M) Checs tor updates

Organic &
Biomolecular
Chemistry

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: N. J. Tatum, J.
Liebeschuezt, J. C. Cole, R. Frita, A. Herledan, A. Baulard, N. Willand and E. Pohl, Org. Biomol. Chem.,

2017, DOI: 10.1039/C70B00910K.

Organic&
Biomolecular
Chemistry

ROYAL SOCIETY
&CNEMISTRV

v u.mcu‘Nummu‘uawmyzms Pages 1-372

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
author guidelines.

Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the ethical guidelines, outlined
in our author and reviewer resource centre, still apply. In no
event shall the Royal Society of Chemistry be held responsible

for any errors or omissions in this Accepted Manuscript or any
consequences arising from the use of any information it contains.

rsc.li/obc


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c7ob00910k
http://pubs.rsc.org/en/journals/journal/OB
http://crossmark.crossref.org/dialog/?doi=10.1039/C7OB00910K&domain=pdf&date_stamp=2017-11-01

Page 1 of 13 Orgahic'& Bromolecular Chemistry

View Article Online
DOI: 10.1039/C70B00910K

Published on 01 November 2017. Downloaded by Durham University Library on 09/11/2017 16:35:34.

Organic and Biomolecular Chemistry

7 &f

YAL SOCIETY
CHEMISTRY

Of

New active leads for Tuberculosis booster drugs by structure-based

drug discovery

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

Natalie J. Tatum® John W. Liebeschuetz®, Jason C. ColeS, Rosangela Frita®, Adrien

Herledan®, Alain R. Baulard®, Nicolas Willand® and Ehmke Pohl®"€",

The transcriptional repressor EthR from Mycobacterium tuberculosis, a member of the TetR family of prokaryotic homo-

dimeric transcriptions factors, controls the expression of the mycobacterial mono-oxygenase EthA. EthA is responsible for

the bio-activation of the second-line tuberculosis pro-drug ethionamide, and consequently EthR inhibitors boost drug

efficacy. Here, we present a comprehensive in-silico structure-based screening protocol that led to the identification of a

number of novel scaffolds of EthR inhibitors in subsequent biophysical screening by thermal shift assay. Growth inhibition

assays demonstrated five of the twenty biophysical hits were capable of boosting ethionamide activity in vitro, with the

best novel scaffold displaying an EC50 of 34 uM. In addition, the co-crystal structures of EthR with four new ligands at

resolution ranging from 2.1 to 1.4 A confirm the binding and inactivation mode, and will enable future lead development.

Introduction

Tuberculosis remains one of the premier causes of mortality and
illness, infecting about one third of the world’s population and with
more than 8 million new cases of disease leading to more than 1.5

million deaths per year The treatment of Tuberculosis is

hampered by the pathogen’s ability to remain in a latent, non-
replicating state.” The problem is exacerbated by the rapid increase
in multi-drug resistant (MDR) Mycobacterium tuberculosis strains
that are characterized by showing resistance to the first line drugs
isoniazid and rifampicin.3 Furthermore, MDR M. tuberculosis strains
that are also resistant to fluoroquinolone and to an injectable
second-line antibiotic are classified as extensively drug resistant
(XDR).4 Whereas first line drugs such as isoniazid, rifampicin,

% Department of Chemistry, Durham University, South Road, Durham DH1 3LE,
United Kingdom

b‘Skilas, Cheminformatics, Cambridge, UK.

© Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, CB2 1EZ,
United Kingdom.

* Universite Lille, CNRS, Institute Pasteur de Lille, U1019- UMR8204 = CIIL, F-59000
Lille, France.

¢ Universite Lille, Inserm, Institut Pasteur de Lille, U1177 - Drugs and Molecules for
living Systems, F-59000 Lille

f Department of Biosciences, Durham University, Durham DH1 3LE, United
Kingdom

9 Biophysical Sciences Institute, Durham University, Durham DH1 3LE, United
Kingdom

tCurrent address: Northern Institute for Cancer Research, Paul O’Gorman Building,

Medical School, Newcastle University, Framlington Place, Newcastle Upon Tyne,

NE2 4HH, United Kingdom.

