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Preface

The term “Cancer” specifies a group of diseases triggers abnormal and uncontrolled
cellular growth in the living organisms is one of the substantial to the mankind in our
modern era. Cancer is also one of the major causes of death in this era and the size of
human population suffering from cancer is increasing rapidly. Also, the treatment of the
patients suffering from cancer is both critical and expensive which can take us toward

social and economical crisis.

There are numerous internal and external factors related to cancer which helps in cancer
occurrence and progression. Apart from the internal factors like genetic mutation,
abnormal hormonal regulation etc. several external factors like pollution, malnutrition,
radiation, lifestyle, etc are associated with the alteration of the biological system and
induces cancer progression. Hence, controlling these factors can be a way to prevent this
deadly disease. Aside this, there are other approaches are present to prevent the cancer
progression and death from cancer. These treatments include chemotherapy, radiation

therapy, vaccination, etc.

It is seen that, inside our biological system there are a variety of proteins those are
associated with the cancer occurrence and progression. Amidst these proteins,
metalloenzymes are a special group of metal containing enzymes associated with cancer
and influences occurrence and progression of cancer inside the biological systems.
Human histone deacetylase enzymes are a group of zinc dependent metalloenzymes
which regulates the genetic transcription by deacetylation of the nuclear histone proteins
also provides significant influences in cancer and tumor progression and many other

diseases.

Histone deacetylase 8 (HDACS) is one significant members of the HDAC family
contributes towards many epigenetic disorders, viral and parasitic diseases including a
large group of cancers namely colon, lung, breast and pancreatic cancers as well as
leukaemia. Also, though holding numerous HDACS inhibitors lack of selective HDACS
inhibitors as effective anticancer agent is a major disadvantage for the in treatment of

cancers and diseases associated with HDACS.
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There are three crucial structure factors to develop an effective HDACS inhibitor are the

presence of a cap group, a linker moiety and a zinc binding group whereas the

hydroxamic acid moiety has proven itself as a better zinc binding group for HDACS

inhibitors.

Also, the Quantitative structure-activity relationship (QSAR) is a widely used technique
to correlate the biological activity of the molecules with their molecular structure and
identification of important structural factors for the activity of these compounds. Hence in
this study, a multi-QSAR approach is performed on a large and diverse group of HDACS
inhibitors containing the hydroxamate group as the zinc binding motif while possessing a
wide range of HDACS inhibitory activity. The purpose of this study is to identify the
crucial structural features present in the cap and the linker moiety important for
regulating the HDACS inhibitory activity for the HDACS inhibitors. This study was able
to identify several crucial structural and molecular factors for the HDACS inhibitors
influencing the activity of these compounds which may be helpful and encourage
designing of effective and HDACS8 selective HDACS inhibitors to aid the treatment

against cancers related with HDACS8 enzymatic activity.
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1.1. Histone deacetylases Enzymes

Among various factors responsible for the regulation of the numerous biological
mechanisms, acetylation and deacetylation of the N-terminal lysine residue of the
nuclear histone proteins play crucial roles in the modulation of different epigenetic
functions including occurrence and progression of cancer and tumor conditions [Amin

et al. 2017a, 2017b, 2018a, Chakrabarty et al. 2015, Adhikari et al. 2018].

These eraser enzymes are known as the histone deacetylases. These are a group of either

Zn*" or nicotinamide adenine dinucleotide (NAD') containing metalloenzymes

generally involved in the deacetylation of the histone proteins. They are also involved in
chromatin condensation and transcriptional regulation via eliminating the terminal
acetate group from the acetylated amino acid residue of the histone proteins [Amin et al.
2017a, 2017b, 2018]. Hence, this process of acetate group elimination from acetylated
e-amino acid residue of histone lysine is familiar as the “deacetylation of the histone
proteins” (Figure 1.1). Due to this process, the HDACs are also well-reputed as the
KDAC:s or “Lysin Deacetylase” or [Amin et al. 2018a].

