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ABSTRACT
We have designed new human histone deacetylase 8 (HDACS) inhibitors using structure-based molecular design. 3D models of HDAC8—

inhibitor complexes were prepared by in situ modification of the crystal structure of HDACS co-crystallized with the hydroxamic acid
suberoylanilide (SAHA) and a training set (TS) of tetrahydroisoquinoline-based hydroxamic acid derivatives (DAHTSs) with known inhibi-
tory potencies. A QSAR model was elaborated for the TS yielding a linear correlation between the computed Gibbs free energies (GFE) of
HDAC8-DAHTS complexation (AAGeom) and observed half-maximal enzyme inhibitory concentrations ({Co" ). From this QSAR model a
3D-QSAR pharmacophore (PH4) was generated. Structural information derived from the 3D model and breakdown of computed HDAC8—
DAHTS interaction energies up to individual active site residue contributions helped us to design new more potent HDACS inhibitors. We

obtained a reasonable agreement AAG o, and I Cgoxp values: (Pf":'sgécp =—10.0376 x AAGeom + 7.4605, R?= 0.89). Similar agreement was es-
tablished for the PH4 model (P! Cso” = 0.8769 x PICL’ + 0.7854, R* = 0.87). A comparative analysis of the contributions of active site

residues guided the choice of fragments used in designing a virtual combinatorial library (VCL) of DAHT analogs. The VCL of more than
17 thousand DAHTSs was screened by the PH4 and furnished 229 new DAHTSs. The best-designed analog displayed predicted inhibitory

potency up to 110 times higher than that of DAHT1 (f":goer = 0.047 uM). Predicted pharmacokinetic profiles of the new analogs were com-
pared to current per oral anticancer compounds. This computational approach, which combines molecular modelling, pharmacophore gen-
eration, analysis of HDAC8-DAHTSs interaction energies and virtual screening of a combinatorial library of DAHTS resulted in a set of
proposed new HDACS inhibitors. It can thus direct medicinal chemists in their search for new anticancer agents.

Keywords: histone deacetylase 8, tetrahydroisoquinoline-based hydroxamic acid derivatives, molecular design, QSAR model, pharmaco-
phore, virtual combinatorial library
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SIFT DESK

1.INTRODUCTION

Cancer represents one of major public health prob-
lems. It remains a common disease, in 2018, the can-
cer burden reached 18.1 million new cases and
caused 9.6 million deaths worldwide [1]. Non com-
municable Diseases (NCDs) are now responsible for
the majority of deaths [2], and cancer is expected to
be the leading cause of death and the single most im-
portant barrier to increasing life expectancy in all
countries of the world in the 21* century[1]. There
are several types of cancers whose origin can rest in
genetic alterations or epigenetic deregulations. By
altering the expression of genes involved in cellular
regulation, epigenetic modifications, such as histone
acetylation, play a fundamental role in the initiation
and progression of tumours. Indeed, it has been
shown that the breakdown of balance between acety-
lation and deacetylation levels of chromatin is in-
volved in the acquisition of malignant phenotype [3]
Overexpression of histones deacetylases (HDACs)
induces low level of histone acetylation leading to
silenced regulatory genes and in turn to human dis-
eases such as escape of persistent HIV infection from
latency [4], cancer [5,6,7,8,9,10,11,12,13], as well as
neurodegenerative, immune [5] and cardiac disorders
[14].

Histones deacetylases are enzymes that catalyse the
deacetylation of lysine residues located at the N-
terminus of various protein substrates, such as histone
nucleosomes. Hydrolysis of the acetyl group from
histones results in condensed chromosomal DNA and
transcriptional repression (figure 1) [15,16,17]. There
are 18 human HDACs grouped into four classes
[18,19] according to sequence homology, function,
DNA similarity, and phylogenetic analysis [20,
21,22,23] : classes I (HDACs 1-3 and 8), Il (HDACs
4-7, 9 , and 10), and IV (HDAC 11) are zinc-
dependent metallohydrolases, termed "classical
HDACs," [18] while class III HDACs (sirtuins 1-7)
are NAD+ dependent [24]. All =zinc-dependent
HDACs carry highly conserved catalytic site [25].
HDAC: play a critical role in the regulation of many
biological processes, including cell differentiation,
proliferation, senescence, and apoptosis [26,27].
HDAC:Ss are approved targets for drug design. There-
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fore, HDAC inhibition has become a common thera-
peutic strategy using inhibitors alone or in combina-
tions. Indeed, inhibition of histone deacetylase results
in growth arrest, differentiation, and apoptosis in al-
most all cancer cell lines, thus promoting HDACs as
promising targets for antitumor therapy [25]. To date,
four inhibitors of histone deacetylases (HDACi) have
been approved by the Food & Drug Administration
(FDA) for the treatment of cancers: hydroxamic acid
suberoylanilide (SAHA, Vorinostat, Zolinza®), ro-
midepsin (FK228, Istodax®), belinostat (Beleodaq®),
and panobinostat (Farydak®). Other HDAC: are cur-
rently in clinical trials including hydroxamic acids
such as givinostat (ITF-2357), SB-939, R306465, and
CRA024781, benzamides, such as entinostat (MS-
275), mocetinostat (MGCD-0103), and tacedinaline
(CI-994), and aliphatic acids, such as valproic acid,
sodium phenylbutyrate, and pivanex (AN-9) [26,28].

In this work, we design new analogues of tetrahydroi-
soquinoline-based hydroxamic acid derivatives
(DAHT) from a series of 24 known DAHTSs with spe-
cific experimental inhibition activities (/Csy™"),
which have been used as a training set of HDACi
[25]. Tetrahydroisoquinoline-based hydroxamic acid
derivatives is a series of inhibitors of histone deacety-
lases developed by Y. Zhang et al.[29] DAHT have
been identified and validated as a potent histone
deacetylase inhibitor (HDACi) with marked anti-
tumor power in vitro and in vivo.[30] DAHTs are less
toxic compared to pan-HDACi inhibitors [trichostatin
A (TSA) and suberoylanilide hydroxamic acid
(SAHA)] and could target other regulatory pathways
to influence tumor metastases [30], such as ami-
nopeptidase N(APN/CD13), also a Zn*" dependent
metalloprotease responsible for tumor invasion and
angiogenesis [31]. The molecular structure of DAHTSs
plays an important role in the inhibition of HDAC or
APN / CD13 compared to SAHA. [29] DAHTSs ex-
hibit excellent in vivo anticancer activities in a human
breast carcinoma (MDA-MB-231), in a mouse hepa-
toma-22 (H22) pulmonary metastasis model and simi-
lar in vivo antitumor potency in a human colon tumor
(HCT116) xenograft model and a potent growth inhi-
bition in multiple tumor cell lines. [25, 30]
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Figure 1. Schematic representation of DNA accessi-

bility as a function of acetylation of the amino-
terminal tails of histones.[3]

Tetrahydroisoquinoline bearing a hydroxamic acid is an
excellent template to develop novel HDACI as potential
anticancer agents.[25] From this training set, we have
started to build an inhibition QSAR model of human
histone deacetylase 8 (HDACS) using a relevant de-
scriptor [Gibbs free energy (GFE) of HDACS-DAHT
complex formation], by correlating computed GFE with

experimental C5”. Each complex was carefully con-
structed by in situ modification of the reference crystal
structure of HDACS8 (PDB entry 4QA0) [32]. Subse-
quently, a 3D-QSAR pharmacophore protocol was used
to prepare four features pharmacophore model (PH4)
from the bound conformations of DAHT inhibitors in
the catalytic site of the HDACS. The robustness of the
PH4 model was based on the structural information of
the HDAC8-DAHT complexes. The PH4 model was
used to screen a virtual combinatorial library (VCL) of
DAHTSs with the goal to design more powerful bioavail-
able DAHT analogues inhibiting the HDACS8. The
workflow describing the steps of the whole process of
virtual design of novel DAHT analogues is presented in
Scheme 1.

2. MATERIALS & METHODS

The methodology of computer-assisted molecular de-
sign based on 3D models of E:I complexes and QSAR
analysis of a known inhibitors training set has been suc-
cessfully applied to optimization of antiviral, antibacte-
rial, and anti-protozoan compounds including pep-
tidomimetic, hydroxynaphthoic, thymidine, triclosan,
pyrrolidine carboxamide derivatives, peptidic, ART hy-
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brids, E64 epoxysuccinate and nitrile adazepeptide in-
hibitors [33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44 ,
45 46 1.

2.1. Training and validation sets

Chemical structures and experimental biological ac-
tivities (ICso™") of training and validation sets of tet-
rahydroiso-quinoline-based hydroxamic acid deriva-
tives inhibitors of HDACS used in this study were
taken from literature [25]. The potencies of these
compounds cover a sufficiently broad range of exper-
imental half-maximal inhibitory concentrations
(0.047 uM < IC5,™™ < 2.14 uM) to allow construc-
tion of a QSAR model. The training set (TS) contain-
ing 24 DAHT inhibitors and the validation set (VS)
including 7 DAHT were taken from ref. [25]

2.2. Model building

Molecular modelling was carried out for the E:I
(HDACS8:DAHT) complexes, free enzyme HDACS, and
free DAHT inhibitors starting from the high-resolution
crystal structure of HDACS8 co-crystallized with the SA-
HA inhibitor (PDB entry code: 4QA0, resolution: 2.24
A) using the Insight-Il molecular modelling program
[47].

HDACS:DAHT .24 complexes built by in
situ modification from 4QA0.pdb

¢

MM-PB complexation QSAR model
plCsp #%F = a-AAGcom + b

/\

HDACS inhibition
pharmacophore (PH4)
(HypoGen,Catalyst - PH4)

Virtual *
Screening
DAHT analogs Virtual Library (VL)

(Knowledge-based VL design)

Each active-site AA
contribution to E;.
(Eine 2 IPC interaction energy)

J, 17 766 compounds

Virtual Screening Best Fit Hits
(PH4 based Virtual Screening)

l 229 candidates

Novel DAHT analogs with
Complexation predicted [Csp
(Complexation MM-PB prediction)

Scheme 1. Workflow describing the multistep ap-
proach to virtually design novel DAHT analogues
with higher predicted potency against HDACS.
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Inhibitors were modelled from the 4QAO0 reference
crystal structure [32] by in situ modification of the mo-
lecular scaffold and function groups of the co-
crystallized inhibitor SAHA. All rotatable bonds of the
replacing fragments were subjected to an exhaustive
conformational search coupled with a careful gradual
energy-minimisation of the modified ligand and
HDACS active site residues in the immediate vicinity
(5A radius) in order to identify low-energy bound con-
formations of the modified inhibitor. The resulting low-
energy structures of the HDACS:DAHT complexes
were then carefully refined by energy-minimization
procedure of the entire complex to obtain stable struc-
tures. The full description of the calculation of the lig-
and binding relative affinity (AAG,,y) is described in
the reference [34].

BAGom = AGeom (1) = AGoom (Iror) = AMHung — AAT Sy + AMGoo (1)

The AAHyy describes the relative enthalpic contribu-
tion to the GFE change corresponding to the intermo-
lecular interactions in the E:I complex estimated by
molecular mechanics (MM). The AAG,, and AATS,;
represent the relative solvation and vibrational entropy
contributions to the GFE of the E:I complex formation,
respectively.

2.3. Molecular mechanics

Modelling of the inhibitors and their complexes was
carried out in the all-atom representation using atom-
ic, bond and charges parameters of the Class II Con-
sistent Force Field (CFF91) [33]. A dielectric con-
stant of 4 was used for all MM calculations in order
to take into account the dielectric shielding effect in
proteins. Minimizations of the E:I complexes, free E
and I were carried out by relaxing the structures grad-
ually, starting with added hydrogen atoms, continued
with residue side chain heavy atoms and followed by
the protein backbone relaxation. Geometry optimiza-
tions were performed using an enough steepest de-
scent and conjugate gradient iterative cycles and av-
erage gradient convergence criterion of 0.01 kcal.mol

AT

2.4. Conformational search

Free inhibitor conformations were derived from their
bound conformations in the E-I complexes by gradual
relaxation to the nearest local energy minimum as de-
scribed earlier [34].
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2.5. Solvation Gibbs free energies

The electrostatic component of the solvation GFE,
which includes also the effect of ionic strength of the
solvent by solving the nonlinear Poisson—-Boltzmann
equation [48,49] was computed by the DelPhi module
of the Discovery Studio (DS 2.5)[50]. The program rep-
resents the solvent by a continuous medium of high die-
lectric constant (&, = 80) and the solute as a charge dis-
tribution filling a cavity of low dielectric (g; = 4) with
boundaries linked to the solute’s molecular surface. The
program numerically solves for the molecular electro-
static potential and reaction field around the solute us-
ing finite difference method. DelPhi calculations were
done on a (235 x 235 x 235) cubic lattice grid for the
E:I complexes and free E and on a (65 x 65 x 65) grid
for the free I. Full coulombic boundary conditions were
employed. Two subsequent focusing steps led to a simi-
lar final resolution of about 0.3 A per grid unit at 70%
filling of the grid by the solute. Physiological ionic
strength of 0.145 mol.dm™, atomic partial charges and
radii defined in the CFF91 force field parameter set [50]
and a probe sphere radius of 1.4 A were used. The elec-
trostatic component of the Poisson—Boltzmann solva-
tion GFE was calculated as the reaction field energy
[41, 43, 48, 49,51,52,53].

