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Abstract

The binding site ‘of the second catalytic domain of human histone deacetylase 6
(HDACG6 CDII) has structural features that differ from the other human orthologues,
being also mainly responsible for the overall enzymatic activity of this isoform. Aiming
to identify new fragments as a possible novel selective zinc binding group (ZBG) for
HDACG6 CDII, two fragment libraries were designed: one library consisting of known
chelators and a second one using the fragments of the ZINC15 database. The most
promising fragments identified in a structure-based virtual screening of designed

libraries were further evaluated through molecular docking and molecular dynamics
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simulations. An interesting benzimidazole fragment was selected from the in silico
studies and presented as potential zing binding group for the development of novel
HDACS6 selective inhibitors.



Introduction

Epigenetic alterations such as DNA methylation and post-translational histone
acetylation are the most prevalent alterations of the genome. Histone Deacetylases
(HDAC) are essential in this process and therefore attractive biological targets(Pande
2016). Eleven zinc-dependent HDACs isoforms are expressed in humans, sharing a
highly conserved catalytic domain(de Ruijter et al. 2003). Among them, HDACS6 plays
a key role in a wide range of diseases, due to its unique structural features and
physiological functions (Batchu, Brijmohan, and Advani 2016). This histone
deacetylase is a major o-tubulin and cortactin deacetylase and therefore playing a
crucial role in the cytoskeletal dynamics affecting the cellular shape, division, transpert,
and migration (Kalin and Bergman 2013; Batchu, Brijmohan, and Advani 2016). The
heat shock protein 90 (Hsp90) is also a substrate of HDAC6 and due to this.interactions,
HDACS is being associated with the removal of misfolded proteins_trough the ubiquitin
(Ub)-proteasome system (UPS) (Seidel et al. 2015).

The chemical structure of known HDAC inhibitors (HDACI).is composed of three
different moieties: a cap group which interacts with the surface of the binding pocket, a
linker (which can be aliphatic or aromatic) and‘awzinc binding group (ZBG). Although
hydroxamic acids (HA) are the dominant class of ZBG, they do not show isoform
selectivity(Roche and Bertrand 2016); in contrast to other moieties such as 2-
aminobenzamides (HDACL, 2 and 3 selective ) (Bressi et al. 2010), 5-trifluoromethyl-
[1,2,4] oxadiazole (HDAC4, 5S¢ 7¢ and 9) (Murray-Thompson et al. 2013),
3-hydroxypyridin-2-thione (HDAC6 and 8) (Patil et al. 2013) and more recently
benzoisothiazole (HDAEC6) (Wu et al. 2017).

Recently the crystal structure of human HDACG6 catalytic domain Il revealed a wide
solvent exposed binding site flanked by a basin, believed to influence the substrate
recognition. “Fhe wider binding site and presence of the basin are structural features,
which can'be used to design HDACG selective inhibitors. (Hai and Christianson 2016)
Indeed, HDACG-selective histone deacetylase inhibitors have already entered clinical
trials against Multiple myeloma (Yang et al. 2017). The major part of these inhibitors
contains a hydroxamic acid moiety as ZBG and their isoform selectivity is highly
dependent on the inclusion of bulky cap groups and/or presence of an aromatic linker,

which normally leads a Y-shaped binding conformation during the interaction with



HDACSG6-binding site.(X. X. Wang, Wan, and Liu 2018; Liang and Fang 2018) Despite
the success of hydroxamic acids as HDACG6-selective inhibitors, in some cases,
hydroxamates are being quickly removed from the plasma by esterase-catalyzed
hydrolysis and glucuronidation (Hermant et al. 2017). In addition to that, another
limitation of this class of ZBG is their potential to undergo rearrangement to isocyanates

in physiological conditions (Shen and Kozikowski 2016).

Structure-based drug design (SBDD) strategies have been successfully used in different
aspects of the development of HDACI. Through the use of molecular dockings-based
virtual-screenings allied to molecular s dynamics (MD), recent works discussed and
proposed new chemical entities with improved selectivity towards different HDAC
isoforms such as: HDAC1(Uba and Yelek¢i 2018; Sixto-Lopez, Bello, and Correa-
Basurto 2019a), HDAC?2 (Uba and Yelek¢i 2018), HDAC3 (Uba and Yelekgi 2018;
Amin et al. 2019), HDACS6 (Sixto-L6pez, Bello, and Correa-Basurto 2019b), HDAC7
(Yuan et al. 2018), HDACS8 (Uba and Yelekg¢i 2018; Zhou et,al=2018; Kashyap and
Kakkar 2019) and HDAC10 (lbrahim Uba and Yelekci 2019).»Similar approaches
showed also promising results when applied in design ofidual-inhibitors (Y. Wang et al.
2019) as well as in the evaluation of protein-protein complexes involving HDACS8
(Mahalakshmi, Husayn Ahmed, and Mahadgvan 2018).

