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ARTICLE INFO ABSTRACT

Keywords: The Mycobacterium tuberculosis EthR is a member of the TetR family of repressors, controlling the expression of
Tuberculosis EthA, a mono-oxygenase responsible for the bioactivation of the prodrug ethionamide. This protein was es-
Ethionamide

tablished as a promising therapeutic target against tuberculosis, allowing, when inhibited by a drug-like mo-
lecule, to boost the action of ethionamide. Dozens of EthR crystal structures have been solved in complex with
ligands. Herein, we disclose EthR structures in complex with 18 different small molecules and then performed in-
depth analysis on the complete set of EthR structures that provides insights on EthR-ligand interactions. The 81
molecules solved in complex with EthR show a large diversity of chemical structures that were split up into
several chemical clusters. Two of the most striking common points of EthR-ligand interactions are the quasi-
omnipresence of a hydrogen bond bridging compounds with Asn'”° and the high occurrence of 7-rt interactions
involving Phe''®. A systematic analysis of the protein-ligand contacts identified eight hot spot residues that
defined the basic structural features governing the binding mode of small molecules to EthR. Implications for the

X-ray crystallography
Binding interaction
Small molecule

Drug design

design of new potent inhibitors are discussed.

1. Introduction

Tuberculosis (TB) still represents one of the most important concern
for global public health. The situation is now more worrying with the
growing emergence of multidrug-resistant TB (MDR-TB); globally in
2016 MDR strains of Mycobacterium tuberculosis (Mtb) caused ca. 5% of
the new TB cases (490,000 cases) [1], whereas in 2000 this figure was
only 3.2% [2]. Our inability to control the outbreak is largely due to the
use of a drug regimen that generally requires patients to undergo
6-9 months of treatment with a combination of several first-line drugs
[3]. Although the recent approval of bedaquiline and delamanid, two
drugs preconized in cases of MDR-TB, the lack of new antitubercular
therapies over the last 50 years is also a cause of increasing concern
about the disease.

The discovery and the development of a new class of anti-TB drugs
is a long, arduous and expensive process, thereby greatly

* Corresponding authors.

circumscribing the rapid introduction of new anti-TB therapy. Hence,
for the last 5 decades only a few molecules have successfully entered
the TB clinical pipeline, and of course much less have reached the
market [4]. As an alternative to the search for new drugs, improving the
efficacy of existing drugs may thus represent an effective and pragmatic
choice.

Ethionamide (ETH), a second-line anti-TB drug essentially pre-
scribed for MDR infections, is a pro-drug requiring in vivo bio-activa-
tion to exert its inhibitory action on the 2-trans-enoyl reductase InhA,
an essential enzyme involved in the mycolic acid synthesis pathway [5].
Early experimental studies point to the Baeyer-Villiger monooxygenase
EthA as the mycobacterial enzyme mainly responsible for ETH bio-ac-
tivation [6-8]. Recently, another Baeyer-Villiger monooxygenase,
namely MymA (Rv3083), was found to take part in the activation of
ETH [9]. Furthermore, the oxydoreductase protein Rv0077c was re-
ported to play a role in the sensitivity of Mtb to ETH [10], possibly in
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conjunction with MymaA, EthA, or additional factors [11,12].

The transcriptional repressor EthR belongs to the tetracycline re-
pressor family of regulators (TFR) [13,14], that was named according to
the first-discovered member [15]. TFR is one of the most widely dis-
tributed families of transcriptional regulators in bacteria. Notably,
whereas 15 TFRs have been identified in Escherichia coli, as many as 51
are annotated in the Mtb genome [13]. EthR plays a key role in the
control of the ETH activity as it represses the expression of EthA, then
reducing the effectiveness of ETH [16]. Conversely, abolishing EthR
DNA-binding function with small molecules was shown to improve ETH
potency [17]. To date, an important number of EthR inhibitors were
described as boosters of the ETH activity in whole cell Mtb assays, as
well as in in vivo models of TB [18-23]. By allowing efficient therapy at
lower ETH concentration, this approach could drastically limit the side
effects of the treatment [17].