Histone Acetyl
Transferase

Acetylation

Deacetylation

Acetylated Histone eacetylated Histone

e A A

| HDACS |
< Inhibitors

HDACS

Figure 1.1. Acetylation and Deacetylation of Histone proteins by HDAC enzymes
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Because of the deacetylation ability, the HDAC enzymes are connected with numerous
significant biological pathways while modulating and/or regulating them. Though
maintaining different normal physiological processes HDACs are also involved in the
progression of numbers of diseases, pathophysiological conditions and cancers
[Chakrabarty et al. 2015]. These diseases such as inflammation, neurodegenerative
disorders, metabolic dysfunctions, and autoimmune diseases can also be correlated with
the activities of the HDAC isoforms [Chakrabarty et al. 2015]. For these contributions
in the pathophysiology of the histone deacetylase enzymes, they have become a
significant target for the treatment of the diseases especially cancers and tumors related
to these enzymes [Nian et al. 2009, Adhikari et al. 2018]. Generally, the abnormal
expression of HDAC enzymes or the abnormal activity of HDACS can lead to different
abnormal cellular functions and can cause progression and occurrence of various
disease conditions. Because of this, the histone deacetylase enzymes are in the spotlight
for the prevention of the abnormal epigenetic diseases and pathophysiological
conditions and progression of cancers which are related to them [Amin et al. 2017a,
2017b, 2018a, 2018b, Chakrabarty et al. 2015, Chakrabarty et al. 2016, Halder et al.
2015].

1.2. The HDAC family and its classification

Histone deacetylases are the group of enzymes comprised of either Zn*" or NAD" in
their structure [Halder et al. 2015]. In the family of histone deacetylase enzymes till
date, a total number of 18 different HDAC isoforms are discovered Table 1.1. Among
these, most of the isoforms are Zn*"-dependent metalloenzymes in nature while the rest
of the members of the HDAC family are NAD -dependent isoforms known as the
Sirtuins (SIRTs) [Amin et al. 2017a, 2017b, Chakrabarty et al. 2016, Banerjee et al.
2019a].

As on the basis of the structural and functional characteristics, the enzymes of HDAC

family can be classified into four classes namely class I, class II, class III and class IV.

The class I and class II enzymes including the class IV HDAC isoforms are the Zn*'-

dependant metalloenzymes in nature whereas the seven NAD'-dependent Sirtuins

(SIRT 1-7) are come under the class-IIl of the HDAC family [Amin et al. 2017b,

2
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Gregoretti et al. 2004, Trivedi et al. 2018]. Among the Zn*"-dependant HDACs, class I
HDACS bears structural similarity with yeast RPD3 whereas class II HDAC isoforms
have a structural resemblance to yeast Hda I enzyme [Chakrabarty et al. 2015, Bertrand
2010, Xu et al. 2007]. The class IV of the HDAC metalloenzymes contains only
HDACI11 which is the shortest HDAC isoform and can be differentiated from the other

classes of Zn*'-dependant HDACs. Moreover, though the catalytic region/domain of

each isoform of the class I and class II HDACs bears resemblance to each other, the
HDAC isoforms also possess structural differences due to their amino acid sequences

[Mottamal et al. 2015, Bertrand 2010].

Table 1.1. List of the isoforms belongs to the HDAC family of deacetylase enzymes

SHP,p53,MyoD,E2F1,
STAT3,
NF-B,CtIP,AMPK,
RBI
GCCR,BCL6,STAT3,
YY1
SHP, YY1, GATAL,
Nucleus p65, STATS3,

MEF2D

Nucleus

Nucleus

Nucleus SMC3, actin

Nucleus/Cyto
plasm

Nucleus/Cyto
plasm
Nucleus/Cyto
plasm
Nucleus/Cyto
plasm

Mostly o-tubulin, HSP90, SHP,
Cytoplasm SMAD

Nucleus/Cyto

plasm —_—

Nucleus/Cyto
plasm/

3

GATAL, HPI

SMAD7, HP1

PLAGI, PLAG2

Not given
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Mitochondria

Nucleus/Cyto

Zn2+
plasm

Among the HDAC family, the class I and class II are the most important classes which
are also known as the classical HDACs. These classical HDACs generally possess a

conserved deacetylase domain which supervises the deacetylation of the N-terminal

residue of the histone lysine in presence of the Zn*" ion [Li et al. 2014].

Concerning the classes and the isoforms of the HDAC family, the class I and class II
HDAC:S can be further sub-divided into several sub-classes. The class I of HDAC family
contains the HDACs namely HDACI1-3 and HDACS which are sub-classified on their
phylogenic data. Class IA isoforms contain HDAC1 and HDAC?2, the class IB containing
HDAC3 whereas class IC containing isoform HDACS. Similarly, class II of HDAC
family can be also sub-classified as class IIA containing HDAC4-5, HDAC7 and HDAC9
whereas class IIB containing only HDAC6 and HDAC10 [Amin et al. 2017a, 2017b,
2018a, 2018b, Mottamal et al. 2015, Bertrand 2010, Banerjee et al. 2019a]. Additionally,
it is also seen that the protein kinase A (PKA) regulates the HDACS8 whereas the
regulation of class IA isoforms are dependent on the casein kinase 2 [Chakrabarty et al.
2015]. It has also seen that the HDAC isoforms of class I catalyzes numerous non-histone
and histone substrates which includes various transcriptional elements [Bertrand 2010].