Electronic Supplementary Information (ESI) available: [Computational and

experimental detail, list of compounds, crystallographic data]. See

DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

pyrazinamide and ethambutol - all developed and in use since the
1950s and 60s — have been and still are very successful in the DOTS
(Directly Observed Treatment Short-course) strategy introduced in
the 1990s, infections with MDR and XDR TB require much more
extensive treatment with second-line antibiotics including
fluoroquinolones, D-cycloserine, ethionamide or other antibiotics
for 2-4 years. These drugs, however, are generally less effective and
show more often serious side effects.’ For all of these reasons there
have been renewed efforts in pharmaceutical industry and public
research institutes to discover and develop new antibiotics.® While
target and structure-based approaches such as the Tuberculosis
Structural Genomics Consortium (TBSGC, htttp://www.webtb.org)
have contributed great functional knowledge and structural detail
about key proteins and their interaction partners,7‘8 high-
throughput assays based on whole-cells have in general been more
successful in identifying promising lead compounds.9 Combining all
efforts has led to more than a dozen compounds, either based on
known drugs or in some cases new chemical entities that are
currently in clinical trials.?* However, in spite of these
encouraging recent advances there is an urgent need to optimize
existing treatments and develop novel therapeutics.s’6 One
promising strategy developed over the last years focuses on the
transcriptional regulator EthR, a member of the TetR family
involved in ethionamide resistance in M. tuberculosis."*"
Ethionamide is administered as a pro-drug, which is converted into
its active NAD adduct inside the mycobacteria by the Bayer-Villiger
monooxygenase EthA. The NAD-adducts inhibit the 2-trans-enoyl-
acyl carrier protein reductase InhA (Fig. 1), thus interfering with
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mycolic acid synthesis essential to maintain the pathogen’s cell
wall.*
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Fig. 1: Schematic drawing showing the action of the transcriptional
regulator EthR on the etha gene. When bound to DNA EthR limits
the expression of EthA which is responsible for the bioactivation of
the prodrug forming the active ethionamide-NAD adducts. These
adducts inhibit the 2-trans-enoyl-acyl carrier protein InhA.

Based on the discovery that the transcriptional regulator EthR limits
the expression of EthA, and inhibiting the regulator increases the
drug action, EthR has been validated as a suitable target for the
development of compounds that boost the in vitro and in vivo
efficacy of ethionamide.’® The crystal structures of EthR solved in
2004, fortuitously both in ligand-bound form, adopt an inactive
conformation where the DNA-binding domains are orientated such
to be incompatible to DNA recognition.ls’17 Consecutive structure-
based design studies taking advantage of the hydrophobic binding
pocket led to a series of 1,2,4-oxadiazole inhibitors™®*° while high-
throughput screening resulted in the discovery of N-phenoxy
acetamide derivatives.”® In addition, fragment-based approaches
were also applied, and through growing, merging and linking
strategies led to low nanomolar affinity ligands of EthR and low
nanomolar boosters of ethionamide activity in vitro.”*  Moreover,
Nikiforov et al. showed that hydrophobic piperidinyl amide
compounds, which were able to inhibit the repressor, filled the
entire binding pocket.22

In order to take advantage of the wealth of information hidden in
the multiple crystal structures of EthR published so far, a high-
throughput in-silico screening strategy was employed starting with
the ZINC database of available chemical compounds.24 In the past,
ensemble docking has been suggested where each compound is
computationally docked in the different protein conformations,
which can either be derived from a number of crystal structures or
— albeit less successfully - by molecular dynamics simulation.”?®
However, firstly the computational costs of this method scales with
the number of structures and therefore quickly becomes unfeasible,
and secondly compounds are docked into potentially very similar
target structures producing a large amount of redundant results.
Therefore, a target-specific decoy set of molecules was developed
to select the most suitable EthR crystal structure available in the
PDB and to optimize the virtual screening parameters. In addition, a
pre-docking protocol tailored to the unique requirements of the
protein target was created using the pipeline software KNIME,
which reduced the number of compounds in the drug-like subset of
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the ZINC database for virtual screening. After high-throughput
docking using GOLD,27 further detailed post-screening filtering -
tailored to identify new chemical scaffolds with good starting
physiochemical properties for development - resulted in a set of
284 compounds, further reduced to 85 potential hits for biophysical
analysis by careful manual inspection. Protein-ligand binding was
measured by thermal shift assay with 20% of virtual screening hits
showing a significant increase of thermal protein stability. The co-
crystal structures of four compounds, three of which comprise new
chemical entities for EthR inhibition, were determined to
resolutions ranging from 1.4 to 2.1 A. These structures showed that
in all cases the ligand causes the protein to adopt its inactive
conformation, confirming the inhibition mechanism. Furthermore,
detailed analysis of bound compounds led to the identification of
certain essential binding motifs and allowed a direct comparison of
computational docking poses and experimental binding mode.
These results represent the starting point for further lead
development of tuberculosis booster drugs.