Hence, based on the ability of specific ligands to impede the inter-
action between EthR and its DNA operators, drug-like small molecules
have been designed and synthesized for a co-administration with ETH.
In this process, X-ray crystallography was instrumental in driving
fragment-based approaches and structure-guided drug design [20-27].
Many crystal structures of Mtb EthR have been therefore solved. Since
the three first crystal structures, determined in complex with two for-
tuitous ligands, one with two putative 1,4-dioxane molecules (PDB id
1T56 [28]) and the two others with a molecule identified as hexadecyl
octanoate (PDB ids 1U9N and 1U90 [29]), 62 other EthR structures
have been solved afterwards, most of them in complex with drug-like
molecules [17-27,30,31].

No systematic analysis of all available structural information on
EthR has yet been made, although there is much to be learned for
further drug design studies through such analysis. Here, we compared
and rationalized the observed interactions in crystal complex structures
between ligand molecules and EthR, with the aim of defining conserved
features and rules that may be useful for further drug design studies.
Furthermore, in addition to the EthR structures available, the present
study integrates 18 unpublished ligand-EthR co-crystals structures that
have driven our drug-design screening campaigns. Finally, to assess the
reliability of EthR structural data, an analysis of the goodness for the fit
of the ligand model to the observed electron density was also carried
out using different metrics.

2. Material and methods
2.1. EthR structural database

Fifty-six EthR crystal structures with the corresponding structure
factors were retrieved from Protein Data Bank [32], whereas nine other
structures in complex with ligands were directly obtained from authors
[25]. Eighteen unpublished EthR structures here solved in complex
with ligands were added to the database. In total, the EthR structural
database includes 83 crystal structures, which were denoted according
the PDB id when available otherwise according the ligand name found
in the associated publication. The structures are listed in the Supple-
mentary Table S1. Throughout our analysis, in case of amino acid re-
sidue or ligand molecule with alternate conformations, only the con-
formation A was considered. Similarly, in case of multiple protein
molecules in the asymmetric unit cell, only chain A and its bound ligand
was taken into account, except for the PDB id 5SMYM where only chain
B contains a ligand molecule. Water molecules present in crystal
structures were not considered in the analysis. Finally, ligand in the
PDB id 1U90 was not analyzed due to the lack of atomic coordinates.

2.2. Ligand structure analysis
Physico-chemical properties of small ligands bound to EthR were

computationally estimated by openBABEL2.4.1 [33]. The volume and
the sphericity were calculated with the “3 V” web tool [34]. To compare
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ligand molecules, their 2D structures were transformed to 1024-bit
molecular fingerprints by applying the Morgan algorithm with a radius
of two bonds in the open-source Python cheminformatics RDKit (http://
www.rdkit.org). The obtained fingerprints were pair-wisely compared
using the Jaccard/Tanimoto coefficients (Tc) as similarity metrics, i.e.
for two fingerprints F, and Fg, Tc = (F4 N Fg)/(F4 U Fp), where symbols
N and U are the algebraic intersection and union of non-zero bits, re-
spectively. The so-produced fingerprints approximate the extended-
connectivity circular fingerprints with a radius of four bonds (ECFP4
[35]) that were estimated among the best performing fingerprints [33].
Note also that the Tc was found as an excellent metrics when ranking
diverse small molecule structures [36]. The function hclust of the sta-
tistical package R (version 3.5.0) was further used to generate a hier-
archical agglomerative clustering using the Ward's minimum variance
method and using a measure of dissimilarity obtained by subtracting
the Tc score from 1. The resulting tree was displayed with FigTree
program [37] and with the heatmap.2 function of the R package.