2.6. Calculation of binding affinity and QSAR model
The calculation of binding affinity expressed as com-
plexation GFE has been described fully earlier [34].

2.7. Interaction energy

The molecular mechanics interaction energy (Ej,) cal-
culation protocol available in Discovery Studio 2.5 [50]
was used to compute the non-bonded interactions (van
der Walls and electrostatic interatomic potential terms)
between two sets of atoms belonging either to the E or I
in the E:I complexes. All pairs of interactions of the
total enzyme-inhibitor interaction energy were evaluat-
ed using CFF91 force field parameters with a relative
permittivity of 4 [50]. In particular, the breakdown of
E;: into contributions from individual active site resi-
dues allows a quantitative analysis, which permits iden-
tification of residues with the highest contribution to the
ligand binding. It also helps with rapid identification of
favourable structural modifications and suggests molec-
ular moieties in the inhibitor structure which are primar-
ily responsible for receptor binding and biological activ-
ity of the compound[33].
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2.8. Pharmacophore generation

Bound conformations of inhibitors taken from the
models of E:I complexes were used for building of
3D QSAR pharmacophore by means of the HypoGen
algorithm of Catalyst [54] implemented in Discovery
Studio [50]. The top scoring pharmacophore hypoth-
esis was built up in three steps (constructive, subtrac-
tive, and optimization steps) from the set of most ac-
tive inhibitors. Inactive molecules served for defini-
tion of the excluded volume. The maximum number
of five features allowed by the HypoGen algorithm
was selected based on the DAHT scaffold and sub-
stituents during the pharmacophore generation,
namely: positive ionizable (POS_IONIZABLE), hy-
drophobic aliphatic (HYd), hydrogen bond donor,
(HBD), hydrogen bond acceptor (HBA), and ring
aromatic (Ar). Adjustable parameters of the protocol
were kept at their default values except the uncertain-
ty on the activity, which was set to 1.25 instead of
3.This last choice to bring the uncertainty interval on
experimental activity from the large [/Cso’ /3; 3 x 1€50" ]
to a relatively narrow [4 x 1€57/5; 5 x 1€5°/4] ], due to
accuracy and homogeneity of the measured activities
originating from the same laboratory [25]. During the
generation of 10 pharmacophores, the number of
missing features was set to 0 and the best one was
selected. Generally, a PH4 model, as the one de-
scribed here, can be used to estimate predicted activi-

ties P of new analogues based on their mapping
to the PH4 features. In this study, priority was given
to PH4 screening of VCL of DAHT analogues.

2.9. ADME properties

Properties that determine the pharmacokinetics pro-
file of a compound, besides octanol/water partition-
ing coefficient, aqueous solubility, blood/brain parti-
tion coefficient, Caco-2 cell permeability, serum pro-
tein binding, number of likely metabolic reactions
and other 18 descriptors related to adsorption, distri-
bution, metabolism and excretion (ADME properties)
of the inhibitors were computed by the QikProp pro-
gram [55] based on the methods of Jorgensen
[56,57,58]. According to these methods, experi-
mental results of more than 710 compounds includ-
ing about 500 drugs and related heterocycles were

Issouf Fofana et al.

correlated with computed physicochemical de-
scriptors, resulting in an accurate prediction of mo-
lecular pharmacokinetic profiles. Drug likeness
(#stars) is represented by the number of descriptors
that exceed the range of values determined for 95%
of known drugs out of 24 selected descriptors com-
puted by the QikProp[55]. Drug-likeness was used as
the global compound selection criterion related to
ADME properties. The selected ADME descriptors
were calculated from 3D structures of the DAHTSs
considered. They were used to assess the pharmaco-
kinetics profile of designed compounds and served
also for the VCL focusing.

2.10. Virtual library generation

The analogue model building was performed with
Discovery Studio 2.5 [50]. The library of analogues
was enumerated by attaching R-groups (fragments,
building blocks) onto DAHT scaffold using the Enu-
merate Library from Ligands module of Discovery
Studio 2.5 [50]. Reagents and chemicals considered
in this paper were selected from the catalogues of
chemicals available from the commercial sources.
Each analogue was built as a neutral molecule, its
geometry was refined by MM optimization through
smart minimizer of Discovery Studio 2.5 [50] meet-
ing high convergence criteria (threshold on energy
difference of 10 kcal.mol” and root mean square
deviation (RMSD) of 107 A), dielectric constant of 4,
using class II consistent force field CFF91 [33].

2.11. ADME-based library searching

Twenty four ADME-related molecular descriptors
available in QikProp [55], which characterize a wide
spectrum of molecular properties as described in Sec-
tion 4.9, were used. Optimum ranges of these 24 de-
scriptors were defined in terms of upper and lower
bounds according to QikProp [55]. Among them pre-
dicted drug-likeness (#stars, Section 4.9) was used to
retain drug-like DAHT analogues in the focused
VCL.

2.12. Pharmacophore-based library searching

The pharmacophore model (PH4) described in Sec-
tion 4.8 was derived from the bound conformations
of DAHTS at the active site of human HDACS. The
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enumerated VCL was screened by pharmacophore
mapping protocol available of Discovery Studio [50].
Within this protocol, each generated conformer of the
analogues was geometry optimized by means of the
CFF91 force field for a maximum of 500 energy min-
imization steps and subsequently aligned and mapped
to the PH4 model in order to select the top-ranking
overlaps. Twenty best-fitting inhibitor conformers
were saved and clustered into 10 conformational
families according to their mutual RMSD by Jarvis-
Patrick complete linkage clustering method []. The
best representative of each cluster was retained for
the virtual screening of analogues. Only those ana-
logues mapping to all PH4 features were retained for
the in silico screening.

2.13. Inhibitory potency prediction

The conformer with the best match to the PH4
pharmacophore in each cluster of the focused
library subset was selected for in silico screening
by the complexation QSAR model. The relative
GFE of E:I complex formation in water AAGom
was computed for each selected new analogue
and then used for prediction of HDACS inhibito-
ry potencies (/¢%°) of the focused VCL of DAHT
analogues by inserting this parameter into the
target-specific scoring function. The scoring
function, which is specific for the HDACS re-
ceptor, given in equation (2), was parameterized
using the QSAR model of the training set of
DAHT inhibitors [25].

pICE® = —logoICE® = a x AAGeom + b (2)

3. RESULTS & DISCUSSIONS

3.1. Training and validation sets

A series of 31 [24 training set (TS) DAHTs and

7 validation set (VS) DAHTs] of DAHT inhibi-

tors and their experimental activities (/%) from
the same laboratory [25] were selected

mgap(Table 1). These cover a relatively wide

range of potencies 0.047 uM < 5" < 2.14 uM

and allowed building of a valid QSAR model.

Issouf Fofana et al.

The chirality label (when applicable) of the in-
hibitor atoms is displayed in the last part of Ta-
ble 1 on the molecular structure of each TS and
VS inhibitor [25].

3.2. QSAR model

3.2.1. One descriptor QSAR model

The relative Gibbs free energy (GFE) of E:I
complex formation AAG.,, was calculated for
the HDAC8:DAHT complexes as described in
Section 3. Table 2 shows the GFE and their com-
ponents, equation (1). The AAG,,, reflects the
mutual binding affinity between the enzyme and
the inhibitor. Since it is calculated via an approx-
imate approach, the relevance of the binding
model is evaluated by a linear regression with
experimentally observed activity data [25]
equation (2), which led to a linear correlation
and QSAR model for the training set of DAHT
inhibitors. One correlation equation obtained for
the GFE of E:I complex formation AAGcom
(equation (A)), presented in Table 3 with the rel-
evant statistical data. The relatively high values
of the regression coefficient R? and the Fischer F
-test of the correlation involving AAG,,, indicate
that there is a strong relationship between the
binding model and the experimental inhibitory
potencies of the DAHT. The statistical data con-
firmed validity of the correlation equation (A)
plotted on Figure 2. The ratio PICs; /pICs;” =1 (the
pic5” values were estimated using correlation eq.
A, Table 3.) calculated for the validation set
DAHT25-31 documents the substantial predic-
tive power of the complexation QSAR model
from Table 2. Thus, the regression equation A
(Table 3) and computed AAG.. GFEs can be
used for prediction of inhibitory potencies €5’
against human HDACS for novel DAHT ana-
logues, provided that they share the same bind-
ing mode as the training set tetrahydroisoquino-
line-based hydroxamic acid derivatives DAHT1-
24,

WWW.SIFTDESK.ORG
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Table 1. Training set (TS) and validation set (VS) of DAHT inhibitors [25] of human HDACS used in the prepa-
ration of QSAR model of HDACS inhibition. The last part of the table represents molecular structure of TS and
VS indicating the chirality label (when applicable) of the inhibitor atoms [25].
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Training set | DAHT1 DAHT2 DAHT3 DAHT4 DAHTS DAHT6 DAHT7
#R; — #R, 1-3 1-4 1-5 1-6 1-7 1-8 1-9
1C5™P(uM) 0.047 0.068 0.104 0.139 0.147 0.163 0.175
Training set | DAHTS DAHT9 DAHT10 DAHT11 DAHTI12 DAHT13 DAHT14
#R, —#R, 1-10 1-11 1-12 1-13 1-14 1-15 1-16
IC5"P(uM) 0.192 0.212 0.263 0.481 0.502 0.514 0.634
Training set | DAHT1S | DAHTI16 DAHT17 DAHT18 DAHT19 DAHT20 DAHT21
#R; —#R, 1-17 2-14 1-18 1-19 1-20 1-21 1-22
1Cs5o™ (uM) 0.675 0.759 1.00 1.02 1.02 1.04 1.28
Training set | DAHT22 DAHT23 DAHT24
#R; —#R, 1-23 1-24 1-25
IC5o"P(uM) 1.72 1.92 2.14
Validation set | DAHT2S | DAHT26 DAHT27 DAHT?28 DAHT29 DAHT30 DAHT31
#R; —#R, 1-26 1-27 1-28 1-29 1-30 20-14 1-31
1Cs5™P(uM) 0.103 0.114 0.141 0.164 0.201 0.692 1.44
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Table 2. Complexation Gibbs free energy (binding affinity) and its components for the training set of human
HDACS inhibitors DAHT1-24 and validation set inhibitors DAHT25-31 [25]

Issouf Fofana et al.

M," AAHyn AAG° AATS¢ AAGeom” Iy’
Training set *

[gxmol] [kcalxmol™] [kcalxmol™] [kcalxmol™] [kcalxmol ] [uM]
DAHTI 583 0.00 0.00 0.00 0.00 0.047
DAHT2 585 19.96 -5.10 2.69 12.16 0.068
DAHT3 571 69.08 -46.89 2.57 19.62 0.104
DAHT4 585 67.15 -46.61 2.85 17.70 0.139
DAHTS 696 65.59 -43.39 5.28 16.92 0.147
DAHT6 585 68.81 -46.83 2.93 19.05 0.163
DAHT7 635 67.39 -43.95 -4.43 27.87 0.175
DAHTS 682 64.23 -44.67 1.81 17.75 0.192
DAHT9 541 72.18 -48.39 -0.87 24.66 0212
DAHTI10 462 70.42 -46.04 4.02 20.36 0.263
DAHTI1 470 32.32 271 -5.82 35.43 0.481
DAHTI12 504 72.23 -48.02 -7.21 31.42 0.502
DAHTI3 529 70.65 -46.15 -3.74 28.24 0.514
DAHT14 535 25.07 0.42 -6.35 31.83 0.634
DAHTI5 486 24.08 2.70 -6.74 33.53 0.675
DAHT16 474 73.48 -47.89 -9.13 34.72 0.759
DAHT17 472 74.32 -47.77 -5.20 31.76 1.00
DAHTIS8 472 28.68 -1.16 -4.62 32.14 1.02
DAHT19 502 81.74 -46.76 -6.79 41.78 1.02
DAHT20 486 24.34 3.76 -3.44 31.54 1.04
DAHT21 443 31.20 0.27 -8.57 40.04 1.28
DAHT22 490 84.66 -46.68 -9.37 47.36 1.72
DAHT23 571 86.35 -44.82 -7.69 49.22 1.92
DAHT24 429 41.24 -2.68 -7.50 46.07 2.14
Validation set L st BAGo® AATSun” AAGeon" pIC /pIC t

[gxmol] [kealxmol™] [kealxmol™] [kcalxmol™] [kecalxmol™]
DAHT25 619 84.77 -44.95 -1.17 40.99 0.85
DAHT26 518 72.55 -45.75 -7.36 34.16 0.89
DAHT27 490 73.68 -47.35 -9.51 35.83 0.89
DAHT28 476 74.84 -47.07 -11.07 38.83 0.88
DAHT29 684 66.21 -45.88 8.29 12.04 1.05
DAHT30 476 68.06 -47.63 -7.27 27.70 1.04
DAHT31 597 21.18 -1.93 1.12 18.14 1.16

DDHum

M,, is the molecular mass of inhibitors;

DDGsol = [GSOI{E-IX} - Gsol{Ix}] - [Gsol{E'Iref} - Gsol{Iref}];

for the chemical structures of the training and validation sets of inhibitors see Table 1;

DDHyy is the relative enthalpic contribution to the GFE change related to E-I complex formation derived by MM:
= [Emm{E-L} - Emm{L}] - [Emm{E-Let} - Emm{Ler}], Ler is the reference inhibitor DAHTI;
DDGy, is the relative solvent effect contribution to the GFE change of E-I complex formation:

-DDTS.,;, is the relative entropic contribution of inhibitor I, to the GFE of E-I, complex formation:
DDTSib = [TSyiv i} = TSvint L} ] - [TSviv et} = TSuib et} 15
DDG,on is the overall relative GFE change of E-I; complex formation: DDG_,p,

¢ ICs5™ is the experimental half-maximal inhibition concentration of DAHT obtained from ref.[25];

DDHMM + DDGSOI - DDTSVib;

ratio of predicted and experimental half-maximal inhibition concentrations p/Cso"®/ p/Cs™® (p/Csc”™ = -log1o /C50") was
predicted from computed DD G.onm using the regression equation for DAHT shown in Table 3, A.
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Figure 2. Plot for relative complexation Gibbs free ener-
gies (GFE) of the HDACS-DAHTx complex formation
AAGeom [kealxmol™] of the training set [25]. The valida-
tion set data points are shown in red colour.