Results

Virtual Screening Optimised for EthR - At the time the project was
started, 12 co-crystal structures of EthR were available in PDB,28 all
crystallised in the inactive conformation incompatible with DNA

. 15417,29-31
binding.

Despite close similarities in protein arrangement in
the crystal structures (RMSDs of all Ca-atoms in each monomer
ranging from 0.2-0.4), distinct differences can be observed in the

exact ligand positions as shown in Fig. 2.

Fig. 2: Superposition of the EthR co-crystal structures used in this
study shown in grey and the different ligands shown as CPK model
with each color representing one independent structure. Note that
the left-hand side monomer was used to calculate the
transformation matrix applied to the EthR dimer.

Cross-docking was performed to identify the most suitable receptor
structure. All co-crystallised synthetic ligands were docked into all
available crystal structures. It is noteworthy that in one case (PDB:

This journal is © The Royal Society of Chemistry 20xx
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1U9N) the key residue Asn179, which forms a highly conserved
hydrogen bond to the ligands, needed to be manually curated into
its correct hydrogen bonding pattern. The 25 genetic algorithm runs
using 1U9N resulted in 150 correct solutions compared to as few as
less than ten in other cases. Consequently, coordinates from this
crystal structure were chosen for the virtual screening.

Compounds were sourced from the Drugs Now subset of the ZINC
database, a free resource of commercially available chemical
compounds comprising of 6.06 million compounds (as of 2014 when
work was undertaken).24 For all compounds in the subset, twenty
chemical and physicochemical descriptors were calculated (Fig. 3)
of which several were used for pre-docking filtering using the
KNIME pipeline software,32 the boundaries of which were based on
the detailed knowledge of the binding pocket. The most stringent
filter, excluding approximately 50% of all compounds, restricted the
compound volume to 200-700 A2 This decision was taken in spite of
the fact that the binding pocket extends up to 1100 A% in 1U9N to
focus on smaller, more varied scaffolds which could be devolved
and further modified in the downstream medicinal chemistry
efforts. Overall pre-docking filtering reduced the ligand set down to
approximately 1.3 million compounds (Fig. 3).

a)
MOLECULAR
INPUT —> CALCULATE —> VOLUME > B;::xz::ffg‘ﬂs —
200 -700 A
< 6 ROTATABLE
“—> CALCULATE —> BONDS p— >1 RINGS R
MOLECULAR
“—> CALCULATE —> ALOGP <3 — WEIGHT —> OUTPUT
190 - 400 Da
b) Calculated Properties

Molecular Volume | Molecular Weight | # Rings (Any Type)
# Methyl Groups # Hydrogen Bond Donors # Halide Atoms
# Hydrogen Bond Acceptors Total Polar Surface Area (TPSA)
# Keto Moieties  # Ester Groups  # Sulphonyl Groups
# Hydroxyl Groups # Sulphide Groups = # Thiol Groups
# Fluorine Atoms Rotatable Bonds AlogP

# Lipinski Violations # Thioester Groups

Fig. 3: Panel a) shows a schematic of the KNIME pipeline used to
pre-filter compounds for docking. Red boxes indicated input/output
nodes; green boxes represent calculation nodes; orange boxes
denote filter nodes with the parameters shown. Panel b) shows the
chemical descriptors calculated upon the Drugs Now subset, some
of which were used in pre- and/or post-docking filtering as
described in the materials and methods section.

This journal is © The Royal Society of Chemistry 20xx

Rhodanines, a class of compounds previously identified as pan-
assay interference (PAINs) compounds that are well known for
producing false-positives in drug discovery attempts,33 were
removed and remaining structures were sorted into 23 groups
according to chemical ring-system types (see Sl: Figure S1 and Table
S1). Since the resulting cluster sizes range from 8,805 (thiadiazoles)
to 240,174 (pyrroles), a varying percentage from each cluster was
taken forward to maintain chemical diversity. The final compound
cohort for virtual screening comprised of 409,201 structures.

Parameters for virtual docking were optimized by constructing a
decoy set of compounds structurally similar to one of the most
efficacious inhibitors (BDM41906), chosen because crystal
structures of this compound alone and in complex with EthR have
been previously determined.”®*® A KNIME pipeline was used to
select 350 compounds from the ZINC database and create a decoy
set, applying a set of physicochemical parameters including
molecular weight and IogP,"’4 with the set used to systematically
test the docking parameters for screening. The best results as
measured by highest enrichment of the known ligands within the
decoy set of 350 compounds were obtained using default genetic
algorithm parameters implemented in GOLD for 10 runs, maximum
ligand flexibility and employing the empirical ChemPLP scoring

.35
function.