Based on the success of the previous SBDD approaches in the design of HDACI, the
aim of this study was to search for.novel, chemically interesting fragments which
physico-chemical properties as potential novel HDACSG selective ZBGs.

Materials and Methods
Design of the FragmentLibraries

The initial step'was the construction of the libraries FL1 and FL2. FL1 was created as a
focused setwof known metal binding fragments and consisted of the structures described
in the works of Jacobsen et al. (Jacobsen et al. 2011), Chen et al. (Chen, Xu, and Wiest
2013) and from a chelator fragment library provided by Otava (Otava Chemicals 2017),
in a total of 1021 entities. These 1021 molecules were then filtered using the Rule of 3
of Lipinski (Ro3) (Congreve et al. 2003) utilizing the software Instant JChem
v17.3.27.0 (Chem Axon 2017a), the structures who passed this filter were then used as
input for the FAF-drugs filtering tool (Lagorce et al. 2015). This second filtering step

aimed to remove known toxicophores, possible aggregators and pan assay interference



substances (PAINS). Finally, fragments containing ZBGs present in known HDAC
inhibitors (Roche and Bertrand 2016) were removed, resulting in the first library FL1
containing 268 fragments.

Contrarily to FL1, FL2 was designed to approach a broader spectrum of the chemical
space, using the fragment collection of the ZINC15 database (Irwin et al. 2012). To
build the second library, the tranches of ZINC15 containing substances with MW < 200
and logP < 3.0 were selected in a total of 499.688 compounds. This initial set of
compounds was then further filtered using a modified Ro3 (HBD and HBA < 3,
rotatable bonds < 3, asymmetrical atoms < 1, number of rings < 2), followed by the
FAF-drug filter and the removal of known HDAC-ZBGs, resulting in a set of 183.223
fragments. Due to the size of the set, an additional filter was applied using the software
FLAP in the bit-string mode (Baroni et al. 2007). In the bit-string mode the bindingsite
of human HDACG6-CDII (PDB 5EDU) was used as template for measure of quadruplets
similarity between binding site and ligands, without generation of GRID fields
(Goodford 1985). The pre-filtered compounds werey, ranked according to
complementarity to the probes of the template through the sum of the combinations of
all probes (Global Sum).(Goracci et al. 2016). Fragments with values > 400 were
selected in a total of 1501 compounds forming FL2.



second catalytic domain) complexed with Trichostatin

Figure 1: Human histone deacet
A (PDB 5EDU); region of tQ\ -CDII (Hai and Christianson 2016) in yellow defined as
I

the template for the pre- inc atom in grey).

Validation of stru@ased HDACS virtual screening model

In order v@the quality of the virtual screening model a set of active and a set of
m
ith

inactive nts were built using the Chembl database (Gaulton et al. 2017),
molecules MW < 250 containing ICs values for HDAC6 were searched and 30
selected (KrennHrubec et al. 2007; P. Jones et al. 2008; Mazitschek et al. 2008; Kemp
et al. 2011; Fass et al. 2011; Burli et al. 2013; VanHeyst et al. 2013; Patil et al. 2013;
Olson et al. 2013; Wagner et al. 2013; Giannini et al. 2014; Muthyala et al. 2015; Wu et
al. 2017) (Table S1, ESI). The fragments with 1Cso >10 uM were defined as inactive in
the screening (10 fragments), while the fragments with 1C50<7.5 puM were defined as



active (20 fragments) fragments with 1Csp values < 10 uM and > 7.5 uM were set as
undefined and were not included in the validation data set. A total of 20 fragments were
defined as active and 10 as inactive and no fragment was defined as undefined (Table
S1, ESI).