The cellular localization of the HDAC isoforms is also seemed to be similar for each
class of HDACs. The HDACs of class I such as HDACI1-3 and HDACS are generally
found in the nucleus. The class II and class IV HDAC isoforms are localized either in the
cytoplasm or in the nucleus. Fascinatingly, the only special case is the, found mostly in
cytoplasm. Also, the class Il HDACs or the SIRTs are found in the nucleus and

cytoplasm as well as in the mitochondria [Bertrand 2010].

1.4. An outlook on the structural aspects of HDACS8

Since the first exploration of the crystal structure of HDACS in the year 2004, numerous
structural analysis and exploration of newer crystal structures of the HDACS8 enzymes are
done till date [Somoza et al. 2004]. From the structural analysis, it is clearly seen that in
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case of human HDACS the carbonyl moiety of the acetylated-L-lysine substrate forms
coordination with the Zn®>" present in the HDACS8 and succeeded by interacting with
catalytic tyrosine (Y306) via hydrogen bond formation [Dowling et al. 2008, Vannini et
al. 2007, Porter et al. 2016, Estiu et al. 2010]. Besides that, a histidine pair (H142 and
H143) also provides a crucial role in the HDACS transition state. These two amino acid
residues in which the H142 and H143 act as the general base catalyst and general acid-
base catalyst to stabilize the HDACS8 during the transition state [Porter et al. 2016, Gantt
et al. 2016]. In this case, histidine deprotonates the metal-bound water molecule which
interacts with the carbonyl moiety of the acetylated lysine and forms an intermediated
tetrahedral form (Figure 1.2). The other histidine residue protonates the acetylated lysine
amino-leaving group and forms products of the lysine and acetate [Amin et al. 2017a,

Gantt et al. 2016].

Sy
2 : 5
: N e

s 4

&g;{

Figure 1.2. Mechanism of the HDACS8 enzyme.

Though HDACS is from class I of HDAC family, a number of structural and functional
differentiations can be done for HDACS8 with the other members of class I as well as
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members of other classes of HDAC family. From the structural aspects, the nuclear
localization sequence of the HDAC 8 is present between the catalytic domains of its
structure while containing a serine binding motif at the terminal position of its catalytic
domain. Also, the phosphorylation of S39 via the cAMP-dependent PKA phosphorylation
causes negative modulation of the catalytic activities of HDACS [Wilson et al. 2010].

The HDACS8 of humans is an X-linked protein and provides any co-complex independent
activity [Buggy et al. 2000, Van den Wyngaert et al. 2000]. In the case of HDACS, loop 1
is proximal to its active site and is highly flexible in nature. The loop is able to undergo
certain conformational changes which are specific to the substrates. Also, HDACS8 do not
contain any the C-terminal domain for protein binding which is present in other isoforms

of class-I [Somoza et al. 2004].

For HDACS the loopl and loop 6 and the catalytic tyrosine creates a specific pocket for
HDACS which only allows inhibitors with an “L” shaped structure to bind with HDACS
selectively. On the other hand, these two loops of the other HDAC isoforms cause

hindrance for the binding with these isoforms [Marek et al. 2018].

HDACS is also can be differentiated with the other class I HDACs on the basis of its N-
terminal L1 loop. The L1 loop present at the N-terminal of HDACS8 forms a major part in
one side of its active site and is expanded to the surface of the protein [Chakrabarty et al.
2015, Lombardi et al. 2011]. HDACS, in association with other non-histone proteins
namely, ERR- a, cohesin can control energy homeostasis, microtubular integrity,
chromatid separation and muscle contraction [Wilson et al. 2010, Li et al. 2014]. In case
of the active site, the pocket of HDACS is almost similar to the other class I HDAC
isoforms whereas, the HDACS possess a methionine in place of leucine of the other class
I HDACs [Somoza et al. 2004].

In the recent studies, the functional and structural significance of the G302GGGY, a
conserved glycine-rich loop in the HDACS active site is explored [Porter et al. 2016]
which seemed to be that this catalytic loop is crucial because in that loop of HDACS,
nonsense and missense mutations can produce multiple congenital diseases like Cornelia

de Lange Syndrome (CdLS) [Liu & Krantz 2009]. The G302GGGY loop was signified as




Chapter 1: Introduction

an important part for maintaining the Y306 amino acid residue by Porter et al [Porter et
al. 2016]. A molecular dynamics (MD simulation) simulation study revealed that the
flexibility of this G302GGGY segment, maintained by the G304 and G305 glycine amino
acid residues, is an important factor that helps in the conformations of Y306 during the

transition which the HDACS8 inhibitors may be able to modulate [Porter et al. 2016].