Using the decoy data set, the search efficiency in GOLD
could be reduced to 20% with a modest search space of radius 10 A,
while generating a diverse population of five resultant poses per
ligand. The decoy set of 350 molecules seeded with 9 known actives
under these conditions gave enrichment factors of 4.0 - 4.4 at a

10% cut-off.

All optimisation experiments were performed on a four processor
Intel Xeon Desktop, however for expediency, the virtual screening
itself was conducted on the Darwin Supercomputer at the
University of Cambridge High Performance Computing facility. With
409,201 potential ligands in the library and only six compounds that
failed to generate any docking results, 2,045,975 poses were
obtained.

Selection of Virtual Screening Hits — The highest scoring pose for
each chemical entity was used, and further only the top scoring 10%
of solutions were carried forward. All descriptors calculated by
KNIME in pre-filtering were carried forward through screening into
post-docking filtering. In addition, novel descriptors were
specifically defined for this binding pocket, such as a requirement
for a chemically reasonable hydrogen bond geometry with a
hydrogen bond angle of > 120° (based on the co-crystal structure
between the ligand and Asnl179 as seen for example in PDB entry
3G1M). Additionally, parameters of the scoring function such as
clash and torsion terms were used to filter ligands. The range for
each of the ten parameters used to filter all binding poses of the
40,919 compounds are summarized in Table 1. This process
resulted in 284 potential ligands, further evaluated using interactive
graphics and MOGUL, which uses information from the Cambridge
Structural Database (CSD) to assess ligand geometries.36 Binding
poses with highly unusual or unlikely torsion angle and ring
geometries were manually removed from the hit set intended for

J. Name., 2013, 00, 1-3 | 3
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biophysical screening. In addition, chemically similar hits were
removed in order to reduce redundancies. These steps resulted in
85 commercially available compounds. The example shown in Fig. 4
exhibits chemically reasonable ligand geometry and exemplifies key
interactions of the ligands with the hydrophobic pocket lined by
Phel10, Phel14, Trp138 and Phel84. In addition, the binding poses
also show the possible hydrogen bond with the side chain of
Asnl79. The 85 hits were carried forward to biophysical
characterization.

Table 1: Details of the parameters used in post-docking filtering to
derive 284 poses for manual inspection.

Parameter Range No. of
ligands

CHEMPLP score 10% 40919

Number of hydrogen bonds with 1-6 21949

angle > 120°

Total polar surface area 75A*-110 | 15033

AZ

AlogP -3-1 5390

Number of hydrogen bonds formed 1-7 25941

protein:ligand

Occluded donor atoms 0-1 33603

Occluded polar atoms 0-1 33221

Ligand clash count 0-14 32399

CHEMPLP ligand torsion score 0.027-3.0 | 28248

CHEMPLP ligand clash score 0-20 31950

Internal energy correction 0-3.0 20529

1L
¥
AL

= 4NN
A J "\

Fig. 4: Close-up of the ligand binding pocket with the protein shown
in a grey ribbon representation and compound 64 shown in stick
representation. Key residues are labelled.

Identification of Biophysical Hits by Thermal Shift Assay -
Compounds were sourced from companies ChemBridge, Enamine

4| J. Name., 2012, 00, 1-3
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and Ambinter. All compounds were quality-checked by LC-MS and
or NMR by the company at >95% purity. The complete list is given in
the ESI. Analytical data (LC-MS/NMR) for the twenty top
compounds summarized in Table 2 is also presented in the ESI.

Thermal shift assays, also known as Differential Scanning
Fluorimetry (DSF) or Thermofluor® assay have been widely used as
a fast and easy initial biophysical test to verify protein-ligand
binding.37'39 In almost all cases, ligand binding to a protein target
causes an increase in thermal stability, although in some cases a
decrease has also been observed.* Importantly, TSAs have been
employed successfully to identify EthR inhibitors from high-
throughput screens®® and to verify EthR-ligand binding of designed

22,40
compounds.