2.3. Crystal structure determination of EthR in complex with ligand

EthR protein containing a N-terminal 6-His tag was produced in E.
coli via a pET-15b plasmid and purified as previously described [16].
EthR crystals were produced by the vapor diffusion method using
1.4-1.65M ammonium sulfate (using 0.05M increment), 15% (v/v)
glycerol and 100 mM MES pH 6.7, as crystallization buffer [29]. The
crystal complexes obtained with the 18 ligands were prepared by
mixing 1pl of ligand (33 mM in 100% DMSO) with 9l of purified
protein (9 mg/ml) and equilibrated for 30 min at room temperature
prior submitting to crystallization trials.

X-ray diffraction data were collected on a Pilatus 6 M detector using
synchrotron radiation at SLS-X06SA beamline (PSI, Switzerland). All
crystals belonged to the tetragonal space group P4;2;2 with Matthews
coefficient of ~2.4 (solvent content ~48.9%), implying one protein
molecule in the asymmetric unit. Diffraction data indexation was per-
formed with iMOSFLM [38]. Data collection statistics are summarized
in Table S2.

Structures were solved by molecular replacement using the pdb id
1USN [29] as search template, and MOLREP [39] as program. Structure
refinements were performed by iteratively cycling through REFMAC5
[40] and COOT [41]. Ligand geometry and stereochemical restraints
were generated using AceDRG [42]. The ligands were firstly auto-
matically modeled into the electron density using the FINDLIGAND tool
of the CCP4 software suite [43] and then manually adjusted during
refinements steps. Final refinement statistics are given in Table S3.
OMIT density maps were generated by removing ligand from the model,
then randomly shaking all coordinates by a small amount (between 0.0
and 0.3A) using the PDBSET program of CCP4 package and finally
running 20 cycles of refinement with REFMACS. Structure qualities
were assessed with MolProbity [44].

2.4. Structure analysis and binding interaction

The ligand binding cavity of EthR was defined using CASTp with a
probe radius of 1.4 A [45]. Dimeric structures were generated via the
PISA server [46] and distances between Helix-Turn-Helix (HTH) motifs
were measured between Ca atoms of the Tyr®? residue of each
monomer. Protein structure superimpositions were performed with
DaliLite [47]. Side chain displacements between EthR structures were
computed by superimposing Ca backbone atoms with DaliLite program
and by calculating the root-mean-square deviation (RMSD) on side
chain heavy atoms by:

n&
RMSD = |= > d?
Vni—l l

where the averaging was performed over the n pairs of equivalent side
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Fig. 1. Close-up views of the 18 new EthR complex structures. The protein is displayed in grayscale ribbon representation, with atoms in lines representation and
colors by element according CPK coloring scheme. Ligand are in sticks representation with carbon, nitrogen, oxygen, sulfur and fluorine in green, blue, red, yellow
and light blue, respectively. The compound name is indicated for each structure. The OMIT density map contoured at 1.5 o level (blue mesh) is represented within
2.0 A around ligand atoms. The pictures were drawn with PyMOL (2009-2014 Schrédinger, LLC, http://pymol.org).

chains atoms and d; is the distance between the two considered atoms in
the i-th pairs. For that purpose, and to ensure that comparison was
performed on equivalent atoms, the nomenclature of the side chain
heavy atoms was standardized over the EthR structure database. Side
chain conformations were clustered using the complete linkage clus-
tering in R package. Only large-scale side chain displacements, RMSD
value > 1.5 A, were considered for attributing changes in side chain
orientations. Ligand binding interactions were analyzed with BINANA
program [48] using structures in which hydrogen atoms were auto-
matically built using UCSF Chimera [49] and charges added using
AutoDockTools [50]. Structural images were drawn with UCSF Chimera
or with MolScript [51] and then rendered with Raster3D [52].