The catalytic domain of HDACS contains seven loops in which the Zn®" ion resides

between the loop 4 and loop 7 where it is conserved by a sequence of D(A,V,L,F)Hx_;o0D
and ligated with D178, HI180 and D267 amino acid residues [Somoza et al. 2004,
Tabackman et al. 2016, Lombardi et al. 2011].

The study of HDACS8 showed that the active site of HDACS8 enzyme consists of a narrow
and long tunnel of hydrophobic nature. Walls of this long tunnel of the active site is
formed by the amino acid residues namely G151, H180, F152, Y306, M274 and F208
where the catalytic Zn>" resides at the very end of the tunnel (Figure 1.3) [Somoza et al.

2004, Tabackman et al. 2016].

. ASP267 )
7 T274

_ ASP178 .

TYR100

Figure 1.3 Contours of the ligand binding site of HDACS isoform including the catalytic
Zn”" ion and the important amino acid residues for ligand binding. (4)- (B) Ligand
(SAHA) bound crystal structure of HDACS active site (PDB: 1T69)

In the case of class I HDACs, these amino acid residues are generally conserved and

hydrophobic in nature which helps in the binding of inhibitors containing hydrophobic
7




Chapter 1: Introduction

linker moiety. The catalytic Zn*" ion of the HDACS resides at the very end of this narrow
hydrophobic tunnel, bound to the heterocyclic nitrogen atom of H180, and the oxygen
atoms carboxylate group of D178 and D267 amino acid residues. The crystal structure of
the HDACS catalytic domain containing SAHA (PDB ID-1T69) depicted that the Zinc-
binding hydroxamate group of SAHA entered to the long and narrow tunnel of HDACS

and chalets with the Zn>" ion residing at the very end of the tunnel. In the mean time, the

phenyl cap group of SAHA fits inside the hydrophobic pocket of HDACS. Additionally, a
list of HDACS crystal structures [Research Collaboratory for Structural Bioinformatics
(RCSB) Protein Data Bank (PDB). www.rcsb.org, 2018 (accessed 14 November 2018)] is
given in Table 1.2.

Table 1.2. List of available ligand/substrate bound crystal structures of HDAC8

PDB  Organism Ligand Substrate  Resid. Res. (A)

1T64 H. sapiens TSA 754 1.90
1T67 H. sapiens M344 377 2.31
1T69 H. sapiens SAHA 377 2.91
1VKG  H. sapiens CRA 19156 754 2.20
1W22  H. sapiens PSTB-Hydroxamate 754 2.50
2V5W  H. sapiens -- Acetylpeptide 791 2.00
2V5X  H. sapiens Hydroxamate - 776 2.25
3EWS8  H. sapiens M344 - 388 1.80
3EWF  H. sapiens -- Acetylpeptide 1572 2.50
3EZP H. sapiens M344 776 2.65
3EZT  H. sapiens M344 776 2.85
3FO06 H. sapiens M344 776 2.55
3F07 H. sapiens APHA 1164 3.30
3FOR  H. sapiens TSA 1164 2.54
3MZ3  H. sapiens M344 778 3.20
3MZ4  H. sapiens M344 778 1.85
3MZ6  H. sapiens M344 389 2.00
3MZ7  H. sapiens M344 389 1.90
3SFF H. sapiens Amino acid derivative 378 2.00
3SFH  H. sapiens Amino acid derivative 378 2.70
3RQD H. sapiens Largazole thiol - 788 2.14
4BZ5  S. mansoni -- Acetylpeptide 1784 1.78
4BZ6  S. mansoni SAHA - 1784 2.00
4BZ7  S. mansoni M344 1784 1.65
4BZ8  S. mansoni J1038 1784 2.21
4B79  S. mansoni J1075 1784 2.00
4CQF  S. mansoni Marcapto acetamide 1784 2.30
4QA0  H. sapiens SAHA 778 2.24
4QA1  H. sapiens M344 1156 1.92
4QA2  H. sapiens SAHA 778 2.38
4QA3  H. sapiens TSA 778 2.88
4QA4  H. sapiens M344 389 1.98
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H. sapiens Acetylpeptide
H. sapiens Acetylpeptide
H. sapiens Acetylpeptide
H. sapiens Largazole analog -