TSAs were performed on all 85 available
compounds using an optimized protocol in a 96-well-plate format
(for a complete list see the Sl table S2). A typical example of an
experimental melting curve is shown in Fig. 5a where the addition
of 80 uM of compound 25 leads to a melting temperature (T,,) of 66
°C, which represents a remarkable increase of 9.2°C indicating
strong binding. Furthermore, the concentration-dependent change
of T, in particular supports the notion of a specific protein-ligand
interaction (Fig. 5b). In summary, while one compound was
responsible for a decrease of T,,, 19 out of 85 compounds cause a
significant increase in T,,. Table 2 lists the T,, of each hit.

a)
12
well_37, T:66.0,
1.0
208| oenen,,,
G | TT%ee,,
TS
O
=~
8
£ 04
s
0.2
0.0
20 30 40 50 60 70 80 90 100
Temperature (" C)
b) 10
s
O
<
& -
£
&
g,
S
=
o
@
Q,
“E’ || ‘H H H
g I
"Hlln LA L IID ||n|.u||u HI |n

. 3 4101517 25 314248505657 58 60 64 72 74 80 84 85
Compound

Fig. 5: Thermal shift assays. Panel a) shows a representative
example of the experimental fluorescence signal with compound 25
shown in blue, the first derivative in green and the T, as a red line.
Data were analysed using the program NAMI developed in-house®®.
b) Concentration dependent-thermal shifts of the best 20

This journal is © The Royal Society of Chemistry 20xx



http://dx.doi.org/10.1039/c7ob00910k

ganic & Biomolecular Chemistry

Journal Name ARTICLE

compounds at concentrations of 400, 320, 160 and 80 pM, | 25 9.2
respectively, depicted from left to right in dark green to light green. \/\/n N
Note, that 85 led to a decrease in thermal stability. \ﬂ/
[¢]
31 o] 0.7
Table 2. Chemical structures and melting temperature of the 20 o "
potential leads identified by TSAs. <
5 NH,
o No | Structure AT, &
8 re
S 42 | HN__O 0.8
~ 3 /\ 1.4
o (0] o}
N
=
g
3 N
c
]
P =
& N o CH,
5 N O,
5 N H o
> N W
5 \
g N/
= 48 \N 06
)
: v AL
8 N
o N
ey NZ N ° /\
N N
% NN A
8 Ne~
=
g HNT S0 .
a 50 o 0.6
- +
5 74 | =N
é 10 OH 2.0 HN
3 H ©
% N\N \N/N
B
7 O \W/
E T
T 2
J 56 O NN 0.8
|
O A
15 35 o N c
H (¢]
Xy N7 5
N\ 4 O oH 57 r 6.3
(0]
_O'+N\\O
17 /QS 0.6 g N oH
HN
HO
(@] O/N-»:O
(0]
|

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00,1-3 | 5


http://dx.doi.org/10.1039/c7ob00910k

Organic & Biomolecular Chemistry Page 6 of 13

View Article Online
DOI: 10.1039/C70B00910K

Published on 01 November 2017. Downloaded by Durham University Library on 09/11/2017 16:35:34.

0.8

58 o
/@/oMN "
N
F % >:O
o” N

60 O/\ 6.3

o

N

|\ =

HN N~
o (o}

64 (e} 1.3
\/OQkNﬂ HN—N
K/N \\
o
72 o™ 05
N\W o o
[ I N\)ko
o o
74 0 0.4
NH
N
° o;\N/\
N_ O
o
80 o 3.5
/
N
I
NH
HN/&O
7
> _N
84 0 .0 1.5

6 | J. Name., 2012, 00, 1-3

85 | o -16
P )N H
N\N>_>_/ >
HO

Growth Inhibition Assays Confirm Several Hits as ETH Boosters —
Fifteen of the best hit compounds were tested in a growth
inhibition assay based on fluorescent GFP M. tuberculosis H37Rv
strains.?? Boosting activity in the presence of ETH at 0.1 ug/mL
(approximately 20 times lower than the MIC of ETH alone) was
assessed, with seven compounds demonstrating some boosting
effect (table 3). The identified boosters include compound 42 and
compound 25 for which we have solved the co-crystal structures.

Table 3: Summary of the growth inhibition of M. tuberculosis HR37v
GFP strains.