2.5. Quality of fit between ligand model and observed electron density

In order to evaluate whether electron density covers all ligand
atoms, EDSTATS was used to compute four density-based validation
metrics: the real-space R factor (RSR [53]), the real-space correlation
coefficient (RSCC [54]), the real-space Z-observed score (RSZO [55]),
and the real-space Z-difference score (RSZD [55]). Note that the con-
ventional RSR and RSCC metrics depend on both accuracy and preci-
sion of the structural model, whereas the RSZO or RSZD metrics are
only correlated to precision or accuracy, respectively [55]. The cut-off
values for considering a fit as valid were defined as RSR < 0.1,
RSCC > 0.9, RSZO > 2.0 and RSZD < 2.0.

3. Results and discussion
3.1. Eighteen new EthR complex structures

In recent years, we worked on the drug design of Mtb EthR in-
hibitors, for which X-ray crystallography was used as a high-throughput
tool to determine at atomic level the binding mode of selected ligands,
and thereby to guide further chemical modifications for optimizations
in binding potency. Crystal structure of 18 compounds from our pre-
vious drug-design screening campaigns were obtained in complex with
EthR (Tables S2 and S3). The resolution of these crystal structures,
ranging from 2.5 to 1.5 A, is high enough to identify the ligand or-
ientation and the binding interactions (Fig. 1).

3.2. EthR fold and dimeric configuration

Liganded EthR structures have been extensively described in many
publications [17-22,24-31]. EthR fold consists of nine a-helices, where
the second and the third N-terminal a-helices form the HTH DNA-
binding motif, whereas the last six a-helices at C-terminal compose the
ligand-binding domain (LBD) (Fig. S1). The vast majority of the struc-
tures (96%) were solved in the tetragonal space group P4,2;2 with one
protein molecule in the asymmetric unit cell. Only three structures
(PDB ids: 1U90, 3Q0V and 5MYM) were solved in other space groups,
in each case with one or two dimers in the unit cell. EthR dimer serves
as the minimal functional unit [16]. In all crystal structures, the two
HTH motifs of the EthR dimer, foreseen to bind to two consecutive
major grooves of the DNA operator, were systematically separated by a
distance > 34 A, the typical distance between two consecutive major
grooves of a B-form DNA.

Over the 83 EthR structures, the distance between the two HTH
motifs ranged from 40 to 48 A, with amean of 43.1 + 1.5A (Table S1).
This observation is not surprising, knowing that most of the 83 struc-
tures contain at least one small molecule in their LBD. Indeed, as a

common mechanism in the TetR family of transcriptional regulators,
the binding of a small molecule in the cavity of LBD triggers extra
spacing between the HTH motifs, responsible of their inability to bind
to the DNA operator [56]. Note that two structures (structures 3QPL
and 3TP3) do not contain any ligand in the cavity of LBD, but rather
enclose mutation G106 W that was found to cause effects similar as
ligands [57]. A wild-type EthR structure in unbound (apo) form has
been previously reported [25]. However, since the structural data are
not available, we could not analyze this structure in the present paper.

3.3. EthR ligand binding cavity: size, composition and hydrophobicity

The LBD cavity of EthR forms a long L-shape tunnel with a diameter
of ~6 A and a length of ~22 A (Fig. 2).Whereas the tunnel-like cavity
arbors two entrances in the monomer, one entrance is hidden by the
dimeric assembly. Therefore, ligands are presumed to enter into the
cavity by the entrance located farthest from the HTH motif, on the top
of the monomer (Fig. 1and Fig. S1). The mean cavity volume averaged
on the 83 EthR structures is 871 + 251 A (Table S1). This volume
varied greatly according to the bound ligand, ranging from 476 A® (apo
structures 3QPL/3TP3) to 1518 A® (structure Cmpd1). Indeed, a mod-
erate but significant correlation was observed between the molecular
volumes of ligands and cavities (Fig. 3; correlation coefficient of 0.58
with p-value of 1.0e-8), underlining the relationship between these two
parameters. This shows that the LBD of EthR has a high degree of
conformational plasticity by adjusting its cavity volume to accom-
modate ligands of different size.