Structure-based virtual screening

The crystal structure of the second catalytic domain of the human HDAC6 PDB 5EDU
(Hai and Christianson 2016) was used as the target, enabling the presence of the zinc
atom in the calculation of the MIFs. The screenings were performed in the high
accuracy mode and the combination of GRID probes ranked by the AUC of their,ROC
plot.

FL1 and FL2 were used as input for the software FLAP, where for each fragment
molecular interaction fields — (MIF) were calculated by use of GRID(probes'(DRY, O,
N1 and H). Hydrophobic (DRY) probe and hydrogen bond regions.(O, probe identifies
hydrogen bond donating group, whereas N1 probe identifies. hydrogen bond accepting
group of the screened fragments) described along with molecular shape (H probe) were
extracted in quadruplets of pharmacophoric points. The template used for SBVS was the
MIF derived pharmacophore calculated within 2.5 A ofithe zinc ion present in the active
pocket of HDACSG isoform (Perruccio et al. 2006):

Once the molecular interaction field{ (MIE) with the minimum energy is calculated
within the active site, the pharmacophoric feature of the target protein is stored as a
template. MIF quadruplets which, belong to the active pocket of the protein are further
superimposed with the quadruplets of the screened compounds. The quantification of
the pharmacophoric_superimposition between tested ligands and pharmacophore of the
active pocket is_evaluated by the calculation of probe scores. The screened compounds
could be ranked according to 19 different scores with regard to the pharmacophore of
the template’/(Cruciani 2006).

Molecular docking

The fragments were docked in the crystal structures of HDAC1 PDB 5ICN (Watson et
al. 2016), HDAC 4 PDB 4CBY (Burli et al. 2013), HDAC6-CDII PDB 5EDU (Hai and
Christianson 2016) and HDAC8 PDB 3SFF (Whitehead et al. 2011) using the software
GOLD v5.6 (G. Jones et al. 1997) and Autodock 4.2 (ADA4.2) (Morris et al. 1998). The



receptors were prepared by removing all the water molecules and ions with the
exception of the catalytic zinc, followed by the addition of polar hydrogens of the amino
acids in Discovery Studio v. 17.2.0 (Dassault Systemes BIOVIA 2016). Additionally,
the missing atoms and the protonation of the ionizable amino acid residues was
accomplished by use of the Play Molecule web-server (Martinez-Rosell, Giorgino, and
De Fabritiis 2017). Ligands were prepared in ChemDraw 3D v15.0 (PerkinElmer 2015)
software, whereas the minimization of their structures was performed using the MM2
method implemented in Gaussian software (M.J. Frisch, G.W. Trucks, H.B. Schlegel,
G.E. Scuseria, M.A. Robb, J.R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci,
G.A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H.P. Hratchian, A.F. Izmaylov, J.
Bloino, G. Zheng, J.L. Sonnenberg, M. Hada, M. Ehar 2009). Protonation of,the
fragments was defined at pH = 7.4 in Marvin Sketch v17.27 (Chem Axon 2017b). For
the dockings using Autodock 4.2, the clean structures of the proteins and the minimized
structures of the ligands were prepared using the standard procedure of AutoDock tools
versionl.5.7 (Morris et al. 1998).

For the docking studies in GOLD v5.6, the binding siterof the respective HDACs was
defined as those amino acids in 8 A within the zinc atom,.the parameters were defined
as 30 generic algorithm runs with 100 poses, clustered in 6 resolutions. To estimate the
binding affinity of the studied fragment-HDAGC,complexes, ChemScore fitness function
(CSFF) (Eldridge et al. 1997) was used. Root-Mean-Square Deviation (RMSD) values
between co-crystal ligands and their docked conformations in ligand-HDAC complexes
were calculated to ensure that the docking procedure is valid and accurate for further
predictions (Table S2, ESI). Finally, the CSFF values were used to select the most
promising HDACG6 selective “fragments. The main objective was to extract those
fragments with the highest values of CSFF calculated for the certain fragment-HDACG6
interactions. Additional criteria used for discriminating possible non-selective ligands
were the'pose‘and the orientation of the studied fragments inside the active pockets of
studied HDACs.

