved two-fold (E. coli K12 MIC=92+2 uM and E. coli AtolC
MIC=23+0 uM, Table S12). The poorer MIC in E. coli K12
suggests the compound being efflux-prone, despite having a
low cLogD=1.3. Using only one chloro-substituent in para-
position 79, maintained the cytotoxicity against HepG2 (IC5,=
28+ 6 uM, Table S12). On the other hand, the replacement of
the dichloro substituents by cyano-groups 80 reduced the
cytotoxicity two-fold (IC;,=6441 uM, Table S12), but resulted
in a loss of antibacterial activity against E. coli K12 (11+1% at
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100 uM, Table S12). Due to the remaining cytotoxicity and lack
of EclspE activity, these derivatives were not investigated
further.

Instead, we looked into other alternatives to the primary
amine and aniline activity handle to 77 (Table 5). Adding a
longer aliphatic chain to the aniline 81 or replacing the aniline
with a triazole 82 did not alter the antibacterial activity or
cytotoxicity profile. Introducing a quaternary amine 83 finally
reduced the cytotoxicity without compromising the activity,
although the activity against E. coli AacrB (MIC=26+4 uM) is
four-fold lower than that against E. coli K12 (MIC=105+7 uM).
This suggest that the compound accumulates well in the
cytoplasm, but gets recognised for efflux by the acrB efflux
pump in the inner membrane. As the amphiphilic moment for
83 is low, this result was surprising and indicates that the
higher amphiphilic moment may have in fact been driving the
cytotoxicity for our series. Unfortunately, none of these
derivatives were active against EclspE, which can be partly
explained by the predicted binding poses that differ from those
of the initial hit 2 asdiscussed in detail below). The lack of
EclspE engagement is further supported by the increased
antibacterial activity against S. aureus (MIC=42+9 uM), which
is to be expected due to the lack of MEP pathway in S. aureus.

As seen before, removing the dichloro-pattern and replac-
ing it with a para-chloro atom instead, lowered cytotoxicity 77
to 79. The same is true when comparing 83 and 84 (no
inhibition of HepG2 of 84), but E. coli K12 activity suffered
(MIC=105+£7 uM vs %-inhibition =36 £ 3).

In summary, we were finally able to mitigate the cytotoxicity
by introducing an aniline-activity handle and a para-chloro
substitution pattern. Compounds 83 and 84 are active against
Gram-negative bacteria and show good anti-Gram-positive
activity as well. Finding the right balance between lipophilicity,
amphiphilic moment and cytotoxicity will remain a challenge
for this series of compounds.

Docking analysis to rationalise EclspE activity

Although we found a good starting point to investigate the
aniline series further as an antibiotic with no toxicity, in the
process, we lost the EclspE activity we were initially looking for.
To develop a better understanding of the binding mode of the
active compounds, we docked all compounds that we tested
against EclspE in vitro to the active site of EclspE in SeeSAR in
order to gain insights into why the dichloro-substituents and
the primary amine activity handle are necessary for inhibiting
IspE. Interestingly, most compounds that inhibit IspE have the
same, unique binding mode that we saw when introducing the
dichloro-substituent ~ (Figure 1). The quality of the
ligand—protein interactions represented by the HYDE score
given to the compounds by the SeeSAR programme do not
correlate with the 1C,, values but the binding mode is the same
for most active compounds (see poses in Table S16). There is
always an interaction with His26 via the oxygen atom of the
phenolic linker and/or Val156 via the amine of the activity
handle. The second phenyl ring with either the dichloro- or no
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Table 5. Biological results of derivatives with different activity handles.
H,N
0] o | 0 | o
NH N N N i
HN)L(\/)4 2 N// \ HNJK/@\ HN/[k/(,,)\ NH, P H/(‘s)‘W
o c N o a o @
0. Cl \©\ 07N
Cl N
Cl Cl
Cl
81 82 83 84 (%) 92
Enzyme activity
EclspE 1Cs, (M) >500 444+127 >500 >500 1.06+0.12
Minimum Inhibitory Concentration (MIC) or Percentage Inhibition at 100 uM
Escherichia. coli K12 91+4 uM 92+2 uM 105+7 uM 36+3% n.d.
Escherichia. coli AtolC*® 43+4uM 234+0uM 92+4 M 46+1 M n.i.
Escherichia. coli AacrB® 45+2 uM 37+£5uM 26 +£4 uM 72+£11 uM n.i.
Escherichia. coli D22 nd. nd. 724+13% 49+0% nd.
Pseudomonas. aeruginosa n.d. n.d. 56 +3% 61+19% n.d.
Acinetobacter baumannii n.d. n.d. 23+3% 19+14% n.d.
Staphylococcus. aureus n.d. n.d. 42+9 uM 86+3% n.d.
Bacillus. subtilis n.d. n.d. 23+£1uM 79+£17 uM n.d.
Cytotoxicity Inhibitory Concentration (ICs,)
HepG2 10+£1uM 15+4 uM 113£36 uM n.i. n.i.
HEK293 n.d. n.d. 81+13uM n.d. n.d.
A549 n.d. n.d. 94+2 uM n.i. n.d.
Calculated properties
clogD" 26 25 22 1.8 0.097
Most basic pK, 9.3 9.3 N/A N/A 6.5
Amphiphilic moment® 4.9 5.8 3.2 4.6 3.7
[a] Efflux pump mutant. [b] Strain with defective LPS layer [c] Calculated with StarDrop 7.0.1 at pH 7.4. [d] Calculated with StarDrop 7.0.1. [e] Calculated with
MOE 2020.09 for the energy-minimized molecule. n.d.: not determined; n.i.: no inhibition, if inhibition < 10%. N/A: not applicable.