H. sapiens Largazole analog -

H. sapiens Largazole analog -

H. sapiens TSA -

H. sapiens -- Tetrapeptide
H. sapiens -- Tetrapeptide
H. sapiens M344 -

H. sapiens Tetrapeptide
H. sapiens Tetrapeptide
H. sapiens Tetrapeptide
S. mansoni  3- benzamidobenzo hydroxamate

H. sapiens Droxinostat

H. sapiens Hydroxamic Acid

H. sapiens M344

H. sapiens M344

H. sapiens M344

H. sapiens M344

S. mansoni PCI-34051

S. mansoni NCC-149

S. mansoni PCI-34051

S. mansoni NCC-149

S. mansoni Quisinostat

H. sapiens Quisinostat

S. mansoni Benzohydroxamate inhibitor 2

S. mansoni Benzohydroxamate inhibitor 3

S. mansoni Benzohydroxamate inhibitor 4

S. mansoni Benzohydroxamate inhibitor 5

S. mansoni Benzohydroxamate inhibitor 6

S. mansoni Benzohydroxamate inhibitor 7

S. mansoni Benzohydroxamate inhibitor 8

S. mansoni Benzohydroxamate inhibitor 9

S. mansoni ~ Benzohydroxamate inhibitor 10

S. mansoni ~ Benzohydroxamate inhibitor 11

S. mansoni Triazole hydroxamate inhibitor
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In the modern medical and pharmaceutical fields, the enzyme HDACS has come into the
spotlight and becoming a target for the treatment of different pathophysiological
conditions related to it [Amin et al. 2017a, 2017b, 2018a, 2018b]. As because there are no
HDACS specific inhibitors are present in the market, designing of selective and potent
inhibitors for HDACS inhibition has become an utmost task to combat such diseases.
Also, a few compounds have appeared as a pioneering medium to modify and designing
of potent and isoform-selective HDAC inhibitors. Some of these pan-HDAC inhibitors
such as vorinostat/SAHA (FDA-01), Romidepsin (FDA-02), Belinostat (FDA-03),
Panobinostat (FDA-04) and Pracinostat/SB-939 (FDA-05) already approved by the
United States Food and Drug Administration (US-FDA) and are used for the treatment of
a few cancer conditions (cutaneous T-cell lymphoma, relapsed multiple myeloma, acute
myeloid leukemia (Figure 2.1) [Amin et al. 2017a, 2017b, Banerjee et al. 2019a].
Chidamide/HBI-8000 (FDA-06) is the sole pan-HDAC inhibitor present in the market
which is approved by the Chinese Food and Drug Administration (CFDA) for relapsed
peripheral T-cell lymphoma [Amin et al. 2017a, 2017b, Mottamal et al. 2015] [Figure
2.1].

Vorinostat (FDA-01)

<

Belinostat (FDA-03) Romidepsin (FDA-02)

o
Pracinostat (FDA-05)

: Chidamide (FDA-06)
Figure 2.1. FDA approved pan-HDAC inhibitors.
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Moreover, besides the synthetic approaches, several computational methods have been
performed on existing HDACS inhibitors for the identification of the important molecular
properties for better HDACS inhibition and to design more potent and isoform-selective
HDACS inhibitors [Amin et al. 2017a, 2017b]. The studies disclosed that the basic
diagrammatic structure of an HDACS inhibitor must contain three principal

pharmacophoric features such as a hydrophobic CAP group as the surface recognition

factor, a linker motif including a zinc-binding group (ZBG) for Zn®" chelation.

Department of pharmaceutical technology, Javapur university also proposed that a
modified fish-like structure of the HDAC inhibitors should be more effective than the
usual fish-like structure of the pan-HDAC inhibitors [Amin et al. 2017a, 2017b].