In the dockings performed in AD4.2, for each enzyme, a grid box with size 15 x 15 x 15
with the spacing of 1.0 A centered in the cocrystalized ligand was created and the
Lamarckian genetic algorithm of AD4.2 was used. The search parameters were set to
100 GA runs for each ligand with a population size of 150, maximum number of 2.5

x10° energy evaluations with a maximum number of 2.7 104 generations, a mutation



rate of 0.2 and a crossover rate of 0.8 and the default dockings parameters were used.
Populations of 100 docking poses were generated and the first pose of the cluster
containing minimum of one interaction between oxygen, nitrogen or sulfur with the
catalytic zinc (distance of heteroatom and zinc ion >3.0 A) was chosen, whether no such
interaction was observed, the first pose of the lowest energy cluster was used. Similarly,
to the dockings performed with GOLD, the validation of the docking protocols was
performed trough redocking studies (Table S2, ESI).

Molecular Dynamics

In order to study binding stability of HDACG6-ligand complexes and to refine binding
modes obtained through molecular docking, short molecular dynamics™ (MD)
simulations were performed. MD simulations were performed using Groningen
Machine for Chemical Simulation (GROMACS v5.1.5) software (Pronk et al. 2013).
All simulated complexes were obtained through molecular docking=The:AMBER99SB-
ILDN force field (Lindorff-Larsen et al. 2010) was used for,generation of protein
topology, while ligand parameters were derived from«~General Amber force field
(GAFF2) (Vassetti, Pagliai, and Procacci 2019), with ‘ealculation of RESP atomic
charges using HF-6-31G* basis set. Force field parameters for all ligands were assigned
using the AnteChamber Python Parser interfacE (ACPYPE) (Sousa da Silva and
Vranken 2012). The protein-ligand complexes were solvated with TIP3P water model,
and neutralized with Na" counterions'in octahedral periodic box. Potassium ions from
PDB: 5EDU were kept. Systems were minimized with steepest descent algorithm with
maximum force set to 10 kJrmol™.nm™ and 5000 steps. Subsequent equilibration of the
systems was performed-firstly.in NVT ensamble for 100 ps at 310 K using V-rescale
thermostat, secondly.in.NPT ensamble for 100ps maintaining the preasure at 1.0 bar
with Parrinello-Rahman barostat. All atom position restrains were applied on protein
atoms, while ‘the.solvent molecules and counterions were unrestrained. 20 ns of
productionsruns were performed for each complex at constant temperature (310 K) and
pressure (1 bar) using Particle Mesh Ewald (PME) approach for calculation of long-
range electrostatic interactions using a 10 A cut-off value. LINCS alghorithm was used
for all bonds constrains, including H atoms. Obtained trajectories were analysed using

Gromacs built-in gmx_rms and gmx_rmsf tools.

Binding free energy calculation



The binding free energies of protein-ligand complexes were estimated with Poison-
Boltzmann surface area (MM/PBSA) method implemented in GMXPBSA 2.1 (Paissoni
et al. 2015) software. Calculation was performed on ensemble of structures extracted in
last 5 ns of trajectories, after removal of solvent molecules and cations, except zinc.
Briefly, the binding free energy of a protein molecule to a ligand molecule in solution is

defined as:

AGbinding = Gcomplex - (Gprotein + Gligand) (1)

where free energy term is calculated from thermodynamically weighted ensemble of

structures as follows:

(G) = (Emm) + (Gsorw) — T{Sum)- 2)
The energetic term E,,, is defined as:

Evm = Eint + Ecows + Ev 3)

where E;,,; indicates bonded (bond, angle, and torsional angle.energies), and E.,,; and
E;; represents nonbonded interactions (intramolecular electrostatic and Lennard-Jones
energies) calculated based on molecular mechanics (MM) force-field parameters. The
free energy of solvation (G,,;,,) In Eq. (2) isithe.energy required to transfer a solute from
vacuum into the solvent and it is calculated as sum of polar (G,,.a) and nonpolar

solvation energies (Gnonpotar)-

Gsolv = Gpolar + Gnonpolar (4)

Gpolar 1S Calculated basedvon  Poisson-Boltzmann equation and represents energy
required to transfer-the solute from continuum medium with a low dielectric constant (¢
= 1) to a continuum, medium with dielectric constant of water (¢ = 80). The nonpolar
solvationrenergy.includes repulsive and attractive forces between solute and solvent that
are generated by cavity formation and van der Waals interactions and it can be
aproximated to be proportional to solvent accessible surface area (SASA):

Gnonpolar = ySASA+ B (5)
Where y = 0.0227 kJ mol *A Z and p =0 kJ mol *.