-

Figure 3. (a) - 2D schematic interaction diagram of the
most potent inhibitor DAHT1[25] at the active site of hu-
man HDACS. (b) - 3D structure of the HDACS active site
with bound inhibitor DAHT. (c) - Connolly surface of the
HDACS active site for DAHT 1. Surface colouring legend:

Issouf Fofana et al.

red - hydrophobic, blue - hydrophilic and white - interme-
diate. (d) - 2D schematic interaction diagram of the inhibi-
tor DAHT2 [25] at the active site of human HDACS. (e) -
2D schematic interaction diagram of the inhibitor
DAHT?24 [25] at the active site of human HDACS.

Table 3. Regression analysis of computed binding affini-
ties AAGeom, its enthalpic component AAHyy, and experi-
mental half-maximal inhibitory concentrations

pIC,” = —logy 1€ of DAHTS towards HDACS.

Statistical data of linear regression (A)
pICEF = —0.0376 X AAG, o + 7.4605 (A)
Number of compounds n 24
Squared correlation coefficient of regression R’ 0.89

LOO cross-validated squared correlation coeffi-

cient R, 088
Standard error of regression s 0.163
Statistical significance of regression, Fisher F- 171.58
test

Level of statistical significance a >95%
Range of activities s [uM] 0.047-2.14

3.2.2. Binding mode of DAHTSs

Structural information on the enzyme-inhibitor interactions
retrieved from the crystal structure of HDAC8-DAHT1-2
complexes [25] showed that DAHTs are micromolar
HDACS inhibitors. As indicated in Figure 3, in the catalyt-
ic site I residue Tyr100 forms p - p stacking interaction []
with the 4-methoxyphenyl group of inhibitor [25] and a
hydrogen bond (HB) with carbonyl oxygen atom of DAHT
scaffold. The central benzene ring of the inhibitor scaffold
forms p - p stacking interaction with His180. In the hydro-
phobic site II, the ((1S, 2R) -2-methyl-1 - ((R) -pyrrolidine
-2-carboxamido) butyl) moiety of DAHT1 (figure 3.a) and
((1S, 2R) -1 - ((S) -2- amino-3-methylbutanamido) -2-
methylbutyl) moiety of DAHT2 (figure 3.d) sit in a hydro-
phobic substrate cavity, surrounded by side chains of pre-
dominantly nonpolar residues: Phe207, Pro273 and
Met274. In the case of the inhibitor DAHT24, the ami-
nomethyl moiety (figure 3.e) is shorter, less bulky and
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cannot reach this aforementioned cavity therefore interacts
weakly with the residue Phe207 and even less the residues
Pro273 and Met274. We postulated that the high affinity
between the DAHT1 R2 group and these three residues,
shown by the pocket interaction energy, could be the key
factor that made DAHT1 more effective against HDACS
compared to another training set inhibitors. In the hydro-
philic site III, the zinc-binding group (ZBG) of inhibitor
scaffold makes hydrogen bonds with the side chain of cat-
alytic His143, Asp178, and Tyr306.

3.3. Interaction Energy

Other key structural information was provided by the inter-
action energy (IE, AE},) diagram obtained for each train-
ing set inhibitor. IE breakdown to contributions from
HDACS active site residues is helpful for the choice of
relevant R;-groups (site I) and R,-groups (site 1I), which
could improve the binding affinity of DAHT analogues to
the human HDACS and the subsequently enhance the in-
hibitory potency. A comparative analysis of computed IE
for training set DAHTs (Figure 4) divided into three clas-
ses according to the range of experimental activities (0.047
-2.14uM) of training set DAHTSs (highest, moderate and
lowest activity) has been carried out to identify the resi-
dues for which the interaction with the ligand-could be
increased. However, the comparative analysis showed
about the same level of IE contributions from site I resi-
dues for all three classes of inhibitors, which seems normal
to us since it is the 4-methoxyphenyl group that is used in
all the training set inhibitors in this pocket. Only inhibitor
DAHT16 contains phenyl group in R; which results in a
decrease in the contribution of Tyr100 to the IE. Contrari-
wise, we observed a decrease in the IE contributions of the
residues Lys202, Phe207, Pro273, Met274 and the cofac-
tor UNK405H from site IT of class (A) to class (C). There-
fore, we have adopted a combinatorial approach to novel
analogue design with help of the PH4 pharmacophore of
HDACS inhibition derived from the complexation QSAR
model. Starting from the best combinatorically designed
analogue, we proceeded by the method of intuitive substi-
tution allowing to improve the binding affinity as we pre-
viously reported for the thymine-like inhibitors of Myco-
bacterium tuberculosis thymidine monophosphate kinase
design [33].

3.4. 3D-QSAR Pharmacophore model

3.4.1. HDACS active site pharmacophore

The Connolly surface generation protocol in Insight-II
molecular modelling program [47] allows for mapping of
hydrophobic and hydrophilic character of the active site of

Issouf Fofana et al.

a protein. The surface of the active site of HDACS has
mainly a hydrophobic character (Figure 3, c).

3.4.2. Generation and validation of 3D-QSAR pharmaco-
phore

HDACS inhibition 3D-QSAR pharmacophore was gener-
ated from the active conformation of 24 TS inhibitors
DAHT1-24 and evaluated by 7 VS DAHT25-31 with the
range of experimental activities (0.047 — 2.14 uM) span-
ning more than two orders of magnitude [25]. The PH4
pharmacophore model of the HDACS inhibition elaborated
from QSAR model and training set of DAHT is presented
on Figure 5. The 3D-QSAR PH4 generation was carried
out in three steps: constructive, subtractive and optimiza-
tion step (Section 2). During the constructive phase of Hy-

poGen, the most active DAHTSs, for which €5 < 2 x
0.047 pM, were selected as the leads. Thus, DAHT1 and
DAHT2 (75" < 0.094 uM) were used to generate the start-
ing PH4 features and those matching to these leads were
retained. During the subsequent subtractive phase, features
which were present in more than half of the inactive
DAHTSs were removed. The PH4 models that contained all
features were retained. None of the training set compounds
was found to be inactive (ICs0° > 0.047 x 10°°= 148.63
pM). During the final optimization phase, the score of the
PH4 hypothesis was improved. Hypotheses were scored
via simulated annealing protocol according to errors in the
activity estimates from the regression and complexity. At
the end of optimization, 10 best scoring unique hypotheses
(Table 4) displaying four features were kept.

The reliability of the generated PH4 models was then as-
sessed using the calculated cost parameters ranging from
98.68 (Hypol) to 130.99 (Hypol0). Their statistical data
(costs, root-mean-square deviation 1.75 < RMSD < 2.32
and 0.87 < B* < 0.93 are listed in Table 4. The regression
equation: PICs" = 0.8769 x pICZ" + 07854 (Figure 5), both &
and R greater than 0.85 as well as F-test of 143.51 attest
the predictive capacity of the PH4. The fixed cost of
Hypol (57.18), lower than the null cost (318.83) by A =
261.65, is a chief indicator of the PH4 model predictability
(A > 70 corresponds to a probability higher than 90% that
the model represents a valid correlation [33]). The differ-
ence A > 187.8 for the set of 10 hypothesis confirms the
high quality of the PH4 model. The best-selected hypothe-
sis Hypol represents a PH4 model with a similar level of
predictive power as the QSAR model utilizing the GFE of
E:I complex formation with a probability of 98%.
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The substantial predictive power of the generated PH4
model was also checked through the computed ratio of
PH4-predicted and experimentally observed activities

(PICs /PICS") for the validation set (VS) (Table 1). All
these ratios computed for the DAHT25-DAHT31 are close

to one, Table 2.

3.5. Virtual Screening

In silico screening of virtual library of ligands can lead to
hit identification as it was shown in our previous works on
inhibitor design [34,35,36].

Issouf Fofana et al.

3.5.1. Virtual library

An initial virtual combinatorial library (VCL) was generat-
ed by substitutions at positions R; and R, (see Table 1) on
the tetrahydroisoquinoline-based hydroxamic acid deriva-
tives scaffold. During the VCL enumeration, the R-groups
listed in Table 5 were attached to positions R; — R, of the
DAHT scaffolds to form a virtual combinatorial library of
the size: Ry x R, =42 x 423 = 17 766 analogues (Table 5).
In order to match the substitution pattern of the best train-
ing set inhibitor DAHT1 and taking into account the re-
ported structural information about the character of the
binding site pockets [25], without applying the Lipinski
rules [25], the VCL underwent focusing.
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Figure 4: Molecular mechanics intermolecular interaction energy AEint breakdown to residue contributions in [kcal.mol
-1]: (A) - the most active inhibitors DAHT1-5, (B) - moderately active inhibitors DAHT 10-14, (C) - less active inhibi-
tors DAHT?20-24, Table 2 [25].
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Figure 5. The correlation plot of experimental vs. predicted inhibitory activity (open circles correspond to TS,

orange dots to VS).

Table 4. Output parameters of 10 generated pharmacophore hypotheses for training set of DAHT HDACS
inhibitors [25] after the CatScramble validation procedure.

Hypothesis RMSD®  R?®  Total costs® Cos;flgigfer- Rsa:;(()iS:rer e
Hypol 1.750 0.93 98.68 220.15 150.84
Hypo2 1.936 0.92 108.51 210.33 170.91
Hypo3 1.978 0.91 111.64 207.19 171.52
Hypo4 2.048 0.90 115.31 203.53 189.92
Hypo5 2.064 0.90 115.80 203.04 194.45
Hypo6 2.113 0.90 117.87 200.97 197.90
Hypo7 2.320 0.88 128.49 190.34 200.00
Hypo8 2.358 0.87 130.18 188.65 201.67
Hypo9 2.328 0.87 130.64 188.20 208.89
Hypo10 2.320 0.88 130.99 187.84 209.65

a b

root mean square deviation;
d

squared correlation coefficient; © overall cost parameter of the PH4 pharmacophore;
cost difference between null cost and hypothesis total cost, ¢ lowest cost from 49 scrambled runs at a selected level of confidence of

98%. The Fixed cost = 57.18 with RMSD = 0, the Null cost = 318.83 with RMSD = 4.799 and the Configuration cost = 14.33.

3.5.2. In silico screening of library of DAHTS
The focused library of 17 766 analogues was further screened for molecular structures matching the 3D-QSAR
PH4 pharmacophore model Hypol of HDACS inhibition. 199 DAHTs mapped to at least 3 pharmacophoric
features, 30 of which mapped to at least 4 features of the pharmacophore. These best fitting analogues (PH4
hits) then underwent complexation QSAR model screening. The computed GFE of HDAC8-DAHTx complex
formation, their components and predicted half-maximal inhibitory concentrations /Cs;” calculated from the cor-
relation equation (A) (Table 3), are listed in Table 6.
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Table 5. R1-R2-groups (building blocks) used in the design of the initial diversity virtual combinatorial library of tetra-

hydroisoquinoline-based hydroxamic acid derivatives

Issouf Fofana et al.