Forty-three residues line the cavity at its biggest size (listed in the
legend of Fig. 2). These residues are distributed so as the hydrophilic
ones are predominantly at the two entrances of the tunnel-like cavity
while the hydrophobic residues are in the center. Noteworthy, the hy-
drophobic residues are not distributed homogeneously: one side of the
cavity is very hydrophobic, lining with Leu’®, Leu®”, Leu®®, Ile'?’,
Phe'!?, Phe''*, Leu'®”, Leu'®®, Phe'®* and Phe'®”, while another side,
delimited by residues Gly'°®, Thr'?!, Arg'?®, Tyr'*®, Thr'*°, Asn'7®,
Asn'”® and Glu'®®, shows intermediate hydrophobic or hydrophilic
features (according to Kyte-Doolittle scale, i.e. values in the range — 2
to 0 [58]) (Fig. 2). The putative entrance of the cavity located at the top
of LBD is lined by Ala®?, Pro®4, Ala®®, Asp®®, Thr®’, GIn'?®, val'®?
Arg"® and Arg'®!.

3.4. Chemical space of small molecules crystallized with EthR

Small molecules co-crystallized with EthR do not absolutely re-
present all the possible ligands of the protein. However, these are often
recognized as promising fragments or even lead compound for targeting
EthR. Indeed, except 1,4-dioxane (structure 1 T56) and hexadecyl oc-
tanoate (structures 1U9N and 1U90), all the other compounds were
selected for their ability to target EthR and their binding was measured
by biophysical techniques such as thermal-shift assay and/or surface
plasmon resonance (see Table S4). Therefore, the analysis of these
molecules can provide insight on EthR ligands, especially considering
the large number of complex structures available.

The 81 ligands were pair-wisely compared using circular Morgan
fingerprints and Tanimoto coefficient (Tc) as metrics. The distribution
of Tc scores over the 3240 comparisons indicated a large chemical di-
versity among EthR ligands (Fig. 4a). A Tc score of 0.4 is consistently
used as a similarity threshold with circular fingerprints. Here, the ob-
served mean Tc score (< Tc >) was 0.17 +/— 0.13 with only a few
scores (~6%) higher than 0.4.
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Fig. 2. Two 180-degree rotation front views of the EthR structure showing the molecular surface of ligand binding cavity colored according hydrophobicity scale. The
protein is displayed in sand-colored ribbon representation. The 43 residues lining the binding cavity, i.e. having at least one atom participating to the cavity surface,
are showed in sticks representation and labeled. There are Leu’®, Val’®, Val®®, Leu®’, Leu®, Ala®!, Asn®3, Pro®, Ala®®, Thr®”, Asp®®, Arg®®, Met!*2, Trp'%®, Thr'®,
G1y106’ 116107’ Pheuo, Pheu4, Vall20, Thrl2l’ G1y124, GInl?S, Arglzs, Vall34, L(_)11137’ Trp138, Met!42, Trp145, TerS, Thrl49, Va1152, Alalss, Glu's®, Arg159, Asnl76,
Asn'”?, Glu*®°, Arg'®?, Leu'®3, Phe'®*, Phe'®” and Trp®®”. The coloring scheme for amino acids is carbon in green, nitrogen in blue, oxygen in red and sulfur in yellow.
The cavity molecular surface is colored by amino acid Kyte-Doolittle hydrophobicity scale [58], with colors ranging from dodger blue (value of —4.5) for the most
hydrophilic to white at 0.0, to orange-red for the most hydrophobic residues (value of +4.5). The surface was computed with CASTp [45] and displayed with UCSF
Chimera [49]. The EthR structure Cmpd1 was taken to illustrate the ligand binding cavity because having the cavity with the highest molecular volume, i.e. 1518 A3

(see Table S1). Three other orientations of the picture are provided in Fig. S3.

Despite of a low overall structural similarity, 36 chemical clusters
were defined by a hierarchical clustering when the tree was cut at
a < Tc > higher than 0.48 (Fig. 4b). Note that the pattern of relation-
ship network between structures is more important than the number of
clusters, as another choice of cut-off will give a different quantity of
clusters but from the same clustering tree. Howbeit, structure clustering
clearly indicates a large chemical diversity within EthR ligands. The

1600 -

heatmap of the clustering tree is provided in Supplemental data (Fig.
S2).