Entropy contribution (T'(Sy) In Eqg. (2)) was neglected because calculation of entropy

contribution is time-consuming process and it can be cause of larger error of prediction



(Homeyer and Gohlke 2012). Calculated energies were used as scores for relative

comparison of binding affinities between structurally related ligands.
Results and Discussion
Virtual screenings

In the validation of virtual screening protocol, two FLAP scores (H*N1 and H*N1*H)
performed the best in discriminating known active and inactive fragments with the AUC
values of 0.84. The ROC curves with enrichment factors are presented in Figure 3. The
H*N1 score indicates that screened ligands should match the shape (Figure 2, blue
mesh) and hydrogen bond accepting interactions (blue surface) within the active pocket
of HDACS (CD II).
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Figure 2: Representation of the MIFs calculated for defined ZBG binding site in HDAC6-CDI|I
(PDB 5EDU): H probe (blue mesh surface), O1 (red surface), N1 (blue surface), and DRY

(yellow surface) zinc atom showed as a purple sphere).

For the virtual screening of smaller FL1 database (268 fragments), the product of the
shape (H) and hydrogen bond donor (N1) probes (H*N1) was used as the score for



identifying the fragments which pharmacophore is closely overlapping with the
pharmacophore of the template (Figure 3). As it can be observed from Figure 3 this
probe score performed slightly better in classification of first 10% of assayed fragments,
which makes it more suitable for smaller FL1 database compared to H*N1*H score
which performed better for larger database (FL2). At 1% of false positive fragments,
32% true active fragments were recovered. Conclusively, if 5% of the top-ranked
fragments were assayed, 74% of them would have shown affinity toward HDAC6

isoform.

Receiver operating characteristic

1.01 ’
I—

3 08 1 [— l,
= Probe/EF | AUC 05% 1% 2% §% 10%
= S H*N1 0.84 0.32 032032 0.74 0.79
=] i
- ,
E 0.4 s H*N1*H 0.84 0.37 0375 037 0.74 0.74
H 7

0.2 A //

// —— H*N1 score; (AUC = 0.84)
e H*N1*H score; (AUC = 0.84)
0.0 17 . . . .
0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate

Figure 3: Results of validation of the virtual'screening models performed using FL1 (blue line)

and FL2 (orange line)

Structure-based virtual screening model used for the screening of FL2 database gave a
good enrichment with AUC of 0.84, where the overlaps of different shapes (H) and
hydrogen bond donor (N1) i/molecular interaction fields determined the highest ranking
of the active fragments in the first 5% of false positive fragments (Figure 3). When
SBVS was performed with the FL2 database, the highest performance of the virtual
screening waswachieved by ranking the compounds according to the H*N1*H probe
score. This probe score defines good overlapping between hydrogen bond acceptor
group and shape properties of the screened fragments with the pharmacophore features
defined in the HDAC6 pocket around Zn®* ion.

In each of both SBVS protocols, the compounds were ranked according to the selected
probe and the 20 top-ranked fragments were selected for the docking studies (Table S3
and S4, ESI) in a total of 40 fragments.



Molecular docking

The chosen 40 fragments were docked in the structures of four HDACs (HDACL, 4, 6
and 8) representing the different subclasses I, Ila and 11b. HDAC1 belongs to class | and
it is known to have high homology to HDAC2 and HDAC3. HDACL1, however, presents
a lower degree of identity to HDACS, which have been shown to have unique
architecture among this class (Wagner et al. 2016) and was therefore also used in the
dockings studies. HDACL11, the sole representative of class IV HDAC up till now has
no crystal structure and due to its similarity with HDACS8 (Kutil et al. 2017) was not
used in this study.

In each docking, the poses with the highest CSFF values were selected and visually
analyzed in regards to its coordination with the zinc ion using the software Discovery
Studio Visualizer Software v17.2 (Dassault Systemes BIOVIA 2016). The scores of the
best poses of the selected fragments are shown in Table S5. In addition te.the fragments,
benzohydroxamic acid (BHA) was also docked using the same protocol, BHA was
chosen for the dockings due to its preference towards, HDAC6 and due to the
availability of 1Cs values (HDACL1 4.73 uM, HDAC4->33.3 uM, HDAC6 0.11 puM, and
HDACS 1.92 uM) (Wagner et al. 2013) and Ki values (HDAC6 0.114 uM, and HDAC8
3.00 uM) (Porter, Wagner, and Christianson 2018) for the evaluated isoforms.