No of compound | ECs, [uM] | No of compound | ECg, [uM]

3 n/a 48 34
4 n/a 50 >90
10 n/a 57 n/a
15 >90 60 >90
25 0.76 64 n/a
31 n/a 72 n/a
42 >90 84 >90
48 34 85 n/a
50 >90

Crystal Structures of EthR with Novel Ligands - Crystallization
experiments were performed with the 20 compounds identified
through the TSA screen to determine the exact binding mode and
verify the mechanism of EthR binding and inhibition. Four co-crystal
structures at high resolution ranging from 1.4-2.1 A are presented
here (see S| Table S3 for crystallographic data). As expected all
crystal structures show the same overall fold of the EthR-
homodimer in the inactive conformation with RMSDs of all Co-
atoms in one protein monomer ranging from 0.2-0.3 A. As in all
previous co-crystal structure determined so far, ligand binding
appears to lock the protein structure in a conformation where the
putative DNA-recognition helices are in a relative orientation that
makes their binding to the major groove as seen in other members
of the TetR family physically impossible.13

Structure of EthR with compound 25 — The structure of EthR with N-
butyl-4-methyl-1-piperidine carboxamide was determined at a
resolution of 1.4 A (Fig. 6a), which represents the highest resolution
for any EthR-ligand complex reported so far. However, this

This journal is © The Royal Society of Chemistry 20xx
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structure represents a serendipitous crystallization event since after
solving the crystal structure it was discovered that this compound
was ordered/delivered by mistake and represents a much smaller
piperidine than originally planned. In fact, with a molecular weight
of 193 g/mol this compound would have been excluded in the initial
pre-screening filtering. Nevertheless, the compound contains the
same basic building blocks and retains the key protein-ligand
interactions, namely the hydrogen bond to Asn179 (2.8 A), a second
hydrogen bond to Asn176 (2.8 A) and hydrophobic interactions with
Phel10 and Trpl45. Importantly, the carboxamide-piperidine
moiety occupies the same position as in the EthR-co-crystal
structure of compound BDM31369 (PDB entry 3Q0V). These results
show that compound 25 represents an ideal starting point for a
fragment-growing approach to hit optimization.

Structure of EthR with compound 10 - The second compound co-
crystallised with EthR, represents a novel scaffold with a central
carbonyl function flanked by a substituted 1,2-oxazole moiety and a
substituted 1H, 4H, 5H, 6H-pyrrolo group. The structure was also
determined at very high resolution showing unambiguously that
this comparatively large ligand can adopt two distinct orientations,
each with the occupancy of 50% in the binding site (Fig. 6b). The
orientation shown in blue (A) maintains the key hydrogen bond to
Asnl179 whereas in the second position (B) shown in yellow the
carbonyl-function of the ligand forms a hydrogen bond to Thr149.
Surprisingly, no other potential hydrogen bond donor/acceptor of
the ligand is involved in protein-ligand interactions and there is no
space for any both
crystallographic binding modes appear to be dominated by
hydrophobic interactions. In orientation A the aliphatic chain of the

water-mediated contacts. Instead

5-propyl-1,2-oxazole is perfectly located in the hydrophobic end of
the binding pocket composed of residues Leul83, Phel84 and
Trp138. In contrast, the key interaction in orientation B appears to
involve hydrophobic stacking of the pyrrolo ring system with
Phel10. In summary, the crystal structure shows the promiscuity of
the EthR binding pocket able to accommodate multiple ligand
binding poses.

a) /‘\ ‘ -'\ ‘ 4

,}W

\
Phe184 \ f q\
PENP UL
b - Phe114 NV - N i
oy T\Met142\\" Phell
| = -
Trp138. »
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Fig. 6: Panel a) Close-up of the ligand binding pocket of EthR shown
in grey ribbon representation co-crystallised with compound 25

\/—4,

Met142' Phellﬁ

with Carbon bonds shown in magenta, nitrogen in blue, oxygen in
red. b) Close-up of the ligand-binding pocket of EthR co-crystallised
with compound 10. The two binding modes are depicted in blue
and yellow, respectively.

Structure of EthR with compound 42 — The structure of EthR in
complex  with  1-(3-{5-[(1R,2R)-2-methylcyclopropyl]
yl}propanoyl)piperidine-4-carbox-amide was solved to a resolution

furan-2-

of 1.95 A (Fig. 7a). This ligand represents the second novel chemical
scaffold. It is noteworthy that the carbonyl group of the linker does
not form a hydrogen bond to either Asn176 or Asn179 as one may
have expected. Presumably this is due to the relatively long linker
region combined with two ring systems in the hydrophobic pocket.
In this position the furan ring maintains an optimal position for
hydrophobic stacking with Phell0 while the 2-
methylcyclopropyl ring is surrounded by Phell4, Leul83, and
Phel84 respectively. This particular binding mode underlines the

contacts

importance of hydrophobic interactions that can compensate for
the cost of losing one hydrogen bond. In addition, this structure
reveals quite important side chain flexibility upon ligand binding
presumably by an induced fit mechanism.”*