Eighteen clusters contained only one member, while the most po-
pulated ones were clusters CC-17 and CC-23, with seven and eight
members, respectively (Figs. 4b and S4). Five of new structures pre-
sented in this paper were distant from structures previously solved,
forming the two clusters CC-3 (BDM35133 and BDM44719) and CC-18

Fig. 3. Correlation between ligand and cavity vo-

lumes in EthR structures. Plot of ligand volumes

obtained from 3V server [34], as a function of cavity

& volumes calculated using CASTp server [45]. For the
two structures of mutant G106 W (pdb ids 3QPL and
3TP3), the van der Waals volume of a Trp was con-
sidered, i.e. 163 A3 according [60]. In case of two or
three ligands in the cavity, the considered ligand
volume was doubled or tripled, respectively. The
Pearson's correlation coefficient and the p-value are
indicated.
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Fig. 4. (a) Distribution of Tc scores of small molecules found in EthR binding cavities. Tc scores from all-against-all comparison of the 81 ligands were used to
generate the histogram. Circular (Morgan) fingerprints were used for encoding chemical structures before comparisons (b) Hierarchical clustering tree of EthR
ligands (polar representation). The 36 chemical clusters defined using a cutting tree at 0.48 in < Tc > are labeled by CC-1 to CC-36 and the value

of < Tc > characterizing the cluster indicated.

(BDM44814, BDM44825 and BDM44847). The main feature of
BDM35133 and BDM44719 (CC-3) is the presence of a spir-
ochromanone and benzamide moieties. Both structures are almost
identical, the N-phenyl group in BDM35133 being substituted by an N-
benzyl group in BDM44719. As concern the CC-18 cluster, a benzamide
group is also present, here branched to a 3,3,3-trifluoropropyl group. In
addition, compounds BDM44825 and BDM44847 possess an azido or a
triazole group, respectively, at position 4 of the phenyl ring. Indeed,

CC-17 and CC-18 are structurally close, with the fragment BDM44814
as common scaffold. The rest of newly solved structures were supplying
clusters containing structures already published.

The EthR ligands showed a high degree of disparity in term of size
and molecular weight (Fig. S4 and Table S5). Although primarily hy-
drophobic in nature with clogP > 0 (mean value 3.6 *= 1.3), most li-
gands contain several polar atoms giving a significant polar surface area
(PSA) of ~87 A? on average. Furthermore, ligands comprise on average
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Fig. 5. Phe'®* side chain displacements in
EthR binding cavity. (a) Heatmap and hier-
archical clustering of Phe'®* side chain dis-
placements. The conformations of the
Phe'® side chain were pair-wisely com-
pared over the 83 EthR structures by cal-
culating RMSD values. Conformations were
clustered using hierarchical clustering and
the obtained dendrogram is displayed at the
top and at the left of heatmap. The structure
labels are shown at the bottom and at the
right of the heatmap. RMSD values are co-
lored from red (low ~0 &) to yellow (high
~3A). Color key and RMSD histogram are
shown at the left-top. (b) Stick representa-
tion showing the three different conforma-
tions for the Phe'®* side chain: the “open”,
“close” and “intermediate” orientations are
depicted with carbon atoms in green, ma-
genta and orange, respectively. The three
conformations were taken from structures
1U9N (open), 1T56 (close) and 4DW6 (in-
termediate). The two orientations for the
pair of side chains Phe'*!/Trp'*® are de-
picted with carbons in green (structure
1U9N) and cyan (structure 3TP3). Protein
structure is shown in light gray ribbon.
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Fig. 6. Hot spots in EthR binding cavity. Two views, (a)-(b) and (c)-(d), of the 8 EthR hotspots are represented. In order to locate the binding cavity, a ligand molecule
(BDM44825) is depicted in stick representation with carbon, nitrogen, oxygen and fluorine in magenta, blue red and yellow, respectively. The side chains of hotspots
are labeled and depicted in sticks representation with carbon in green. The hot spots are showed by spheres colored in red, orange, cyan, yellow and gray for Phe''°,
Gly'®, Asn'76/Asn'7®, Trp'%3/Trp'38/Tyr'*® and Thr'*°, respectively. On the left part (a) and (c), both side chains and hotspot spheres are displayed, while only
hotspots are displayed on the right part (b) and (d). Mean distance between hot spots is indicated with standard deviation in parentheses.