The metal-binding geometry and interaction distances between small molecules and
metalloproteins stand as a challepgingisubject (Martin et al. 2014; Cohen 2017), to
approach it, Kawai et al (Kawai and/Nagata 2012) used the crystal structures of the
metalloproteins containing,zinc present in the PDB to determinate the average distance
between the ZBG and the nearest ligand atoms. It was observed that only nitrogen,
oxygen, and sulfur interacted with the zinc ion with average distances of 1.99, 2.05 and
2.28 A (with & variation of + 0.1 A) respectively. Also, it was shown that the distance
between the'second heteroatom to interact with the zinc in bidentate ZBGs occurs in a
wide range of distances, not being well defined. Metal binding groups can also act via
non-chelating interactions with the zinc ion. The trifluoromethyloxadiazole (TFMO) is
the ZBG of a known group of class Ila selective HDACI and interacts with the ion
through one of its fluorine and the oxygen of the oxadiazole ring in a distance of 2.7 and

3.0 (A) respectively (Murray-Thompson et al. 2013).



Among the 40 fragments, thirty of them were predicted to interact with the Zn** ion
inside the catalytic site of HDACG6 (CD2). The fragments were selected by comparing
the CSFF values calculated for BHA after docking on HDACG6 isoform. Only those
fragments which showed higher CSFF than BHA (3, 4, 13 and 16) were selected for
further studies (Figure 4). Additionally, the pose and orientation of the selected
fragments were examined. ChemScore fitness function for fragment 7 was 36.5756,
which is significantly higher than for BHA (31.6326). CSFF value for HDACS8 docking
procedure (36.8017) was close to the score obtained for HDAC6 docking, making this

fragment potentially promiscuous for further studies.

Figure 4. Initial poses ofithe best selected fragments obtained after molecular docking study in
CDIl of HDACS6; A) fragment 3, B) Fragment 4, C) Fragment 13 and D) Fragment 16.

In general,/better in silico selectivity profile was achieved among first 20 fragments
(FL1 database) with aromatic or heterocyclic zinc binding groups, whereas the aliphatic
ZBG extracted from the second screening (FL2 database) were inferior despite their
relative smaller size, what could be due to the higher flexibility of these fragments.

The denticity of HDACI inhibitors was recently related to the nature of their selectivity
towards HDACG6 (Porter et al. 2017, 2018; Porter, Wagner, and Christianson 2018),
short-linker hydroxamic acids with bulky cap-groups are known to present high



selectivity towards HDACG6. Due to steric hindrance, the hydroxamate of these
inhibitors binds as a monodentate ligand. Although energetically less favorable than
bidentate interactions, this binding does not compromise the affinity of these
compounds (KrennHrubec et al. 2007). Molecular docking study in GOLD software
showed that fragments 3, 4, 13 and 16 coordinate to Zn®* ion in bidentate fashion inside
HDACSG (Figure S3, ESI). To the respect of the results obtained after molecular docking
study, we subjected selected fragments to the molecular dynamic simulations in order to

access the stability of the predicted binding modes.

Contrary to the dockings performed using GOLD, in the docking performed with AD4.2
the in silico selectivity of BHA was correctly predicted, with higher binding energies
being observed for HDACSG, followed by HDAC1, HDAC4 and HDACS8 (Table S5,
ESI). Similarly, to the first dockings studies, using AD4.2 15 fragments ‘showed better
scores for HDACSG than the other isoforms, with 10 fragments having preference for
HDACI1, two for HDAC4 and 3 for HDACS. Interestingly, the“fragments containing
carboxylic acids (1, 2, 6, and 20) presented higher docking energies than BHA, a
behavior that contradicts experimental data, once carboxylic acids are known to be
limited to weak inhibition of HDACs (Roche and, Bertrand.2016).

Despite the correct prediction of BHA in silicesselectivity, in the dockings using AD4.2
(Table S5, ESI) a total of 10 fragments (8, 11, 13; 16, 24, 25, 30, 33, 39 and 40) showed
no interaction between fragment and the catalytic zinc. These fragments, although not
showing interactions with the catalyticizinc, showed similar dockings energies to other
fragments with both mono=wand, bidentate ligands. Therefore, the selection of the
fragments for the molecular..dynamic studies was based on the docking results

performed with the seftware GOLD.