Structure of EthR with compound 57 — The structure of EthR in
complex with N-[(2R)-2-hydroxy-2-(4-nitrophenyl) ethyl]-2H-1,3-
benzodioxole-5-carboxamide was determined at a resolution of 2.1
A (Fig. 7b). This compound induces a particularly high and strongly
concentration-dependent thermostabilisation of EthR. The ligand
forms a number of specific hydrogen bonds, which include residues
Thr149 and Asn176 via its alcohol oxygen in the linker region, and
carbonyl function. The 1,3-
benzodioxole moiety of the ligand is located as expected in the
hydrophobic deep end of the binding site with VdW contacts to the
hydrophobic side chains of residues Leul83, Phel84, and Phell4,
respectively.

Asnl79 via the carboxamide

J. Name., 2013, 00, 1-3 | 7
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Fig. 7: a) Close-up of the ligand-binding pocket of EthR co-
crystallised with compound 42. Phel84 is observable in two

b)

orientations in the electron density, both are modelled and shown
in green. b) Close-up of the ligand-binding pocket of EthR co-
crystallised with compound 57.

Taken together the four crystal structures presented here reveal
the crucial binding motifs of ligands, provide important information
about the flexibility of the binding pocket and provide the basis of
ligand optimization based on new chemical scaffolds.

Discussions

Since the early 1980s structure-based drug discovery and design has
become an important tool in pharmaceutical and academic

. f . 42-44
research institutions.

For more and more pharmaceutical
targets, structural information at atomic resolution based on one or
— increasingly - several X-ray crystal structures are now available.
The ever-growing number of relevant PDB entries has been greatly
supported by the various structural genomics endeavours that had
drug discovery and design at the core of their aims.” The
development of efficient and practical methods to optimally exploit
the wealth of structural information is therefore crucial. In this
work we present a computational strategy for filtering the 6.06
million compounds in the DrugsNow subset of the ZINC database to
obtain a chemically diverse set of 409,201 compounds tailored to
the transcriptional regulator EthR. After selecting the most suitable
protein crystal structure by employing a cross-docking experiment
with a decoy data set, all compounds were docked into the binding
site. It is noteworthy that one of the original crystal structures
fortuitously co-crystallised with hexadecyl octanoate proved most
receptive to docking presumable due to the fact the binding site
geometry is not biased through an induced fit by an unnatural
ligand. Remarkably only six compounds failed to produce any
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computationally feasible binding pose validating the pro-docking
filtering strategy. A careful post-docking filtering, which included
clustering the results into 23 different ring chemistries to ensure
diversity, a shortlist of 284 compounds with five binding poses each
was obtained. A visual analysis of all binding poses and ligand
geometries was used in combination with an automatic pipeline
implementing interactive graphics and tools of GOLDMine, which
led to a final subset of 85 potential ligands. These in silico hits were
then evaluated for their capacity to interact with EthR. Twenty
compounds produced a significant shift in thermal protein stability,
which provides clear evidence of their binding to EthR B As
docking scores and binding assays generally show poor correlation,
the straightforward biophysical characterisation of all compounds
by thermal shift assays proved essential.

The co-crystal structures of these four compounds confirm the
mode of action. Binding of the inhibitor locks the EthR dimer into a
conformation that is incompatible with DNA binding of the two
putative DNA-recognition helices in the major grooves of the DNA
operator. In addition, the high-resolution structures of these new
chemical scaffolds can be evaluated in the light of the docking
results, which now suggest new directions for the consecutive
medicinal chemistry approach.

Compound 10 — This compound clearly adopts two distinct binding
modes in the crystal structure as described above. Overall both
binding modes correspond approximately to two of the predicted
docking poses. Our more detailed comparison shows that binding
pose 1 is more closely related to the crystallographic mode A with
the same hydrogen bonding pattern, whereas 3 and 4 closely
resemble the second crystallographic position (Fig. 8). These results
clearly suggest that the scoring function alone is not a sensitive
predictor of the best binding mode, but that the multiple poses
obtained by the GA docking algorithm may indicate promiscuity in
the pocket. Furthermore, the docking poses show that there is
additional free space in the binding pocket, which opens an obvious
perspective for further evolution of this ligand. Standard O-
alkylation of the free alcohol function could advantageously
complete the structure with a methyl, ethyl or isopropyl group,
filling the hydrophobic space of the binding pocket while
maintaining the key hydrogen bond to Asnl79 revealed by the
crystallographic binding mode 2. Extending the size on this side of
the ligand is very likely to render binding mode B energetically less
favourable.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8: Superposition of the top five binding poses of compound 10
(in green) with the two binding modes found in the crystal structure
depicted in a) blue and b) yellow respectively.