o)
/R1
H N
N N, H
HO" O R,
(o)
R-groups *°
1 | (4-methylcyclohexyl)methyl 2 cyclohexylmethyl 3 | cyclopentylmethyl
4 | benzyl 5 4-methylbenzyl 6 | 4-methoxybenzyl
7 | 4-ethylbenzyl 8 4-chlorobenzyl 9 | phenyl
10 | benzenylethyl 11 propyl 12| neopentyl
13 | 3-(trifluoromethyl)benzimidoyl 14 4-(methylsulfyl)phenyl 15| benzimidoyl
1-cyclohexyl-2-(cyclopentyloxy)-2-
16 | 2-phenoxyacetyl 17 1-(2-(thiophen-3-yl)ethyl)-1H-1,2,3-triazol-4-yl | 18 4 yl-2-(cyclopentyloxy)
oxoethyl
4-(4-(2-(hydroxymethyl)benzamido)-3H-
19 | 1,5-dichloro-3-pentyl 20 (4-(4-(2-(hydroxy vD ) 21| 2-methyl-1H-indolyl
pyrazol-5-yl)phenoxy)methyl
4-(4-(difluoromethyl)phenyl)-2-(4-(2
2-(4-(2-fluorocthyl)-3-hydroxyphenyl)-4-(4- i yhphenyl)-2-(4-(
22 | 4-(methoxy)phenyl 23 24| -fluoroethyl)-3-hydroxyphenyl)
fluorophenyl)butanoyl
butanoyl
X X 4-(2-chloro-4-fluorophenyl)-2-(4-(2-
4-(3,4-difluorophenyl)-2-(4-(2-fluoroethyl)-3- 4-(3,5-difluorophenyl)-2-(4-(2-fluoroethyl)-3-
25 26 27| fluoroethyl)-3-hydroxyphenyl)
hydroxyphenyl)butanoyl hydroxyphenyl)butanoyl
butanoyl
4-(2-fluoro-4-methylphenyl)-2-(4-(2-
4-(4-chloro-2-fluorophenyl)-2-(4-(2- 4-(4-bromo-2-fluorophenyl)-2-(4-(2-
28 29 30| fluoroethyl)-3-hydroxyphenyl)
fluoroethyl)-3-hydroxyphenyl)butanoyl fluoroethyl)-3-hydroxyphenyl)butanoyl
butanoyl
X X 2-(4-(2-fluoroethyl)-3-
4-(2,6-difluorophenyl)-2-(4-(2-fluoroethyl)-3- 4-(2,4-difluorophenyl)-2-(4-(2-fluoroethyl)-3-
31 32 33 | hydroxyphenyl)-4-(2,4,6-
hydroxyphenyl)butanoyl hydroxyphenyl)butanoyl i
trifluorophenyl)butanoyl
2-(4-(2-fluoroethyl)-3-
34 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3-(3- 35 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3-(2- 36 hydroxyphenyl)-3-(3-
(trifluoromethyl)pyridin-2-yl)propanoyl (trifluoromethyl)pyridin-3-yl)propanoyl (trifluoromethyl)pyridin-4-yl)
propanoyl
2-(4-(2-fluoroethyl)-3-
. 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3-(4-
3-(3-bromopyridin-2-yl)-2-(4-(2-fluoroethyl)-3 . . hydroxyphenyl)-3-(4-

37 38 methoxy-3-(trifluoromethyl)pyridin-2-yl) 39 . .
-hydroxyphenyl)propanoyl (trifluoromethyl)pyridin-3-yl)
propanoyl