In order to further analyze binding stability of fragments 3, 4, 13 and 16, short
molecular dynamics runs were performed. The obtained docking poses of fragments 3,
4, 13 and 16 showed stable root-mean-square deviations (RMSD) for Ca atoms (Figure
5) through 20 ns of simulations indicating the overall stability of protein-ligand
complexes. RMSD plots calculated for fragment atoms are shown in Figure S5 in the
ESI. Obtained RMSD plots also indicates overall stability of protein-fragment
interaction patterns obtained through molecular docking, further validating our docking
protocol. MM/PBSA calculations were performed on last 5 ns of each trajectory in

order to ensure convergence of simulations. Calculated MM/PBSA scores indicate



favorable predicted binding energies of identified fragments where fragment 3 was the
most promising candidate for further evaluation which is in accordance to molecular
docking prediction (Table 1). Calculated polar contribution of binding free energy for
fragments 13 and 16 was unfavorable for binding, indicated that electrostatic
interaction, as favorable component of polar contribution was not enough for
overcoming larger polar solvation barrier. This was not case for fragments 3 and 4.
Nonpolar contribution was the major driving force of binding for fragments 4, 13 and
16 where Van der Walls interaction energies, as the component of total nonpolar
contribution, had the more significant effect on total binding energy. In the case of

fragment 3, polar contribution was the major driving force.

According to previous research in the field of novel ZBGs for "HDACsS,
2-(aminomethyl)pyridines were predicted to be promising zinc-binding. groups» for
HDACSs in quantum mechanics calculations (Chen, Xu, and Wiest 2013). {Further, few
HDACS selective and potent inhibitors with alpha-amino carbenyl) moiety as zinc
binding group were described previously (Whitehead et al. 2011) and X-ray structures
(PDB IDs 3SFF and 3SFH) revealed that unionized aminougroup is responsible for
coordination, while carbonyl group interact with zine through weakened electrostatic
interactions. Above mentioned data further justify, our results. In order to provide
additional validation of our results pKa.values were calculated for alpha-amino carbonyl
HDACS inhibitor and fragment 3. Furthermore, binding modes of HDAC8-amine
complex (PDB ID 3SFF) and predicted HDACG6-fragment 3 complex were compared.
Predicted pKa values of fragment 3‘and known HDACS inhibitor (from PDB ID 3SFF)
using cxcalc tool from Chem Axon (Chem Axon 2017b) for ligands alone (pKa preq
(fragment 3) = 7.90; pKa'yres (Pdb 3SFF) = 7.92), and PROPKA 3.1 (Sgndergaard et al.
2011) for protein-ligand complexes (pKa pred (fragment 3) = 7.99; pKa preq (pdb 3SFF) =
8.55) are in agreement, further justifying fragment 3 as novel zinc-binding group. In the
Figure S6 superposition of known HDACB8-amine inhibitor complex with docked pose

of fragment 3 in HDACS is presented.
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Figure 5. Root-mean-square deviations (RMSD) of Co atoms calculated for 20 ns oftMD

simulation.

Root mean square fluctuation (RMSF) analysis for all fragments complexes simulated
indicates no significant deviations from fluctuations of residues..observed for apo-
protein MD simulations (Figure S7, ESI). Interestingly, residues 550-565 placed in

close proximity of cap-group binding site were the most fluctuating part of HDAC6
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during all MD simulations (Figure S7 and S8, ESI).

Table 1. Binding-free energies for protein—ligand \complexes calculated with MM/PBSA

method for the MD simulations (kJ/mol).
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To further explore the application of molecular docking for the identification of HDAC6
selective fragments and to rationalize the results observed in the dockings of BHA,
additional docking studies were performed using Nexturastat,A (NextA) and compound
41 (Figure 4). NextA is a BHA-based HDACi with more,than 600-fold selectivity
towards HDACG6 over HDAC1 (Bergman et al. 2012), despite the presence of the BHA
as selective ZBG, the selectivity of NextA haveibeen‘also related to the shape and
interaction of its connecting unit and cap group (Figure 6) with the shallow binding site
of HDAC6 (Hai and Christianson 2016;\Porter et al. 2018). Therefore, the linker cap
group of NextA were connected to.-fragment 3 to form the theoretical full inhibitor 41.
Fragment 3 was chosen because’it'showed the highest selectivity towards HDAC6 when
compared to HDAC1 in the'performed docking studies.

o) /—/7 o) /—/7 NS NH,
Ow&SDL O

41

Cap Linker ZBG

Nexturastat A

Figure 6: Structure of the classical pharmacophore of HDACI represented by Nexturastat A and
the proposed structure of compound 41.