four hydrogen bond acceptors and one donor (Table S5). Hence, the by pair-wisely computing RMSD over side chain atoms after structure
combination of hydrophobic and hydrophilic parts in ligands was in backbone superimposition. Globally, side chains of the binding cavity
agreement with the quasi-amphiphilic character of the binding cavity appeared to adopt same conformations in EthR complex structures.
(see Fig. 2). Only five residues exhibited large-scale movements of RMSD > 1.5A,
namely Met!%?, Trp'®8, Phe'*!, Trp'*> and Phe!®* (Fig. 5 and Fig. S5).

3.5. Side chain displacements in EthR binding cavity The Phe'®* side chain adopts two distinct conformations, denoted
“open” and “close”, with an intermediate state found only in 4DW6

The displacements of side chains in the EthR cavity were examined structure (Fig. 5). Indeed, the flipping movement of the Phe'® side
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chain from “close” conformation leads to the extension of the cavity and
generally causes a second entry point, as seen in 1U9N (Fig. S1d). This
flipping movement is likely due to the presence of a long ligand
(structures 1U9N, 1U90, 308H, 5FOC, 5F04, 5F27, 5EZG, SEZH,
Cmpd5, Cmpd6, Cmpd7, Cmpd8, Cmpd9, 5NIZ, 5SMYM, 5MNO, 510Z,
5J1R, 5MXK, 3Q3S, BDM41848); with sphericity generally < 0.8, or
when a second ligand molecule binds precisely to the second entry
point site (structures Cmpdl, 5FJL, 5I0Y, 5IPA) [25]. As mentioned
previously, the second entry point is hidden by the dimeric organiza-
tion, with the both second entry points nearly face to face (Fig. S1d).

The orientation of the pair of side chains Phe'*!/Trp'*® only differs
in four structures, in the mutated protein G106W (3QPL and 3TP3), and
in structures 5F04 and 5F27 (Fig. 5). Moreover, the side chain con-
formations of Met'®? and Trp'>® clustered in distinct groups (Fig. S5).
However, whereas movements of the Phe!® side chain can be figured
out, those of the four other side chains remain elusive.

3.6. Binding interactions and EthR hot spot residues

The binding interactions were analyzed for each ligand in the EthR
dataset (Table S6). A hydrogen bond with the side chain amide group of
Asn'”? is found in 88% of structures (71/81), while only 36% (29/81)
present a ligand hydrogen-bonded with the Asn'7® side chain. As the
ligands have generally between one and two aromatic rings (see Table
S4), one of the key binding characteristics of EthR is the recurring
presence of n-it interactions with one or several of the aromatic rings of
the cavity (Trp'°3, Phe''?, Phe''*, Trp'8, Tyr'*® and Trp?®”). Eighteen
residues make on average more than one atomic contact with the ligand
(listed in Table S6). Phe''® is by far the most implicated residue in
binding, with on average 16.6 contacts with ligand, then Asn'”®, Trp'®®
and Trp'*%, with on average 6.4, 4.6 and 4.1 contacts, respectively.