propanoyl
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3-(2 2-(4-(2-fluorocthyl)-3-hydroxyphenyl)-3-(N 2-(4-(2-fluoroethyl)-3-
-(4-(2-fluoroe -3-hydroxyphenyl)-3-(2- -(4-(2-fluoroe -3-hydroxyphenyl)-3-(N-
40| " YOS yaroxypheny 41 DS yaroxypheny 42| hydroxyphenyl)-5-(2-methyl-3H-
(trifluoromethyl)phenyl)propanoyl phenylsulfamoyl)propanoyl .
indol-3-yl)pentanoyl
. . . . o 2-(4-(2-fluoroethyl)-3-
4-(3-(dimethylamino)benzofuran-2-yl)-2-(4-(2- 4-(2-(diphenylamino)pyrimidin-5-yl)-2-(4-(2- o
43 44 45 | hydroxyphenyl)-4-(6-fluoroquinolin-
fluoroethyl)-3-hydroxyphenyl)-4-oxobutanoyl fluoroethyl)-3-hydroxyphenyl)-4-oxobutanoyl
2-yl)butanoyl
3-(4-(4-(dimethylamino)phenyl)-1H-1,2,3- 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3-(4-(4- 3-(4-(4-cyclopentylphenyl)-1H-1,2,3
46 | triazol-1-yl)-2-(4-(2-fluoroethyl)-3- 47 (piperidin-1-yl)phenyl)-1H-1,2,3-triazol-1-yl) [ 48 | -triazol-1-yl)-2-(4-(2-fluoroethyl)-3-
hydroxyphenyl)propanoyl propanoyl hydroxyphenyl)propanoyl
2-(4-(2-fluoroethyl)-3-
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4-(3-(4- 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4-(5-
. hydroxyphenyl)-4-(3-(furan-3-yl)-5-
49 | hydroxyphenyl)-5-(thiophen-3-yl)-1H-pyrrol-2- 50 (furan-3-yl)-3-(4-hydroxyphenyl)-1H-pyrrol-2- | 51
(4-hydroxyphenyl)-1H-pyrrol-2-yl)-4
yl)-4-oxobutanoyl yl)-4-oxobutanoyl
-oxobutanoyl
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3-(4-(1,3-dioxo-1,3-bis(quinolin-8-
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3-(2- 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3-(2- X
. X X . . X ylamino)propan-2-yl)phenyl)-2-(4-(2
52 | methyl-3,4-dihydro-1H-pyrido[4,3-b]indol-5 53 methyl-3,4-dihydro-1H-pyrido[3,4-b]indol-9 54
-fluoroethyl)-3-hydroxyphenyl)
(2H)-yl)propanoyl (2H)-yl)propanoyl
propanoyl
2-(4-(2-fluoroethyl)-3-
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4-oxo-4 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3- .
55 o 56 57| hydroxyphenyl)-4-oxo-4-(pyridin-3-
-((R)-6-oxopiperidin-2-yl)butanoyl (naphthalen-2-ylsulfonyl)propanoyl
ylmethoxy)butanoyl
3-(4-(1-(4-fluorobenzyl)-1H-1,2,3-triazol-4-yl)
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-6- 3-cyclopentyl-2-(4-(2-fluoroethyl)-3-
58 | phenyl)-2-(4-(2-fluoroethyl)-3-hydroxyphenyl) 59 60
(naphthalen-2-yl)hexanoyl hydroxyphenyl)propanoyl
propanoyl
61 3-cycloheptyl-2-(4-(2-fluoroethyl)-3- 0 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3- 6 2-(4-(2-fluoroethyl)-3-
hydroxyphenyl)propanoyl (thiophen-2-yl)propanoyl hydroxyphenyl)pentanoyl
3-(2-carbamoyl-4-methoxyphenyl)-2-(4-(2- 2-(4-(2-fluoroethyl)-3-
64 | 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)butanoyl 65 66
fluoroethyl)-3-hydroxyphenyl)propanoyl hydroxyphenyl)heptanoyl
2-(4-(2-fluoroethyl)-3-
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4,4- 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3-(3-
67 . 68 69 | hydroxyphenyl)-3-(2-
dimethylpentanoyl methoxyphenyl)propanoyl
methoxyphenyl)propanoyl
X X 2-(4-(2-fluoroethyl)-3-
3-(2,3-dimethoxyphenyl)-2-(4-(2-fluoroethyl)-3 3-(2,4-dimethoxyphenyl)-2-(4-(2-fluoroethyl)-3
70 71 72 | hydroxyphenyl)-3-(4-methoxy-2-
-hydroxyphenyl)propanoyl -hydroxyphenyl)propanoyl
(methoxymethyl)phenyl)propanoyl
4-(cyclopenta-2,4-dien-1-yl)-2-(4-(2-
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4- 3-(2-(carboxymethoxy)-4-methoxyphenyl)-2-(4
73 74 75| fluoroethyl)-3-hydroxyphenyl)-4-
methylpentanoyl -(2-fluoroethyl)-3-hydroxyphenyl)propanoyl
oxobutanoyl
. 4-(2-aminocyclopenta-2,4-dien-1-yl)
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4-(2- 4-(2-fluorocyclopenta-2,4-dien-1-yl)-2-(4-(2-
76 X 77 78 | -2-(4-(2-fluoroethyl)-3-
methylcyclopenta-2,4-dien-1-yl)-4-oxobutanoyl fluoroethyl)-3-hydroxyphenyl)-4-oxobutanoyl
hydroxyphenyl)-4-oxobutanoyl
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4-(2- 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4-(3- 4-(2,3-dimercaptocyclopenta-2,4-
79 | mercaptocyclopenta-2,4-dien-1-yl)-4- 80 mercaptocyclopenta-2,4-dien-1-yl)-4- 81| dien-1-yl)-2-(4-(2-fluoroethyl)-3-
oxobutanoyl oxobutanoyl hydroxyphenyl)-4-oxobutanoyl
) . 4-(2,3-dichlorocyclopenta-2,4-dien-1
4-(2-chlorocyclopenta-2,4-dien-1-yl)-2-(4-(2- 4-(3-chlorocyclopenta-2,4-dien-1-yl)-2-(4-(2-
82 83 84| -yl)-2-(4-(2-fluoroethyl)-3-
fluoroethyl)-3-hydroxyphenyl)-4-oxobutanoyl fluoroethyl)-3-hydroxyphenyl)-4-oxobutanoyl
hydroxyphenyl)-4-oxobutanoyl
. . 4-(2,3-dibromocyclopenta-2,4-dien-1
4-(3-bromocyclopenta-2,4-dien-1-yl)-2-(4-(2- 4-(2-bromocyclopenta-2,4-dien-1-yl)-2-(4-(2-
85 86 87| -yl)-2-(4-(2-fluoroethyl)-3-
fluoroethyl)-3-hydroxyphenyl)-4-oxobutanoyl fluoroethyl)-3-hydroxyphenyl)-4-oxobutanoyl
hydroxyphenyl)-4-oxobutanoyl
2-(4-(2-fluorocthyl)-3-hydroxyphenyl)-4-(2 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4-(3 4-(2.3-diiodocyclopenta-2.4-dien-1-
-(4-(2-fluoroe -3-hydroxyphenyl)-4-(2- -(4-(2-fluoroe -3-hydroxyphenyl)-4-(3-
83| . Y ,y ypPheny 89 . Y _y ypheny 90 | yl)-2-(4-(2-fluoroethyl)-3-
iodocyclopenta-2,4-dien-1-yl)-4-oxobutanoyl iodocyclopenta-2,4-dien-1-yl)-4-oxobutanoyl
hydroxyphenyl)-4-oxobutanoyl
. (4S)-4-amino-4-((S)-2,3-
. . (4S)-4-amino-4-((S)-2-fluorocyclopenta-2,4- . X
(4S)-4-amino-4-(cyclopenta-2,4-dien-1-yl)-2-(4 i difluorocyclopenta-2,4-dien-1-yl)-2-
91 92 dien-1-yl)-2-(4-(2-fluoroethyl)-3- 93
-(2-fluoroethyl)-3-hydroxyphenyl)butanoyl (4-(2-fluoroethyl)-3-hydroxyphenyl)
hydroxyphenyl)butanoyl
butanoyl
. . (4S)-4-amino-4-((S)-2,3-
(4S)-4-amino-4-((R)-3-fluorocyclopenta-2,4- (4S)-4-amino-2-(4-(2-fluoroethyl)-3- X .
. dimercaptocyclopenta-2,4-dien-1-yl)
94 | dien-1-yl)-2-(4-(2-fluoroethyl)-3- 95 hydroxyphenyl)-4-((S)-2-mercaptocyclopenta- | 96
. -2-(4-(2-fluoroethyl)-3-
hydroxyphenyl)butanoyl 2,4-dien-1-yl)butanoyl
hydroxyphenyl)butanoyl
X . (4S)-2-(4-(2-fluoroethyl)-3-
(4S)-4-((S)-2,3-dimercaptocyclopenta-2,4-dien- (4S)-2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4- .
. hydroxyphenyl)-4-(mercaptoamino)-4-
97 | 1-yl)-2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4- 98 (mercaptoamino)-4-((R)-3-mercaptocyclopenta- | 99 .
. K ((S)-2-mercaptocyclopenta-2,4-dien-1-
(mercaptoamino)butanoyl 2,4-dien-1-yl)butanoyl
yl)butanoyl
. X (4S)-4-((S)-2,3-difluorocyclopenta-
(4S)-4-((R)-3-fluorocyclopenta-2,4-dien-1-yl)- (4S)-4-((S)-2-fluorocyclopenta-2,4-dien-1-yl)-2 .
2,4-dien-1-yl)-2-(4-(2-fluoroethyl)-3-
100 | 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4- 101 -(4-(2-fluoroethyl)-3-hydroxyphenyl)-4- 102 X
. i hydroxyphenyl)-4-(mercaptoamino)
(mercaptoamino)butanoyl (mercaptoamino)butanoyl
butanoyl
. . . (4S)-4-(fluoroamino)-2-(4-(2-
(4R)-4-((R)-2,3-dimercaptocyclopenta-2,4-dien (4R)-4-(fluoroamino)-2-(4-(2-fluoroethyl)-3-
. fluoroethyl)-3-hydroxyphenyl)-4-(R)-
103 | -1-yl)-4-(fluoroamino)-2-(4-(2-fluoroethyl)-3- 104 hydroxyphenyl)-4-((R)-2-mercaptocyclopenta- 105 i
. 3-mercaptocyclopenta-2,4-dien-1-yl)
hydroxyphenyl)butanoyl 2,4-dien-1-yl)butanoyl
butanoy!
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. . i (4S)-4-((S)-2,3-dichlorocyclopenta-
(4S)-4-(fluoroamino)-4-((R)-3- (4S)-4-((S)-2,3-difluorocyclopenta-2,4-dien-1- . K
X i 2,4-dien-1-yl)-4-(fluoroamino)-2-(4-
106 | fluorocyclopenta-2,4-dien-1-yl)-2-(4-(2- 107 yl)-4-(fluoroamino)-2-(4-(2-fluoroethyl)-3- 108
(2-fluoroethyl)-3-hydroxyphenyl)
fluoroethyl)-3-hydroxyphenyl)butanoyl hydroxyphenyl)butanoyl
butanoyl
(4R)-4-((R)-2-chlorocyclopenta-2,4-dien-1-yl)- 4-(3-chlorocyclopenta-2,4-dien-1-yl)-4- 4-(3-bromocyclopenta-2,4-dien-1-yl)
109 | 4-(fluoroamino)-2-(4-(2-fluoroethyl)-3- 110 (fluoroamino)-2-(4-(2-fluoroethyl)-3- 111| -4-(fluoroamino)-2-(4-(2-fluoroethyl)
hydroxyphenyl)butanoyl hydroxyphenyl)butanoyl -3-hydroxyphenyl)butanoyl
. . . 4-(2-carbamoylcyclopenta-2,4-dien-1
4-(2,3-dibromocyclopenta-2,4-dien-1-yl)-4- (4R)-4-((R)-2-bromocyclopenta-2,4-dien-1-yl)- :
. . -yl)-4-(fluoroamino)-2-(4-(2-
112| (fluoroamino)-2-(4-(2-fluoroethyl)-3- 113 4-(fluoroamino)-2-(4-(2-fluoroethyl)-3- 114
fluoroethyl)-3-hydroxyphenyl)
hydroxyphenyl)butanoyl hydroxyphenyl)butanoyl
butanoyl
X X X X 4-amino-4-(2-carbamoyl-3-
4-amino-4-(2-carbamoylcyclopenta-2,4-dien-1- 4-amino-4-(3-carbamoylcyclopenta-2,4-dien-1- R
fluorocyclopenta-2,4-dien-1-yl)-2-(4-
115| yl)-2-(4-(2-fluoroethyl)-3-hydroxyphenyl) 116 yl)-2-(4-(2-fluoroethyl)-3-hydroxyphenyl) 117
(2-fluoroethyl)-3-hydroxyphenyl)
butanoyl butanoyl
butanoyl
4-amino-4-(2-carbamoyl-3-chlorocyclopenta- (4R)-4-amino-4-((R)-3-amino-2- 4-(2-carbamoylphenoxy)-2-(4-(2-
118| 2,4-dien-1-yl)-2-(4-(2-fluoroethyl)-3- 119 carbamoylcyclopenta-2,4-dien-1-yl)-2-(4-(2- 120{ fluoroethyl)-3-hydroxyphenyl)-4-
hydroxyphenyl)butanoyl fluoroethyl)-3-hydroxyphenyl)butanoyl oxobutanoyl
2-(4-(2-fluoroethyl)-3-
4-(3-carbamoylphenoxy)-2-(4-(2-fluoroethyl)-3 4-(4-carbamoylphenoxy)-2-(4-(2-fluoroethyl)-3
121 122 123| hydroxyphenyl)-4-(2-
-hydroxyphenyl)-4-oxobutanoyl -hydroxyphenyl)-4-oxobutanoyl
mercaptophenoxy)-4-oxobutanoyl
4-(2,3-dimercaptophenoxy)-2-(4-(2-
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4-(3- 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4-(4-
124 125 126 fluoroethyl)-3-hydroxyphenyl)-4-
mercaptophenoxy)-4-oxobutanoyl mercaptophenoxy)-4-oxobutanoyl
oxobutanoyl
L 4-(3-carbamoylphenyl)-2-(4-(2-
4-(2-carbamoylphenyl)-2-(4-(2-fluoroethyl)-3- 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4-imino-
127 e 128 129| fluoroethyl)-3-hydroxyphenyl)-4-
hydroxyphenyl)-4-iminobutanoyl 4-phenylbutanoyl L
iminobutanoyl
. 4-(2,3-dimercaptophenyl)-2-(4-(2-
4-(4-carbamoylphenyl)-2-(4-(2-fluoroethyl)-3- 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4-imino-
130 . 131 132| fluoroethyl)-3-hydroxyphenyl)-4-
hydroxyphenyl)-4-iminobutanoyl 4-(2-mercaptophenyl)butanoyl L
iminobutanoyl
o L (Z)-(2-(4-(2-fluoroethyl)-3-
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4-imino 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4-imino- .
133 134 135| hydroxyphenyl)-4-(fluoroimino)-4-(2
-4-(3-mercaptophenyl)butanoyl 4-(4-mercaptophenyl)butanoyl
-fluorophenyl)butanoyl)
(Z)-(4-(2-bromophenyl)-2-(4-(2-
(Z)-(2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4- (Z)-(4-(3-bromophenyl)-2-(4-(2-fluoroethyl)-3-
136 L 137 . 138| fluoroethyl)-3-hydroxyphenyl)-4-
(fluoroimino)-4-(3-fluorophenyl)butanoyl) hydroxyphenyl)-4-(fluoroimino)butanoyl) o
(fluoroimino)butanoyl)
(Z)-(4-(2-chlorophenyl)-2-(4-(2-fluorocthyl)-3 (Z)-(4-(3-chlorophenyl)-2-(4-(2-fluorocthyl)-3 (£)-(4-(bromoimino)-4-(3-
-(4-(2-chlorophenyl)-2-(4-(2-fluoroe -3- -(4-(3-chlorophenyl)-2-(4-(2-fluoroe -3-
139 pheny L Y 140 pheny L Y 141| chlorophenyl)-2-(4-(2-fluoroethyl)-3-
hydroxyphenyl)-4-(fluoroimino)butanoyl) hydroxyphenyl)-4-(fluoroimino)butanoyl)
ydroxypheny Yy ydroxypheny Yy
hydroxyphenyl)butanoyl)
. . (Z)-(4-(chloroimino)-4-(2-
(Z)-(4-(bromoimino)-4-(3-bromophenyl)-2-(4- (Z)-(4-(chloroimino)-4-(3-chlorophenyl)-2-(4-
142 143 144| chlorophenyl)-2-(4-(2-fluoroethyl)-3-
(2-fluoroethyl)-3-hydroxyphenyl)butanoyl) (2-fluoroethyl)-3-hydroxyphenyl)butanoyl)
hydroxyphenyl)butanoyl)
L . (2-(4-(2-fluoroethyl)-3-
(Z)-(4-(bromoimino)-4-(2-bromophenyl)-2-(4- (2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4-imino .
145 146 147| hydroxyphenyl)-4-imino-4-(2-
(2-fluoroethyl)-3-hydroxyphenyl)butanoyl) -4-(o-tolyl)butanoyl) .
(trifluoromethyl)phenyl)butanoyl)
(4-(2-carbamoylphenyl)-2-(4-(2-
(2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4- (4-(3-carbamoylphenyl)-2-(4-(2-fluoroethyl)-3-
148 . i 149 150 fluoroethyl)-3-hydroxyphenyl)-4-
imino-4-(3-(trifluoromethyl)phenyl)butanoyl) hydroxyphenyl)-4-oxobutanoyl)
oxobutanoyl)
(4-(2,3-dimercaptophenyl)-2-(4-(2-
(4-(4-carbamoylphenyl)-2-(4-(2-fluoroethyl)-3- (2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4-(2-
151 152 153| fluoroethyl)-3-hydroxyphenyl)-4-
hydroxyphenyl)-4-oxobutanoyl) mercaptophenyl)-4-oxobutanoyl)
oxobutanoyl)
(2-(4~(2-fluoroethyl)-3-hydroxyphenyl)-4-(3 (2-(4~(2-fluoroethyl)-3-hydroxyphen-yl)-4-(4 2-(4-(2-fluoroethyl)-3-
-(4-(2-fluoroe -3-hydroxyphenyl)-4-(3- -(4-(2-fluoroe -3-hydroxyphen+yl)-4-(4-
154 U iyeroxypheny 155 YUy Aroxyphenty 156| hydroxyphenyl)-4-oxo-4-(o-tolyl)
mercaptophenyl)-4-oxobutanoyl) mercaptophenyl)-4-oxobutanoyl)
butanoyl
2-(4-(2-fluorocthyl)-3-hydroxyphenyl)-4-oxo-4 2-(4-(2-fluorocthyl)-3-hydroxyphenyl)-4-oxo-4 2-(4-(2-fluoroethyl)-3-
-(4-(2-fluoroe -3-hydroxyphenyl)-4-oxo- -(4-(2-fluoroe -3-hydroxyphenyl)-4-oxo-4-
157 , YL-o-ydroxyphieny 158 ‘ vy droxyphieny 159| hydroxyphenyl)-4-(2-fluorophenyl)-
-(2-(trifluoromethyl)phenyl)butanoyl (3-(trifluoromethyl)phenyl)butanoyl
4-oxobutanoyl
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4-amino-4-(3-bromo-2-carbamoylcyclopenta- . 3-(4-chloro-1H-pyrazol-1-yl)-2-(4-(2
i 4-amino-2-(4-(2-fluoroethyl)-3-hydroxyphenyl)
160 | 2,4-dien-1-yl)-2-(4-(2-fluoroethyl)-3- 161 162| -fluoroethyl)-3-hydroxyphenyl)
-4-oxobutanoyl
hydroxyphenyl)butanoyl propanoyl
X 3-(3-chloro-1H-pyrazol-1-yl)-2-(4-(2
3-(4,5-dichloro-1H-pyrazol-1-yl)-2-(4-(2- 3-(5-chloro-1H-pyrazol-1-yl)-2-(4-(2-
163 164 165| -fluoroethyl)-3-hydroxyphenyl)
fluoroethyl)-3-hydroxyphenyl)propanoyl fluoroethyl)-3-hydroxyphenyl)propanoyl
propanoyl
3-(5-bromo-1H-pyrazol-1-yl)-2-(4-(2
3-(3-bromo-1H-pyrazol-1-yl)-2-(4-(2- 3-(4-bromo-1H-pyrazol-1-yl)-2-(4-(2-
166 167 168| -fluoroethyl)-3-hydroxyphenyl)
fluoroethyl)-3-hydroxyphenyl)propanoyl fluoroethyl)-3-hydroxyphenyl)propanoyl
propanoyl
3-(4,5-dibromo-1H. I 1-y1)-2-(4-2 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3-(3.4,5 2-(4-(2-flnoroctity])-3-
-(4,5-dibromo-1H-pyrazol-1-yl)-2-(4-(2- -(4-(2-fluoroe -3-hydroxyphenyl)-3-(3,4,5-
169 Pyr 4 170 . 4 Y ypheny 171| hydroxyphenyl)-3-(4-mercapto-1H-
fluoroethyl)-3-hydroxyphenyl)propanoyl tribromo-1H-pyrazol-1-yl)propanoyl
pyrazol-1-yl)propanoyl
3-(4,5-di to-1H - 1-y1)-2-(4-(2 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3-(5 2-(4-(2-fluoroethyl)-3-
-(4,5-dimercapto-1H-pyrazol-1-yl)-2-(4-(2- -(4-(2-fluoroe -3-hydroxyphenyl)-3-(5- .
172 pro-TTpY Y 173 YO roXy ey 174| hydroxyphenyl)-3-(5-iodo-1H-
fluoroethyl)-3-hydroxyphenyl)propanoyl mercapto-1H-pyrazol-1-yl)propanoyl
pyrazol-1-yl)propanoyl
3-(3,4-diiodo-1H-pyrazol-1-yl)-2-(4-
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3-(4- 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3-(3-
1751 . 176 X 177| (2-fluoroethyl)-3-hydroxyphenyl)
iodo-1H-pyrazol-1-yl)propanoyl iodo-1H-pyrazol-1-yl)propanoyl
propanoyl
3-(3,4-difluoro-1H-pyrazol-1-yl)-2-
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3-(3,4,5 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3-(3.,4,5-
178 . 179 . 180| (4-(2-fluoroethyl)-3-hydroxyphenyl)
-triiodo-1H-pyrazol-1-yl)propanoyl trifluoro-1H-pyrazol-1-yl)propanoyl
propanoyl
3-(5-fluoro-1H-pyrazol-1-yl)-2-(4-(2
3-(3-fluoro-1H-pyrazol-1-yl)-2-(4-(2- 3-(4-fluoro-1H-pyrazol-1-yl)-2-(4-(2-
181 182 183| -fluoroethyl)-3-hydroxyphenyl)
fluoroethyl)-3-hydroxyphenyl)propanoyl fluoroethyl)-3-hydroxyphenyl)propanoyl
propanoyl
. 2-(4-(2-fluoroethyl)-3-
3-(3-amino-1H-pyrazol-1-yl)-2-(4-(2- 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3-(4-
184 185 186| hydroxyphenyl)-3-(5-mercapto-1H-
fluoroethyl)-3-hydroxyphenyl)propanoyl mercapto-1H-pyrazol-1-yl)propanoyl
pyrazol-1-yl)propanoyl
3-(4,5-bis(aminothio)-3-mercapto-1H-pyrazol-1 3-(4,5-dimethyl-1H-pyrazol-1-yl)-2-
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3-(5- ¢ ( ) P 4 ( Y Pyr v
187 188 -yl)-2-(4-(2-fluoroethyl)-3-hydroxyphenyl) 189| (4-(2-fluoroethyl)-3-hydroxyphenyl)
methyl-1H-pyrazol-1-yl)propanoyl
propanoyl propanoyl
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3-(5- 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3-(4- 3-(5-(aminothio)-4-mercapto-1H-
190 | (mercaptomethyl)-4-methyl-1H-pyrazol-1-yl) 191 mercapto-5-(mercaptomethyl)-1H-pyrazol-1-yl) [192| pyrazol-1-yl)-2-(4-(2-fluoroethyl)-3-
propanoyl propanoyl hydroxyphenyl)propanoyl
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3-(5 2-(4-(2-fluorocthyl)-3-hydroxyphenyl)-3-(4 3-(4,5-bis(aminothio)- 1H-pyrazol-1-
-(4-(2-fluoroe -3-hydroxyphenyl)-3-(5- -(4-(2-fluoroe -3-hydroxyphenyl)-3-(4-
193 yUrmydroxyphieny 194 Yerhydroxypheny 195| y1)-2-(4-(2-fluoroethyl)-3-
(mercaptomethyl)-1H-pyrazol-1-yl)propanoyl methyl-1H-pyrazol-1-yl)propanoyl
hydroxyphenyl)propanoyl
3-(5-ethyl-1H 1-1-y1)-2-(4-(2 3-(5-ethyl-4-methyl-1H 1-1-y1)-2-(4-2 2-(4-(2-fluoroethyl)-3-
-(5-ethyl-1H-pyrazol-1-yl)-2-(4-(2- -(5-ethyl-4-methyl-1H-pyrazol-1-yl)-2-(4-(2-
196 v pyrazon Ly 197 Y v pyrazon Ly 198| hydroxyphenyl)-3-(pyridin-4-yl)
fluoroethyl)-3-hydroxyphenyl)propanoyl fluoroethyl)-3-hydroxyphenyl)propanoyl
propanoyl
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3 2-(4-(2-fluoroethyl)-3-
-(4-(2-fluoroe -3-hydroxyphenyl)-3- -(4-(2-fluoroe -3-hydroxyphenyl)-3-
199 - vy droxypleny 200 " vy droxyphieny 01| hydroxyphenyl)-3-(pyridazin-3-yl)
(pyridin-3-yl)propanoyl (pyridin-2-yl)propanoyl
propanoyl
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3 2-(4-(2-fluoroethyl)-3-
-(4-(2-fluoroe -3-hydroxyphenyl)-3- -(4-(2-fluoroe -3-hydroxyphenyl)-3-
202 . Y 4 ypheny 203 o Y Y ypheny 204| hydroxyphenyl)-3-(1,3,5-triazin-2-yl)
(pyridazin-4-yl)propanoyl (pyrimidin-4-yl)propanoyl
propanoyl
205 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3- 206 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3- 07 3-cyclohexyl-2-(4-(2-fluoroethyl)-3-
(pyrimidin-2-yl)propanoyl (pyrazin-2-yl)propanoyl hydroxyphenyl)propanoyl
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3 2-(4-(2-fuoroethyl)-3-
-(4-(2-fluoroe -3-hydroxyphenyl)-3- -(4-(2-fluoroe -3-hydroxyphenyl)-3-
208 L 4 Y ypheny 209 . yA Y ypheny 210| hydroxyphenyl)-3-(1,2,4-triazinan-1-
(piperidin-1-yl)propanoyl (tetrahydropyridazin-1(2H)-yl)propanoyl
yl)propanoyl
2-(((1,2-dihydropyridin-2-yl
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3- o « Y Py )
211 ) . 212 4-cyclohexyl-2-((S)-pyrrolidin-2-yl)butanoyl ~ [213| fluoromethyl)amino)-3-
(piperazin-1-yl)propanoyl
methylpentanoyl
14 2-((2-fluoro-1-hydroxypropan-2-yl)amino)-3- 215 2-((fluoro(1H-indol-2-yl)methyl)amino)-3- b16 3-phenyl-2-((S)-pyrrolidine-2-
methylpentanoyl methylpentanoyl carboxamido)propanoyl
2-((5-(chlorocarbonyl)cyclopenta-1,3-dien-1-yl 2-(4-ethylphenyl)-5-(naphthalen-2-
217 2-(tert-butylamino)-3-methylpentanoyl 218 « ¢ yheyclop ¥ 219 ¢ yiphenyl)-5-(nap
amino)-3-methylpentanoyl yl)pentanoyl
3-methyl-2-((4-(methylthio)phenyl)amino 2-(3-bromocyclopenta-2,4-dienecarboxamido)-
220 Y2 Y phenyl ) 221 ( velop ) 222| 4-aminobenzoyl
pentanoyl 3-methylpentanoyl
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2-(2-amino-3-(3H-indol-3-yl)propanoyl)-2- 4-(1-methyl-1H-pyrazol-4-yl)
223 . 224 2-(5-(4-chlorophenyl)-3H-pyrrol-2-yl)ethyl 225
azaspiro[4.4]nonane-3-carbonyl benzene-1-sulfonyl
(2-((38,48,5S)-5-chloro-4-(dimethylamino)-3- (2-(5-amino-2-chloro-4-(dimethylamino) 2-(4-(2-fluoroethyl)-3-
226| (trifluoromethyl)pyrazolidine-1-carboxamido)- 227 pyrazolidine-3-carboxamido)-2-(4-(2- 228| hydroxyphenyl)-4-(4-
2-(4-(2-fluoroethyl)phenyl)acetyl) fluoroethyl)-3-hydroxyphenyl)acetyl) methylcyclohexyl)butanoyl
229 4-cyclohexyl-2-(4-(2-fluoroethyl)-3- 230 4-cyclopentyl-2-(4-(2-fluoroethyl)-3- b1 2-(4-(2-fluoroethyl)-3-
hydroxyphenyl)butanoyl hydroxyphenyl)butanoyl hydroxyphenyl)-4-phenylbutanoyl
(4-(4-ethylphenyl)-2-(4-(2-
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4-(p- 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4-(4-
232 233 234| fluoroethyl)-3-hydroxyphenyl)
tolyl)butanoyl methoxyphenyl)butanoyl
butanoyl)
235 (4-(4-chlorophenyl)-2-(4-(2-fluoroethyl)-3- 26 (2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3- b7 2-(4-(2-fluoroethyl)-3-
hydroxyphenyl)butanoyl) phenylpropanoyl) hydroxyphenyl)-5-phenylpentanoyl
2-(4-(2-fluoroethyl)-3-
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-5,5- .
238 | 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)hexanoyl 239 i 240| hydroxyphenyl)-3-(4-(methylthio)
dimethylhexanoyl
phenyl)propanoyl
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-3-(1-(2- 4-cyclohexyl-5-(cyclopentyloxy)-2-
2-(4-(2-fluoroethyl)-3-hydroxyphenyl)-4-oxo-5 (_ ( y1)-3-hy P . yD-3-(1 Y yl-5-(eyclopentyloxy)
241 242 (thiophen-3-yl)ethyl)-1H-1,2,3-triazol-4-yl) 243| (4-(2-fluoroethyl)-3-hydroxyphenyl)-
-phenoxypentanoyl
propanoyl 5-oxopentanoyl
4-((3-((aminooxy)sulfinyl)-2-
6-chloro-4-(2-chloroethyl)-2-(4-(2-fluoroethyl) carbamoyl-4-(dimethylamino)phenyl)
244 245 2-(4-(2-fluoroethyl)-3-hydroxyphenyl)propanoyl (246 .
-3-hydroxyphenyl)hexanoyl amino)-2-(4-(2-fluoroethyl)-3-
hydroxyphenyl)-4-oxobutanoyl
CH; o-c’ o
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® The dashes and black circle indicate the points of attachment.