Nexturastat A and compound 41 were docked in the crystal structures of HDAC6 and
HDACL1 using the same protocols applied for the fragments. The docking energies of

the highest poses are shown in Table 2.

Table 2: ChemScore Fitness Function (CSFF) values of NextA and compound 41.

Compound CSFF
HDACG6 HDAC1
Nexturast A 34,3581 32,2896
41 46,1364 33,8233

Unlike BHA, the docking energies of NextA were lower for HDACG6 than«fortHDACI,
which agrees with the experimental data. These results showed that the inclusion of the
ZBG-fragment BHA in the complete pharmacophore of HDACI (leadsto a better
correlation between docking energies and biological activity. A similar result was also
observed for compound 41. Compound 41 showed better scores,in the docking with
HDACG6 than HDACL. In the docked poses of 41 in HDAC1 and HDACS6 (Figure S8 A)
the ZBG showed interactions with the zinc ion through the free amino group of the
methylamino group and with the non-alkylateds imidazolic nitrogen. Despite the
similarity observed in the zinc binding of 41 with both isoforms, due to the tighter
hydrophobic channel of class | HDAECs the cap group of the inhibitor suffers steric
constraints (Figure S8 A), what could, lead to low activity against this isoform. On the
other hand, the shallower and. wider binding site of HDAC6 has enough space to
accommodate the cap group of:41 (Figure S8 B). Short MD run for both compounds
have been performed and calculated MM/PBSA scores (Table S6, ESI) are in
accordance with dockingresults (Table 2). After 20 ns of MD simulations both ligands
retained binding modes similar to binding modes in starting complexes obtained
through docking simulations (Figures S10 and S11). Comparison of binding modes after
MD simulation for compounds 41 and NextA bounded to HDACG are presented on the
Figure 7. Cap group of NextA retained in the same conformation as in HDACG6- ligand
41 complex indicating that fragment 3 could be suitable replacement for

phenylhydroxamate ZBG.



Figure 7. Comparison of binding modes of NextA (orange) and designed ligand 41 (blue)
obtained through MD simulations. Protein-ligand complexes are extracted-from converged parts
of trajectories.

For several years HDAC6 has been used as a targetofor the design of selective
inhibitors, however, the first crystal structures of this.enzyme was only available since
2016 (Hai and Christianson 2016). Even before‘the first 3D structure was available, the
use of homology models gave basis to structure-based drug-design in which selective
HDAC6/8 ZBGs were identified (Patil et al, 2013). Also, HDAC6-selective non-
hydroxamic inhibitors were identified viaspharmacophore-based and structure-based
virtual screenings using such models{(Goracci et al. 2016). The deeper understand of the
role of the ZBG in HDAC6sseleetivity presented in more recent studies (Porter et al.
2017, 2018) lead to a positive impact in the silico design of HDACG6 inhibitors, whereas
in more recent works, the interactions of non-hydroxamic ZBG can be better rationalized

(Sharma et al. 2019).
Conclusion

HDACS6 is'involved in a wide myriad of physiological roles and despite the successful
development of selective inhibitors for this isoform, so far, they are all restricted to
hydroxamate-based structures. Different from other HDAC classes, up till now no
selective ZBG have been validated for HDAC6. Aiming to propose a new fragment as
novel HDACG6-ZBG, a combined strategy of SBVS and molecular docking was
performed. The four most promising fragments identified had their interaction with



HDACSG further evaluated using molecular dynamics to confirm the likelihood of their
interaction with the targeted enzyme. A systematic in silico validation of this approach
led to identification of fragment (1H-Benzoimidazol-2-yl)-methylamine as potential
ZBG. Furthermore, a full inhibitor containing the structure of Fragment 3 was proposed
and also evaluated in silico in terms of its isoform selectivity, showing to be a potential

lead structure for the synthesis of new non-hydroxamic HDACG6-selective inhbitors.
Supplementary data

Tables S1-S6 and Figures S1-S11 are provided as supplementary information.
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