Compound 42 — In contrast to the previous ligand, compound 42
adopts a well-defined binding mode, however, somewhat
surprisingly, the carbonyl oxygen of the central amide linker does
not form a hydrogen bond to either Asn179 or Asn176 as predicted
by all of the binding poses and despite at least one ligand-protein
hydrogen bond being an important criteria the filtering process.
Docking scores are in the same range as seen for compound 10.

In the crystal structure the methylcyclopropyl group appears to fill
the hydrophobic end of the pocket as supported by four out of the
five binding modes (Fig. 9). In order to maintain these interactions
while enabling the hydrogen bond of the amide carbonyl oxygen to
Asnl79 (or Asnl176) the propanoyl linker needed to be shortened,
for instance by coupling the piperidine with the corresponding
activated acyl chloride.

This journal is © The Royal Society of Chemistry 20xx

View Article Online
DOI: 10.1059/C70B00910K

Fig. 9: Superposition of the best five binding poses of compound 42
(grey) with the binding mode in the crystal structure (magenta).

Compound 57 — This compound resulted in the highest shift in
melting temperature with a AT, of 6.3°C. Two of its binding poses
correspond to the position found in the crystal structure with pose
3 being almost identical (Fig. 10).

The 1,3-benzodioxole moiety seems to fill the hydrophobic end of
the binding pocket almost perfectly while the amide group is almost
co-planar to Phel10 providing optimal pi-stacking interactions. The
carbonyl amide and the free alcohol group of the linker form a
network of hydrogen bonds to Asn179, Asn176 and Thr149. It is
likely that these strong ligand-protein interactions are responsible
for the important thermostabilization of the complex as revealed by
thermal shift assays.

9

1 2 3 4 5

Fig. 10: Superposition of the best five binding poses of compound
57 (grey) with the binding mode in the crystal structure (green).

Biological Activity - Of the fifteen compounds tested five showed
modest boosting ability in addition to their in-vitro binding. One
compound, No. 48 demonstrated a promising ECs, value of 34 uM,
while No. 25 resulted in an ECsy value of 760 nM. Compound 25 is
of particular interest due to its relatively small size which makes it
very amenable for elaboration in a medicinal chemistry program.
Though not identified by the original virtual screening process, this
compound was subject to the same vigorous biophysical, structural
and biological tests and immediately recognized to be a perfect
starting point for further development. Comparing the results of
thermal shift assays and biological activity shows limited
correlation, presumably due to differing compound uptake by the
pathogen. This underlines again the importance of biological assays
early in the drug discovery pipeline but with such assays in hand,
the qualities of binding, penetrance and cellular activity can be
optimised in tandem.

Conclusions

In this work, we have developed a robust and versatile
strategy for in-silico hit discovery based on the ZINC database
and exploiting the wealth of information in multiple crystal
structures. Employing tailored pre- and post-docking filtering

J. Name., 2013, 00, 1-3 | 9
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pipelines that ensured high chemical diversity we identified 20
new potential candidates for hit optimization. Importantly, this
pipeline can easily be adapted to other cases where new
chemical scaffolds are required for structurally well-
characterized target proteins. Given the ever-increasing
number of high-resolution crystal structures in the PDB, this
approach will continue to become ever more important. In
addition, we determined four new co-crystal structures of
EthR-ligand complexes to resolution of up to 1.4 A, confirming
the inhibition mechanism through the opening of the DNA-
binding HTH jaw. The structures reveal the mode of ligand to
protein binding in atomic detail. Compound 25 presented a
relatively small molecule with a molecular weight of less than
200 Da and could thus serve as a perfect starting point for a
ligand-growing strategy. Compound 10 presented a dual
binding mode in the crystal structure highlighting the
challenges for rational drug design in the case of largely
hydrophobic pockets. Compounds 42 and 57 are probably the
most promising hits with well-defined binding modes, and in
the case of 57 exploiting all possible hydrogen bonds in the
binding pocket. Finally, biological assays demonstrated that
six compounds have a modest yet significant boosting effect,
allowing the future development of cell-penetrant, biologically
active EthR inhibitors.
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Three new chemical scaffolds for the inhibition of the transcriptional regulator
EthR from M. tuberculosis have been identified and verified by biophysical and
biological assays.
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