Fragments 1-22, 257-276 were used at R1, fragments 20-256, 276-461 were used at R2.

Table 6. Complexation GFE and their components for the top-scoring 229 virtual DAHT analogues. The analogue num-
bering concatenates the index of each substituent R1 to R2 with the substituent numbers taken from Table 5.

Ne Designed analogues AAHMM_ . AAGS‘,I_l AATSv“,_ . AAGCO,,,_l ICpmm
Ri-R; [keal.mol™] [keal.mol™] [kcal.mol™] [keal.mol™] [aM]

DAHT1 0 0 0 0 47

1 11-213 73.43 -45.79 0.06 27.60 378
2 10-214 83.97 -48.60 1.21 34.18 668
3 9-215 70.45 -47.09 -4.69 28.07 393
4 12-216 62.74 -44.07 1.99 16.70 147
5 13-217 64.38 -39.79 2.73 21.88 230
6 9-218 71.11 -44.61 -7.43 33.95 654

7 21-226 53.24 -39.22 -1.19 15.23 129
8 21-227 75.68 -46.79 2.25 26.66 348
9 16-222 61.57 -42.70 -7.98 26.87 355
10 17-223 64.60 -45.71 1.39 17.46 157
11 18-224 68.16 -41.88 6.10 20.20 199
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12 19-20 66.67 -44.58 -3.50 25.61 318
13 20-225 30.87 25.97 -5.90 10.82 88
14 1-219 68.51 -45.44 5.98 17.11 152
15 14-212 73.70 -47.66 -3.36 29.42 442
16 15-220 69.20 -39.81 2.12 31.53 531
17 4-221 66.72 -44.50 2.48 2472 294
18 1-188 65.21 4537 -0.93 20.79 209
19 1-65 59.16 43.59 2.60 12.99 107
20 1-246 53.09 -33.85 0.49 18.77 176
21 1-247 51.29 -45.04 4.96 1.31 39
22 1-248 51.97 4434 2.77 4.88 53
23 1-249 53.20 42.75 -0.58 11.05 90
24 4-250 51.48 -43.45 -12.49 20.54 205
25 4-251 50.05 -39.93 -8.92 19.06 180
26 1-252 50.16 42.76 -4.19 11.61 95
27 1-253 57.67 -43.20 451 19.00 179
28 3-254 50.87 -40.85 -4.76 14.80 125
29 1-255 53.81 -36.58 1.49 15.76 135
30 1-256 50.16 -46.23 0.08 3.87 48
31 22-293 49.17 3343 1.43 14.33 120
32 4277 5743 77.02 5.19 14.42 121
33 4-278 33.31 2434 3.52 5.47 56
34 4-279 28.91 23.72 3.91 1.30 39
35 4-280 30.74 2491 2.24 3.61 47
36 4-281 4235 23.52 7.94 10.91 89
37 1-282 65.44 -43.56 10.01 11.89 97
38 257-283 54.74 -31.52 14.21 9.03 76
39 261-285 70.34 4221 11.56 16.59 146
40 261-286 72.36 -47.59 8.27 16.52 145
41 259-285 70.30 -39.87 7.87 22.58 245
42 260-285 74.65 41.17 4.13 29.37 440
43 22-287 54.34 -24.80 -0.52 30.08 468
44 262-287 41.86 24.58 -1.78 19.08 181
45 258-284 65.39 -46.95 1.13 17.33 155
46 1-288 46.31 -41.62 5.13 -0.42 33
47 263-289 58.87 -45.78 3.28 9.83 81
48 1-290 50.13 -40.38 7.33 2.44 43
49 264-290 47.56 45.72 10.03 8.17 17
50 1-291 54.18 -42.44 1.07 10.69 87
51 264-292 50.80 -44.43 2.94 3.45 47
52 264-276 61.41 43.10 0.81 17.52 158
53 264-294 61.61 43.11 5.40 13.12 108
54 264-295 60.16 -44.57 7.47 8.14 70
55 264-296 61.77 -43.91 7.23 10.65 87
56 264-317 64.63 -45.10 7.17 12.38 101
57 264-298 62.55 -46.02 9.90 6.65 62
58 264-299 63.18 -44.41 8.27 10.52 86
59 264-300 57.90 -40.23 6.24 11.45 93
60 264-301 71.05 -40.09 8.70 2228 238
61 264-302 60.84 -45.03 6.99 8.84 74
62 264-303 60.94 4251 4.81 13.64 113
63 264-304 49.36 -42.24 3.81 3.33 46
64 264-305 72.03 -62.97 8.07 1.01 38
65 264-306 56.33 4132 2.81 12.22 100
66 264-307 61.59 -40.35 1.25 20.01 196
67 265-308 61.92 -43.56 6.50 11.88 97
63 266-308 63.69 -43.81 9.64 10.26 84
69 267-308 66.24 4424 10.30 11.72 96
70 268-308 65.69 -44.08 9.74 11.89 97
ik 269-308 63.52 -44.01 12.39 7.14 64
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72 276-309 70.72 -59.81 12.30 -1.37 31
73 264-310 74.84 -47.30 2.58 24.98 301
74 264-311 41.66 -44.58 4.62 -7.52 18
75 264-312 30.29 -40.08 1.05 -10.82 14
76 264-313 4891 -39.40 9.05 0.48 36
7 264-314 75.97 -46.86 -4.94 34.07 661
78 264-315 78.46 -46.91 627 37.84 917
79 264-316 75.40 -46.35 -4.43 33.50 629
80 264-317 76.35 -46.80 -1.74 31.31 521
81 264-318 77.50 -45.72 -3.80 35.60 755
82 264-319 73.72 -45.80 -3.61 31.55 532
83 264-320 80.67 -45.84 -0.34 35.19 729
84 264-321 76.56 -45.65 -0.98 31.91 548
85 264-322 64.65 -45.79 -6.09 24.97 301
86 264-323 65.76 -44.75 -7.04 28.07 393
87 264-324 65.41 -44.98 -8.28 28.73 416
88 264-325 64.25 4328 -7.20 28.19 397
89 264-326 65.72 -45.70 -3.26 23.30 260
90 264-327 64.40 -44.77 -4.18 23.83 272
91 264-328 64.96 4453 -3.69 24.14 280
92 270-329 78.28 -44.77 13.70 19.83 193
93 1-330 50.29 -44.73 8.77 -3.19 26
94 1-331 49.02 -43.63 9.35 -3.94 25
95 1-332 49.22 4371 5.66 0.13 34
96 1-333 49.01 -44.27 5.20 -0.44 33
97 1-334 47.43 -39.78 1.74 5.93 58
98 1-335 48.25 -39.85 4.28 4.14 50
99 1-336 61.44 -43.86 9.71 7.89 69
100 1-337 5242 -44.78 8.84 -1.18 31
101 1-338 53.78 -42.08 8.67 3.05 45
102 1-339 49.79 -42.19 10.11 2.49 28
103 1-340 52.37 -43.30 12.86 377 25
104 1-341 54.50 43.83 17.90 721 19
105 1-342 52.62 -43.16 14.66 -5.18 2
106 1-343 50.79 4373 14.17 -7.09 19
107 1-344 46.63 4123 12.18 -6.76 19
108 1-345 49.63 -41.52 13.56 -5.43 22
109 1-346 53.91 4327 16.79 -6.13 20
110 1-347 53.47 -42.96 15.71 518 22
111 1-348 51.92 -43.81 15.06 -6.93 19
112 1-349 55.41 -44.26 17.39 -6.22 20
113 1-350 53.23 -43.19 16.28 -6.22 20
114 1-351 49.40 -43.20 14.52 -8.30 17
115 1-352 60.46 4325 16.30 0.93 38
116 1-353 58.34 -42.83 16.34 -0.81 32
117 1-354 60.89 4336 15.88 1.67 40
118 1-355 58.10 -42.44 17.14 -1.46 31
119 1-356 53.69 -43.95 14.48 472 23
120 1-357 61.74 -42.46 14.69 4.61 52
121 1-358 55.78 43.77 13.90 -1.87 29
122 1-359 51.57 -43.30 10.86 257 28
123 1-360 51.86 43.77 8.05 0.06 35
124 1-361 56.82 -40.62 10.51 5.71 57
125 1-362 58.29 -43.98 12.88 1.45 39
126 1-363 54.12 43.41 9.90 0.83 37
127 271-341 60.46 -43.98 19.36 -2.86 27
128 271-364 65.65 -42.46 18.59 4.62 52
129 1-365 49.56 -42.99 12.83 -6.24 20
130 1-366 52.28 4331 14.98 -5.99 21
131 1-367 58.49 -44.22 13.31 0.98 38
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132