2.1 An overview of the reported HDACS inhibitors

The basic structure of HDACS inhibitors generally contains three common features such
as a cap group (surface recognition group), a linker region and a zinc-binding motif
(ZBG). Among these, the cap moiety of these inhibitors may be responsible for the
isoform specificity via surface recognition and forming interactions at the binding site of
HDACS because of its hydrophobic nature. As for the ZBG, they are is required to
interact inside the HDACS active site by chelating with the catalytic zinc ion present deep
inside the HDACS active site. Commonly amidst numerous ZBG group, the hydroxamic
acid group is preferred as the ZBG for higher HDACS inhibition because of its strong
zinc binding property [Amin et al. 2017a]. Frequently it is seen that the compounds
containing a hydroxamate group as the zinc binding group provides better HDACS
inhibition than the compounds containing other ZBGs. But at the same time, higher zinc
binding capability of the hydroxamate group-containing groups leads toward the non-
specific/non-selective HDAC inhibition and can also interact and inhibit other zinc-
dependent metalloproteinases namely matrix metalloproteinases enzymes (MMPs) and
aminopeptidase N (APN/CDI13), etc. Additionally, these hydroxamate derivated
inhibitors can be able to lower the in vivo absorption of the molecules, hence affecting
the efficacy of the inhibitors. In order to avoid such situations, using the non-
hydroxamate ZBG containing HDAC inhibitors have been designed in order to search the
proper ZBG to provide an effective HDACS inhibition and selectivity [Amin et al.
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2018b]. A number of various groups and moieties such as oximes, hydroxy-pyridine-2-
thiones, ketones, thiols, trifluoromethyl derivatives, PB-lactams, boronic acids and
carboxylic acid groups (Figure 2.2.) has been used non-hydroxamate ZBG group to
replace the hydroxamate groups of the HDACS inhibitors which eas also able to provide
convincing and fruitful HDACS inhibition.

Carboxamide

Figure 2.2. Various reported ZBGs used to develop potent HDACS inhibitors.

In this chapter, different promising HDACS inhibitors with hydroxamate and non-
hydroxamate ZBGs are studied while highlighting their selectivity and non-selectivity
(Table 2.1) [Banerjee et al. 2019a].

In the year 2002, Furumai and his co-workers studied on a group of cyclic hydroxamic
acid containing peptide derivatives (CHAPs) [Furumai et al 2002]. These compounds

seemed to have detrimental effects on the HelLa cell growth at the S phase of the cell
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cycle. Among these compounds, CHAP31 (Compound 1, HDAC ICsy = 3.32 nM)

[Figure 2.3], displayed a very good and effective HDACS inhibition.

Table 2.1. List of hydroxamate and non-hydroxamate ZBGs containing potential
HDACS inhibitors.

Peptide containing
cyclic hydroxamic acid
derivative
Trifluoro methyl and
tetrafluoro ethyl ketone = HDACI,
based cyclic HDACS8
tetrapeptide derivative
Mercapto acetamide Kozikowski et
based hydroxamate HDAC6 al. 2007
Amino phenyl
benzamide based
hydroxamate
>-pyrimidinylbased 4 o Arts et al. 2007
hydroxamate

4-napthyl-phenyl based Krennhrubec et
linkerless hydroxamate HDACS al. 2007

T;;jf(}g;iﬁ‘gd HDAC6 Chen et al. 2008
P ole ipace Koot
At dramieipacs st
Pan HDAC Andn;gg; et al.

Arts et al. 2009

Furumai et al
2002

Jose et al. 2004

HDACI, Moradei et al.
HDAC2 2007

Amide derivative

Pyrimidyl HDACI,
hydroxamate HDAC2
3,4-
dihydroquinoxaline-2- HDAC6 Smil et al. 2009
(1H) one derivative
Piperazine-2,5-dione
aryl hydroxamate
N-hydroxy-(4-oxime)- S
c}i]nnamyat(e based HDACS Giannini et al.
2009
hydroxamate
2-morpholinyl ethyl HDACS Giannini et al.

HDAC6 Smil et al. 2009
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hydroxamate
1,2,3-triazole based
NLSP hydroxamate
Non peptide
macrocyclic derivative
Cyclic o/p tetra peptide
derivative
Benzyloxy phenyl
carbamoyl
hydroxamate
Boronic acid-based
derivative
2-piperazinyl-5-
pyrimidyl hydroxamate
Acetyl urea based
hydroxamate
Triazole-4-yl phenyl
based hydroxamate
Tricyclic ketolide
based hydroxamate

Cyclo peptide based
hydroxamate

Tetrahydro
1soquinoline based
hydroxamate
Tetrahydro
isoquinoline based
hydroxamate
Tetrahydro
1soquinoline based
hydroxamate
Benzohydroxamate
derivative
Oxime amide
derivative
Gamma lactym
derivative
Gamma and del-
lactum based
hydroxamate
1,4-dithia-7-aza
spiro[4.4] nonane-8-
carboxylate based
derivatives