substituents always points in the direction of the Arg72 on top
of the adenosine-binding pocket. If the interaction with Val156
is missing, only compounds with a dichlorophenyl group are
still active. The activity seems to be dependent on a delicate
balance between these three ligand-protein interactions and
appropriate substituents since small changes flip the rings,
leading to a loss of activity. Especially, the aniline derivatives
suffer from this, as the alternative handle does not allow the
phenyl rings to orient themselves correctly in the pocket.

Our initial hit compound 2, although only weakly active
(EclspE K,~700 uM), displays the same binding mode while
lacking the hydrogen bond to Val156. Other, on first glance
inactive, compounds (ICs,>500 pM) display the same binding
mode so we assume that they are also weakly binding to IspE.
To double check this, we also docked the halogen-series
compounds and they all have the correct binding mode
(Table S16), but they did not show EclspE inhibition except
compound 60, displaying a decrease in melting point (AT,,=
—1.5°C, Table S13).

Compounds that do not follow this trend are 48 and 70.
They are moderately active despite no predicted interaction
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with Val156, His26 or Arg22. Instead, they are engaged in an
alternative hydrogen bond with Asn12 that we did not observe
with any other compound.

Aniline derivative 77 inhibits EclpsE (IC;,=63+ 15 pM) and
binding is also confirmed by MST and TSA although the binding
mode suggests no activity. A possible explanation for this is
that it is not possible to calculate binding in SeeSAR accurately
in all cases, especially since 79 is active, shows the correct
binding mode, and only has one chlorine substituent fewer
than 77. The aniline derivatives have to be investigated further
and might represent an optimal starting point for further
optimisation against EclspE.

These results prompted us to investigate other known IspE
inhibitors to compare their proposed binding mode to our
compounds. There is one crystal structure published of a
compound in complex with Aquifex aeolicus IspE (PDB 2VF3)
and the close analogue 92 has been previously docked in EclspE
with the same binding mode.”® Here, we compare sulfonamide
92 with compound 67 that shows all important ligand-protein
interactions (Figure 2a—c).

© 2023 The Authors. ChemMedChem published by Wiley-VCH GmbH
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Figure 2. Comparison of docking poses of the IspE inhibitors 67 and 92 in EclspE (PDB 10J4). (a) Overlay of both compounds in the binding site of EclspE.
Compounds docked in SeeSAR 12.1 and visualized in StarDrop 7.0.1."*¥ (b) Depiction of binding interactions of compound 67 (c) and previously published

sulfonamide 92. Figures created in Poseview.?”

The sulfonamide also forms hydrogenbonds with His26 and
Val156. Instead of the hydrophobic interactions with Tyr25,
Phe185, Gly24 and the spatial proximity to Arg72, the
sulfonamide extends into a hydrophobic region of the pocket
and interacts with Asp141.

We envisage a merged compound combining these
beneficial interactions will be a potent IspE inhibitor and we
will investigate this in the future.

Conclusions

In the search for new IspE inhibitors, we performed a structure-
based VS while applying additional rules to improve our
chances to find compounds that are active against Gram-
negative bacteria. The initial hit 2 suffered from cytotoxicity but
showed moderate antibacterial activity and binding to EclspE.
Balancing the cytotoxicity, antibacterial activity and enzymatic
inhibitory activity turned out to be challenging. Nonetheless,
our study resulted in various sub-series with one or the other
parameter optimised. Switching from the phenolic core to the
aniline series, led by 77, finally resulted in a new promising
direction with the understanding of the drivers for cytotoxicity
and antibacterial activity and moreover, EclspE inhibition
supported by docking studies. 84 might represent a good
starting point for future studies. Although we demonstrate here
the challenges associated in bridging the translational gap and
finding the ideal balanced profile for this series, we hope these
results will support the future discovery of IspE inhibitors as
well as the exploration of the chemical space for compound
accumulation into bacteria.
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