1-368 58.63 -42.98 14.80 0.87 37
133 1-369 49.63 -43.63 12.72 -6.70 19
134 1-370 50.83 -43.67 14.48 -7.30 18
135 1-371 52.32 -42.65 13.67 -3.98 25
136 1-372 58.49 -42.17 18.74 240 28
137 1-373 55.02 -44.44 1221 -1.61 30
138 1-374 54.18 -43.72 6.74 3.74 48
139 1-375 60.34 -43.18 12.83 435 50
140 1-376 65.18 -41.20 8.97 15.03 127
141 1-377 65.34 -40.83 7.78 16.75 148
142 1-378 61.41 -40.88 6.95 13.60 112
143 1-379 66.62 -42.09 7.56 16.99 151
144 1-380 61.50 -40.61 6.66 14.25 119
145 1-381 67.90 -37.44 9.77 20.71 208
146 272-382 54.53 -47.13 13.05 -5.63 21
147 272-383 55.40 -46.10 6.44 2.88 44
148 272-384 59.79 -48.03 11.71 0.07 35
149 272-385 4833 -47.57 7.82 -7.04 19
150 273-386 46.77 -42.26 7.91 -3.38 26
151 273-387 44.60 -43.53 12.18 -11.09 13
152 273-388 46.31 -45.30 13.25 -12.22 12
153 273-389 53.22 -45.51 5.65 2.08 41
154 273-390 62.97 -44.27 5.51 13.21 109
155 273-391 51.65 -44.95 10.96 424 24
156 273-392 50.15 -43.65 11.12 -4.60 23
157 273-393 46.95 -44.81 17.60 -15.44 9
158 273-394 43.84 -41.72 10.04 -7.90 17
159 273-395 52.58 -43.29 11.57 2226 28
160 273-396 46.87 -43.93 11.36 -8.40 17
161 273-398 52.76 -44.82 16.58 -8.62 16
162 273-399 48.56 -45.20 15.58 -12.20 12
163 273-397 46.01 -44.64 16.22 -14.83 10
164 273-400 46.16 -43.80 16.19 -13.81 10
165 273-401 59.26 -46.14 12.43 0.71 37
166 273-402 53.71 -47.41 14.96 -8.64 16
167 273-403 45.04 -43.85 9.42 821 17
168 273-404 45.03 -45.36 1630 -16.61 8
169 273-405 47.20 -42.53 13.46 8.77 16
170 273-406 45.49 -45.50 13.16 -13.15 11
171 273-407 52.77 -46.34 17.59 -11.14 13
172 273-408 61.55 -49.54 8.92 3.11 45
173 273-409 60.82 -49.43 9.14 227 rY]
174 273-410 50.12 -45.44 19.36 -14.66 10
175 274-404 44.09 -45.26 17.25 -18.40 7
176 275-404 3278 3.04 21.04 -50.78 0.43
177 273-411 45.87 -46.59 17.03 -17.73 7
178 273-412 58.49 -51.84 11.31 -4.64 23
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179 273-413 66.91 -44.17 17.59 5.17 54
180 273-414 56.95 -43.08 7.63 6.26 60
181 273-415 56.95 -44.82 5.69 6.46 61
182 273-413 57.45 -44.73 3.54 9.20 77
183 273-417 61.86 -41.09 7.99 12.80 105
184 275-418 55.52 -40.35 12.49 2.70 44
185 275-419 -19.68 5.51 20.73 -34.89 2
186 275-411 44.55 -46.02 16.29 -17.74 7
187 275-420 62.75 -44.91 6.03 11.83 9%
188 275-421 66.35 -46.14 10.32 9.91 82
189 275-422 67.73 -45.16 11.45 11.14 91
190 275-423 65.59 -45.76 8.21 11.64 95
191 275-424 60.50 -44.87 127 14.38 120
192 275-425 59.93 4531 8.10 6.54 61
193 275-426 64.19 -45.61 5.04 13.56 112
194 275-427 63.09 -43.88 8.18 11.05 90
195 275-428 64.18 4535 7.73 11.12 91
196 275-429 63.07 -46.54 8.58 7.97 69
197 275-430 62.86 -46.78 10.77 533 55
198 275-431 52.58 -46.71 25.47 -19.58 6
199 275-432 47.38 -45.03 17.59 -15.22 9
200 275-433 55.65 -43.97 4.07 7.63 67
201 275-434 66.09 4213 8.94 15.04 127
202 275-435 68.27 -41.84 11.03 15.42 132
203 275-436 57.69 4212 11.22 437 51
204 275-437 57.12 -39.57 12.87 4.70 52
205 275-438 56.79 -41.44 13.60 1.77 40
206 275-439 51.88 -48.48 19.73 -16.31 8
207 275-440 -21.06 5.19 16.43 -32.30 2
208 275-441 47.50 -45.02 13.79 -11.29 13
209 275-442 56.00 34.52 15.54 5.96 58
210 275-443 64.12 -36.88 17.10 10.16 83
211 22-444 66.60 -46.64 -0.66 20.64 207
212 22-420 65.46 -47.14 -0.77 19.11 181
213 22-445 66.82 -45.87 423 16.74 147
214 22-446 65.85 -47.85 2.09 15.93 138
215 22-447 63.91 -46.13 1.90 15.90 137
216 22-448 65.29 -45.88 -1.47 20.90 211
217 275-449 2813 -0.71 20.88 4971 0.47
218 275-450 52.58 -48.90 11.95 8.25 17
219 275-451 59.14 -50.53 15.01 -6.38 20
220 275-452 -24.41 225 22.80 -49.45 0.48
221 275-453 -15.22 0.01 20.57 -35.79 2
222 22-454 68.00 -44.22 4.80 19.00 179
223 22-455 67.92 -44.47 3.33 20.14 198
224 275-456 45.00 -43.59 12.85 -11.42 13
225 275-457 56.31 -48.43 10.66 2.76 27
226 275-458 60.02 -47.92 25.25 -13.13 11
227 275-459 58.25 4742 18.25 -7.40 18
228 275-460 43.69 -47.26 21.73 25.28 4
229 275-461 44.72 -45.89 19.94 -21.09 6

*DDHyy is the relative enthalpic contribution to the GFE change of the HDAC8-DAHT complex formation DDG,,,, (for details see footnote of Table

2);

*DDG,, is the relative solvation GFE contribution to DD G.op; DDTS, is the relative (vibrational) entropic contribution to DD Gop;
4DDGy is the relative Gibbs free energy change related to the enzyme- inhibitor HDAC8-DAHT complex formation DDG, ., @ DDHyy + DDGy -

DDTS,s.
pre

et ~an
exp

P 25 s given for the reference inhibitor DAHT] instead of the

e

=0 .

is the predicted inhibition potency towards HDACS calculated from DD G,,, using correlation equation A, Table 3;
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Figure 6. Histograms of frequency of occurrence of individual R-groups in the 229 best selected analogues mapping to
features of the PH4 pharmacophore hypothesis Hypol (for the structures of the fragments see Table 5).

3.6. Substituent impact on binding mode of novel
DAHT analogues

The design of virtual library of novel analogues was guid-
ed by structural information retrieved from the DAHTx
active conformation and was used for the selection of ap-
propriate substituents (R;-R,-groups). In order to identify
which substituents, lead to new inhibitor candidates with
the highest predicted potencies towards the HDACS, we
have prepared histograms of the frequency of occurrence
of R;-R,-groups among the 229 best fit PH4 hits (Figure
6). Analysis of the histograms showed that the highest
frequency of occurrence among the R;-groups displayed
the fragments 1(66), 4(8), 22(10), 264(36), 273(32) and
275(39). In case of R, groups 308(5) and 404(3).

An analysis of structural requirement for human HDACS
inhibition at the level of hydrophobic contacts with the
active site revealed that the P2 substituent, namely the R,-
group in the training set insufficiently explored the S2 sub-
pocket of the active site. Therefore, new DAHT analogues
that match the HDACS inhibition pharmacophore and fill
better the S2 sub-pocket may form potent HDACS inhibi-
tors (Table 6). The top scoring virtual hits are DAHT ana-
logues: 274-404 (I3 = 0.43 nM), 275-449 (ICss = 0.47
nM), 273-452 (I€s° = 0.48 nM). The best analogue de-
signed 275-404 (ICs;” = 0.43 nM) displays predicted poten-
cy approximately 110 times better than the best of training
set compound DAHT1 (€’ = 47 nM). Our approach
helped to identify interesting hydrophobic side chains (R;-
groups) such as indol-2H-yl (273), 6-methoxy-1H-indol-2-
yl (274) and 5,6-dimethoxy-1H-indol-2-yl (275) for the
filling of the S1 sub-pocket with a bulkier group compared
to the training set inhibitors, which contain for most of the
inhibitors only the 4-methoxyphenyl group in the P1 posi-
tion.

Figure 7.c, d show n-m stacking interactions between the
hydrophobic group 5,6-dimethoxy-1H-indol-2-yl and the
residue Tyr100, which are stabilizing in nature [60]. As we
can see on Figure 7, the three best analogues designed are
showed.

Our approach also allowed us to identify side chains (R,-
groups), which are the most bulky but most specific to S2
sub-pocket such as 4-(((2R,3R,4S,6R)-2-(tert-butyl)-4-(1-
chloro-3-fluoro-2-methylpropan-2-yl)-3-ethoxy-6-
fluorocyclohexyl)amino)-3-(6,6-dimethylpiperidin-1-ium-
2-carboxamido)-2-(4-(2-fluoroethyl)phenyl)pentanoyl
(452); 3-((3-ammonio-3-methylcyclohexyl)carbamoyl)-4-
(((2R,3R,4S,6R)-2~(tert-butyl)-4-(1-chloro-3-fluoro-2-
methylpropan-2-yl)-3-ethoxy-6-fluorocyclohexyl)amino)-2
-(4-(2-fluoroethyl)phenyl)pentanoyl(404);(4-(((2R,3R,4S,
6R)-2-(tert-butyl)-4-(1-chloro-3-fluoro-2-methylpropan-2-
yl)-3-ethoxy-6-fluorocyclohexyl)amino)-3-((6,6-
dimethylpiperidin-1-ium-2-yl)carbamoyl)-2-(4-(2-
fluoroethyl)phenyl)pentanoyl (449), Table 5. Indeed, Fig-
ure 8 shows the increase in the affinity, through interaction
energy between catalytic residues (Tyr100, Asp101) of S1
sub-pocket and the hydrophobic group 5,6-dimethoxy-1H-
indol-2-yl of one the best-designed analogues 275-404 (
I€5" = 0.43n M) compared to the most active training set
inhibitor DAHT1.

According to our analysis of the HDAC8-DAHTx com-
plexes of the most potent inhibitors, several interactions
play a key role in the significant improvement of predicted
inhibitory potencies of the novel tetrahydroisoquinoline-
based hydroxamic acid derivatives. Based on the intermo-
lecular interaction energy breakdown to residue contribu-
tions (Figure 4), the residues Phe207 and Pro273; in addi-
tion to the catalytic residues Tyr100 and Met274 residues,
play an important role in the inhibition of HDACS. Ac-
cording to Tabackman et al. [26], the Pro273 residue is
known to create van der Waals interactions with HDACS
inhibitors such as SAHA which is consistent with the data
from our study (Figure 8.B). We have observed a m-n
stacking interaction between the phenyl group of the best-
designed analogue 275-404 and Phe207 residue (Figure
7.c, d). Substitution of the 2,2-dimethylpiperid-6-yl group
(analogue 275-404) in place of the pyrrolid-2-yl group
(DAHTT! training set) significantly increases affinity of the
analogue to HDACS. Indeed, the 2,2-dimethylpiperid-6-yl
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group has a greater affinity with the residues Pro273, Met274 and the cofactor UNK405H compared to the pyrrolid-2-yl
group. Thus, we have a n-donor hydrogen bond interaction between the phenyl group of the DAHT scaffold and the cata-
lytic residue Phe208. The fragment (404) R,-group of the best analogue designed allows the scaffold to adopt a favourable
position with respect to the catalytic residue Phe208 thus increasing the affinity with HDACS (Figure 8.B). Other residues
of the HDACS active site such as Lys202 and Arg356 also contribute to high activity of novel analogues designed (see
Figure 8.).