HDACI,
HDAC2
HDACI,
HDAC6

HDACS

HDAC-8

HDAC6
Pan HDAC
HDACI1
Pan HDAC

HDACS

HDACI,
HDAC2,
HDACS

HDACS

HDAC6

HDAC6

HDACS
Pan HDAC

HDAC6

HDAC3

2009
Canzoneri et al.
2009
Oyelere et al.
2009
Montero et al.
2009

He et al. 2009

Suzuki et al.
2009
Angibaud et al.
2010

Wang et al. 2010

He et al. 2010

Mwakwari et al.
2010

Terracciano et al.
2010

Zhang et al.
2010

Zhang et al.
2011a

Zhang et al.
2011b

Tang et al. 2011
Botta et al. 2011
Choti et al. 2011

Neelarapu et al.
2011

Zhang et al.
2011c¢
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Short chained(phenyl
butyryl) based
hydroxamate
SAHA derivative with
osthole derived CAP
region
Ferrocinyl based
JAHA derivative

Amino acid derivative

SAHA derivative

2,2,3,3,4,4,5,5,6,6,7,7-
dodecafluoro-N-
hydroxy octane di-
amide derivative

Tetrapeptide
derivatives without
ZBG
Cu(I) catalyzed azide
alkyne cyclo addition
library of HDACS
inhibitors

Alkoxamide linked
hydroxamate

Phenyl glycin based
hydroxamate
Quinazoline-4-one
derivative
3-Hydroxypyridin-2-
thione derivative
N-Methylpyrrole (Py)-
N-methylimidazole
(Im) polyamides
(pips) derivative
Amide-linked p-
substituted phenyl
hydroxamate

Carrbostyril derivative

Triazole derivative

Aminotetralin
derivative

HDACI1 4,000

HDACI1 267.85

Pan HDAC

HDACI,
HDAC2

HDAC6

HDACS

HDACA,
HDACGS,
HDAC6

HDACS
HDAC6
HDAC6
HDACI,

HDAC2,
HDACS

HDAC6

Pan HDAC

HDACS

HDAC,
HDACS

Fass et al. 2011

Huang et al.
2011

Spencer et al.
2011
Whitehead et al.
2011
Guerrant et al.
2012

Henkes et al.
2012

Vaidya et al.
2012

Suzuki et al.
2012

Marek et al.
2013

Zhang et al.
2014

Yuetal. 2013

Patil et al. 2013

Saha et al. 2013

Wagner et al.
2013

Tashima et al.
2014
Suzuki et al.
2014

Tang et al. 2014
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51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

1,2,4-oxadiazole
containing 2-amino
benzamide derivative
Benzohydroxamate
derivative
Pteroate hydroxamide
derivative
Benzothiophene based
hydroxamate derivative
Benzohydroxamate
derivative
Suberonyl
hydroxamate derivative
Glutamic acid
derivative
Aminopyrrolidinone
derivative
1-hydroxypyridine-2-
thione derivative
2,5-Disubstituted-
1,3,4-oxadiazole
derivative

Triazole analogue

Tetrahydro
isoquinoline based
hydroxamate
N'-hydroxy
tetrapthalamide based
derivative

Propargylamine
derivative

Meta-sulfamoyl N-
hydroxybenzamide
derivative
iso-Combretastatin
based derivatives

HDACI,
HDAC2

HDAC6
HDAC6
HDAC6
HDAC6

HDACS

HDACS,
MMP-2

HDAC6

HDACS

HDACS

HDACS

HDACI,
HDAC3

HDACS

HDAC6

HDACS

HDACS

Cai et al. 2015

Shen et al. 2016

Sodji et al. 2015

De Vreese et al.
2015

Lee et al. 2015

Zhang et al.
2015
Halder et al.
2015

Lin et al. 2015

Muthyala et al.
2015

Pidugu et al.
2016

Ingham et al.
2016

Taha et al. 2017

5,500 Wangetal. 2017

Wiinsch et al.

417 2017

50 Zhao et al. 2018

Lamaa et al.

60 2018

= HDACS K, value
A pool of cyclic tetrapeptide derivated compounds with trifluoromethyl and
pentafluoroethyl ketone zinc binding groups were synthesized by Jose and his co-worker
[Jose et al. 2004]. The activity of these compounds was evaluated in p21 promoter assay

and against different HDAC isoforms. Among these compounds, compound 2 (Figure
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2.3), possessing a thioether linker moiety and a trifluoromethyl ketone group as ZBG
showed good HDACS inhibition of ICso = 230 nM. Oh et al. reported a group of B-lactam
containing HDAC inhibitors which exhibited higher inhibition against HDAC than the
sodium butyrate [Oh et al. 2007]. These compounds seemed to provide cytotoxicity while
modulating the HDACS inhibitory potency via activating NF-kB mediated pathway. A
group of mercaptoacetamide and hydroxamate-based HDAC inhibitors have been
reported by Kozikowski et al. in 2007 [Kozikowski et al. 2007]. Among these
compounds, the molecules containing the hydroxamate group (Compound 3, ICso= 1,050
nM) (Figure 2.3) seemed to be providing better HDAC inhibition than the thiol and the
carbonyl functions. This may because of the higher binding ability of the hydroxamate
moiety with the catalytic zinc of the enzyme which again signifies the preference of

hydroxamic acid moiety for higher HDACS inhibition and better Zn>* chelation.