Using as criteria at least 3 contacts on average, eight residues were
defined as basic hot spots of EthR binding, namely Trp'®, Gly'®®,
Phe'*®, Trp'38, Tyr'*8, Thr'*°, Asn'”® and Asn'”°. In clear, since these
hot spots correspond to side chains commonly found in interaction with
small molecules or fragments, they define the core binding region of
EthR. The geometry and the distances between hot spots reveal a cavity
of near-rectangular shape, approximately 8A x 8A x 25 A, with aro-
matic side chains at both extremities, Trp'*® on one side and the other
side, Trp'®® and Tyr'*® (Fig. 6). The trio formed by the side chains
Phe''®, Asn'7® and Asn'”®, each separated with a distance of 7-8 A, is
located near the center of the binding cavity.

3.7. Ligand electron density fit validation

Finally, we assessed the reliability of structural data here analyzed.
Whereas metrics of global model quality, such as R-factors, were
broadly good, with a mean Rg.. of 0.226 over the 83 EthR crystal
structures, local measures for electron density quality were poor with
some modeled ligands. Four density-based validation metrics, namely
RSR, RSCC, RSZO and RSZD, were calculated to assess the fit to the
electron density for the set of ligand atoms (Table S7). Based on pre-
defined thresholds (see Material and Methods), several ligands matched
poorly to the density. In a correlated way, these ligands are also asso-
ciated with higher B-factors, with mean values generally > 70 A2,
Indeed, high B-factors, high RSR/RSZO, or low RSCC/RSZD may in-
dicate that ligand has been modeled incorrectly, but also that there
were a large amount of motion or positional averaging within the
crystal. Occupancy error could also be responsible for the weak corre-
lation between ligand model and observed electron density. Except four
structures in which ligands were modeled by two alternative con-
formations, each at half occupancy (see Table S7), all EthR ligands were
assumed a priori to bind at full occupancy in the crystal. However, these

BBA - Proteins and Proteomics 1867 (2019) 248-258

ligands, as all non-covalent ligands, are always subject to a binding
equilibrium, so that even high-affinity ligands may not fill the binding
site at 100% in the crystal. An occupancy refinement of ligands in the
crystal structure could be an option in the future [59].

From our analysis, 11 ligands in 9 structures present problematic
agreements between model and electron density, identified as those
having three local metrics outside thresholds (all illustrated in Fig. S6).
Fortunately, as no ligand has the four metrics non-valid, we worked
with the assumption that the EthR structural database is globally reli-
able. However, it can be stressed that a special attention should be
drawn to a perfect fit between modeled ligand and electron density
when solving a EthR complex crystal structure, or, to a general extent,
when solving any crystallographic complex structure.

4. Conclusions

Eighteen complex structures were solved, thereby increasing the
number of available EthR structures to 83. Ligands or chemical frag-
ments co-crystallized with EthR, 81 in total, presented a large set of
diverse structures that could be grouped in several distinct clusters by
comparing chemical structures. Even if ligands differ in their chemical
structures, they share common features. Most ligands have hydrophobic
and hydrophilic functions that seem to match well with the quasi-am-
phiphilic character of the EthR binding cavity. Furthermore, the dif-
ferent ligands showed binding modes with common interactions in term
of hydrogen bond and si-it interactions, defining hot spot side chains for
the EthR binding cavity. The correlation between observed molecular
volumes of cavity and ligand underlined the plasticity of the cavity that
can accommodate small molecules of different size, and with diverse
chemical properties.

Protein Data Bank accession codes

The experimental data and the coordinates of the refined crystal
structures were deposited to the RCSB Protein Data Bank under PDB
ids: 6HNX (BDM35133), 6HNZ (BDM41231), 6HOO (BDM41325),
6HO1 (BDM41974), 6HO2 (BDM43138), 6HO3 (BDM43265), 6HO4

(BDM44693), 6HOS5 (BDM44719), 6HO6 (BDM44725), 6HO7
(BDM44814), 6HO8 (BDM44815), 6HO9 (BDM44825), 6HOA
(BDM44830), 6HOB (BDM44831), 6HOC (BDM44847), 6HOD

(BDM44848), 6HOE (BDM44850) and 6HOF (BDM44852).
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