(d)

()

I conventional Hydragen Bond [l P stacked [l Pi-Sioma [[T]  PiSulfur [T] Prallod [T Ak [l PePiTshaped [ pi-bonor Hycdragen Bond [ | Carbon Hydrogen Bond

Figure 7. (a) - Connolly surface of the active site of HDACS with bound most active designed DAHT analogue 275-404 ( = 0.43 nM). The binding
site surface is coloured according to residue hydrophobicity: red - hydrophobic, blue - hydrophilic and white - intermediate. (b) - mapping of the
DAHT 275-404 to HDACS inhibition pharmacophore. (c) - close up of virtual hit DAHT 275-404 at the active site of HDACS. (d) - 2D schematic
interaction diagram of the DAHT 275-404 at the active site of HDACS. (e) - Connolly surface of the active site of HDACS8 with bound DAHT ana-
logue 275-449 (IC5¢"™ = 0.47 nM). (f) - mapping of the DAHT 275-449 to HDACS inhibition pharmacophore. (g) - 2D schematic interaction diagram
of the analogue DAHT 275-449 ( ICs,"= 0.47 nM) at the active site of HDACS. (h)- 2D schematic interaction diagram of the analogue DAHT 275-
452 ( IC5¢" =0.48 nM) at the active site of HDACS. (i) - Connolly surface of the active site of HDAC8 with bound DAHT analogue 275-452
(IC5y"™ =0.48 nM). (j) - mapping of the DAHT 275-452 to HDACS inhibition pharmacophore.
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Table 7. Predicted ADME-related properties of the best designed DAHT analogues and known anticancer agents either
in clinical use or currently undergoing clinical testing computed by QikProp [55].

Issouf Fofana et al.

c d e 1 n
DAHTx * #istars® Igflgrl] ?;g‘"z‘] S'f'g‘»z“]‘“ ‘&“ﬁ’i RotB® | HByo" | HBuo' |10gPoy! | logSwa |10gKpsa' | logB/B™ ﬂln‘:f;s‘;] #meta® "[ :EE]E HOA HZ/)OAr
275-404 14 | 11248 | 14245 | 817.5 | 30915 | 22 6 7 71 | 75 | 1373 | 26 16 | 043 | 1 | 204
275449 15 | 11248 | 14233 | 8647 | 31093 | 21 3 16 83 | 82 | 186 | 20 36 | 047 | 1 | 333
275-452 15 | 11248 | 1426.0 | 858.1 | 31125 | 21 5 7 77 | 76 | 1551 | 20 34 10 | 048 | 1 | 296
275-453 14 | 112438 | 14163 | 814.6 | 30946 | 22 6 17 71 | 72 | 1388 | 25 16 1 2 T | 204
275-419 15 | 1152.8 | 1434.1| 864.0 | 3171.6 | 23 6 7 78 | 75 | 1554 | 2.1 33 2 2 1 | 303
275-440 13| 1139.8 | 1436.7 | 884.6 | 3121.9 | 22 6 17 67 | 64 | 145 | 25 05 2 2 T | 9.0
1351 8 | 9215 | 10993 | 625.5 | 24849 | 18 5 15 48 | 5.1 | 009% | 24 34 9 7 1 | 523
273-394 9 | 10947 | 12844 | 586.9 | 2908.1 | 20 | 6 16 62 | 61 | 0877 | 27 24 10 17 T | 131
264-290 9 | 7953 | 892.1 | 5189 | 20259 | 23 9 19 | L1 | 20 | -1389 | -6 11 15 17 1 0
1343 8 | 825.1 |1021.3| 6441 | 23163 | 16 | 5 14 41 | 46 | 0088 | 22 386 9 9 | 532
1344 8 | 8431 | 10372 6447 | 23202 | 16 | 5 14 45 | 54 | 0080 | -17 | 1044 9 9 | 636
1341 9 | 8511 | 10958 | 789.6 | 2467.1 | 18 5 5 44 | 46 | 0048 | 2.1 56.9 9 9 T | 583
1-346 8 | 869.1 |1121.4| 6904 | 24429 | 18 5 15 41 | 53 | 0053 | 26 274 9 20 | 508
1349 8 | 869.1 | 1031.6] 6988 | 23773 | 18 5 5 41 | 46 | 0127 | <18 | 1471 9 20 T | 639
1-350 8 | 887.1 | 10289 | 650.6 | 24047 | 18 5 15 43 | 39 | -0044 | -8 797 9 20 1 | 604
1-365 8 | 9366 |1153.7] 671.9 | 25379 | 19 | 6 15 39 | 35 | 0082 | 25 17 9 20 T [ 151
SAHA 0 | 2643 | 560 | 2040 | 939 9 3 7 07 | 13 | -0807 | -15 | 13438 3 1480 | 2 | 69.0
Valproic acid 3| 1442 | 392 | 311.0 | 621 5 1 2 27 | <19 | 045 | 04 | 4318 1 3| 902
Givinostat 0 | 4075 | 768 | 263.0 | 1330 | 8 3 8 31 | 60 | 0277 | 22 | 1406 2 3| 836
S"d]‘)“m phenyl- 0 | 1642 | 402 | 999 | 636 4 1 2 2.1 18 | -0371 | -06 | 2386 2 3| 817
utyrate
R306465 T | 4135 | 686 | 1433 | 1194 | 4 2 1 13 | 43 | 0449 | 1.6 | 1907 2 3| 751
Cra024781 0 | 3974 | 715 | 2228 | 1249 | © 3 10 14 | 3.1 | 0308 | -15 493 3 3 | 653
Entinostat 2 | 3764 | 736 | 702 | 1239 | 7 4 8 29 | 56 | 0091 | -18 | 2478 8 3 | 87.0
Mocetinostat 3| 3965 | 729 | 360 | 1265 | 7 3 8 33 | 55 | 0160 | -15 | 4221 o 3 | 934
Pivanex T | 2023 | 482 | 4083 | 791 5 0 4 20 | 24 | 0368 | -04 | 19864 1 3| 1000
Pracinostat 0 | 3585 | 732 | 4445 | 1279 | 12 | 2 8 25 | 36 | 0037 | -14 905 2 2 | 7638
Tacedinaline 0 | 2693 | 528 | 749 | 890 3 3 6 12 | 31 | 0298 | -13 | 2256 3 3| 760
Romidepsin 15 | 787.6* | 1055% | 307.6 | 1981 | 20% | 10* | 27% | 2.9% | 3.0 | 2.32*% | -7.9% 0.0 G | 00
Belinostat 0 | 3183 | 568 | 265 | 979 8 3 9 07 | <12 | 084 | 22 05 1 1 | 263
Panobinostat 1| 3494 | 636 | 2101 | 1150 | 9 3 7 17 | 26 | 005 | -14 533 6 2 | 664

a
b

designed DAHT analogues and known anticancer agents, Tables 6;

drug likeness, number of property descriptors (24 out of the full list of 49 descriptors of QikProp, ver. 3.7, release 14)

that fall outside of the range of values for 95% of known drugs;

molecular weight in [g.mol™'] (range for 95% of drugs 130 - 725 g.mol™) [61];

total solvent-accessible molecular surface, in [A%] (probe radius 1.4 A) (range for 95% of drugs: 300 - 1000 A%);

hydrophgblc portion of the solvent-accessible molecular surface, in [A*] (probe radius 1.4 A) (range for 95% of drugs:

0-750 A%,

total volume of molecule enclosed by solvent-accessible molecular surface, in [A’] (probe radius 1.4 A) (range for
95% of drugs: 500 - 2000 A%);

number of non-trivial (not CX3), non-hindered (not alkene, amide, small ring) rotatable bonds (range for 95% of

drugs: 0 - 15);

estimated number of hydrogen bonds that would be donated by the solute to water molecules in an aqueous solution.

Values are averages taken over several configurations, so they can assume non-integer values (range for 95% of drugs:

0.0 - 6.0);

estimated number of hydrogen bonds that would be accepted by the solute from water molecules in an aqueous solu

tion. Values are averages taken over several configurations, so they can assume non-integer values (range for 95% of

drugs: 2.0 - 20.0);

logarithm of partitioning coefficient between n-octanol and water phases (range for 95% of drugs: -2 - 6.5);

logarlthm of predicted aqueous solubility, logS. S in [mol-dm ] is the concentration of the solute in a saturated solu

tion that is in equilibrium with the crystalline solid (range for 95% of drugs: -6.0 - 0.5);

logarithm of predicted binding constant to human serum albumin (range for 95% of drugs: -1.5 - 1.5);

logarithm of predicted brain/blood partition coefficient (range for 95% of drugs: -3.0 - 1.2);

predicted apparent Caco-2 cell membrane permeability in Boehringer-Ingelheim scale in [nm s™'] (range for 95% of

drugs: < 25 poor, > 500 nm s great);

number of likely metabolic reactions (range for 95% of drugs: 1 - 8);

predicted inhibition constants I€%.°, The /€5 was predicted from computed DD G, using the regression equation B
shown in Table 3;
human oral absorption (1 - low, 2 - medium, 3 - high);
Percentage of human oral absorption in gastrointestinal tract (<25% - poor, >80% high);
) star indicating that the property descriptor value falls outside the range of values for 95% of known drugs.
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3.7. Pharmacokinetic profile of novel DAHT analogues

Among the ADME-related properties displayed in Table 7, such as octanol-water partitioning coefficient, aqueous solubili-
ty, blood-brain partition coefficient, Caco-2 cell permeability, serum protein binding, number of likely metabolic reactions,
and another eighteen descriptors related to absorption, distribution, metabolism and excretion (ADME) of the new ana-
logues were computed by the QikProp program [55] based on the method of Jorgensen [56,57]. Experimental data from
more than 710 compounds including about 500 drugs and related heterocycles were used to produce regression equations
correlating experimental and computed descriptors resulting in an accurate prediction of pharmacokinetic properties of
molecules. Drug likeness (#stars) - the number of property descriptors that fall outside the range of optimal values deter-
mined for 95% of known drugs out of 24 selected descriptors computed by the QikProp, was used as an additional ADME-
related compound selection criterion. The values for the best active designed DAHTSs are compared with those computed
for drugs used for treatment of cancer or currently undergoing clinical trials, Table 7. It can be noted that human oral ab-
sorption through the gastrointestinal system (HOA) is low for our best designed analogues suggesting non-oral delivery.
The descriptor of the blood-brain barrier is within the appropriate range.
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Figure 8. (A) Molecular mechanics intermolecular interaction energy E;, breakdown to residue contributions, in
[kcal.mol™] shown for the best three designed novel DAHT analogues. (B) van-der-Waals component (Eiy.vqw) of the
molecular mechanics intermolecular interaction energy breakdown to residue contributions in [kcal.mol™'], shown for the
best three designed novel DAHT analogues (the color coding refers to ligands and is given in the legend).
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4. CONCLUSION

Design of new potent DAHT analogues inhibiting
human HDACS8 with favourable pharmacokinetic
profiles is needed to extend the portfolio of currently
available anticancer drugs. Structural information
from the crystal structure of the HDACS-SAHA
complex [32] guided us during the development of a
reliable QSAR model for the non-covalent inhibition
of HDACS by tetrahydroisoquinoline-based hydrox-
amic acid derivatives (DAHT), which correlated the
computed Gibbs free energies of complex formation
with the observed HDACS inhibitory potencies [25].
In addition to this QSAR model, we have elaborated
a 3D QSAR pharmacophore model for DAHT inhibi-
tors. Analysis of interactions between HDACS and
DAHT in the active site of the enzyme was helpful in
our effort to design a virtual combinatorial library of
new DAHT analogues with multiple substitutions.
The design strategy was based mainly on the pres-
ence of the hydrophobic features included in the best
PH4 pharmacophore models at the P1 and P2 posi-
tions of DAHTs. The initial virtual library was
screened by matching PH4 pharmacophore analogues
and allowed the selection of a focused library subset.
The best virtual compounds were subjected to predic-
tion of inhibitory potencies from computed GFE by
means of the QSAR model derived from training set
of known DAHTSs. The best-designed analogues dis-
play predicted low nanomolar inhibitory concentra-
tions 274-404 (0.43 nM), 275-449 (0.47 nM), 275-
452 (0.48 nM), 275-419 (2 nM), 275-440 (2 nM),
275-453 (2 nM), 275-460 (4 nM) (Table 6). The pre-
dicted inhibitory potencies of the best-designed ana-
logues are up to 110 times higher than that of the
most active training set inhibitor DAHT1. They are
recommended for synthesis and biological evaluation
to specialized laboratories in order to develop new
anticancer drugs with a promising pharmacokinetic
profile.
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