-
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Figure 2.3. HDACS inhibitors 1-9

Some bis-(aryl) like potent HDAC inhibitors has been reported by Moradei and his co-
researchers [Moradei et al. 2007]. Amidst these HDAC inhibitors, LAQ-824 (Compound
4) (Figure 2.3) delivered good inhibition against HDAC1 and HDAC?2 along with an
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HDACS inhibition of ICsyp = 400 nM. A group of 5-pyrimidinyl hydroxamate derivated
HDAC inhibitors was developed by Arts et al. in which, compound R306465 (Compound
5) (Figure 2.3) was able to deliver excellent HDACS inhibition (ICsp = 23 nM) along
with good inhibition against the activity of other HDAC isoforms of class I [Arts et al.
2007]. After studying the different crystal structures of HDAC8 enzyme, KrennHrubec et
al. developed a few linker-less HDACS inhibitors containing the cap and the ZBG groups
[Krennhrubec et al. 2007]. These compounds seemed to possess better selectivity for
HDACS than the class I isoforms like HDACI1 and class II isoforms like HDAC6. The
compound 6, (HDACS ICsy = 300 nM) (Figure 2.3) was observed to have better fitting
inside the HDACS pocket which may lead the compounds toward more sufficient and
stronger binding with HDACS8. Chen et al. synthesized a group of triazolylphenyl
derivated HDACS inhibitors with a significantly modified cap group in their structure
[Chen et al. 2008]. Though many of these compounds exhibited poor HDACS inhibition
and showed selectivity toward HDAC6, compounds 7 (Figure 2.3) was able to deliver
HDACS inhibition in the nanomolar range (HDACS8 ICsy = 406 nM). A series of
hydroxamate derivated HDAC inhibitors containing a phenylisoxazole moiety was
developed by Kozikowski and his co-workers] with greater selectivity for HDAC6 than
HDACS [Kozikowski et al. 2008. In this series of compounds, compound 8 (HDACS ICs
= 938 nM) (Figure 2.3) was able to provide the best HDACS inhibition. PCI-34051
(Compound 9) (Figure 2.3) is one of the most potent and selective HDACS inhibitors
reported by Balasubramanian et al. provided an excellent inhibition against HDACS8

activity of ICso = 10 nM [Balasubramanian et al. 2008].
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Figure 2.4. HDACS inhibitors 10-17

Among the hydroxamate derivated HDAC inhibitors synthesized by Andrianov et al.,
compound 10 (Figure 2.4) was able to provide an HDACS inhibition of ICsy = 779 nM
and was also potent against HDAC6 and HDAC1 isoforms [Andrianov et al. 2009].

While conducting an in vivo pharmacodynamics study on a group of pyrimidyl
hydroxamate derivated compounds, Arts et al. reported a compounds JNJ-26481585
(Compound 11) (Figure 2.4) having a good HDACS inhibitory activity of 1Cso =486 nM
[Arts et al. 2009]. The compound was much more selective toward HDACS than the class
I HDACs like HDACI1 and HDAC2. Reports of a group of 3, 4-dihydroquinoxaline-2-
(1H)-one and piperazine-2,5-dione aryl hydroxamate derivated HDACS inhibitors has
been done by Smil and his co-workers [Smil et al. 2009]. Though these compounds were
mostly selective to HDAC6 isoform, Compound 12 (Figure 2.4), a piperazine-2,5-dione
aryl group containing hydroxamate derivative was able to exhibit good nanomolar

activity against HDACS8 (ICsp = 210 nM). These compounds also provide information
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that the chiral compounds can also be useful to design potent and selective HDACS
inhibitors.

A pool of N-hydroxy-(4-oxime)-cinnamate containing compounds were developed by
Giannini et al. as a cytotoxic agent and HDACS inhibitor [Giannini et al. 2009].
Compounds with bulky group substitutions such as aryl group substituted oxime moiety,
para-substituted cinnamic acid and heteroaryl moiety can deliver higher HDACS
inhibition. Compound 14 (ICsy = 235 nM) [Figure 2.4] containing a para-nitrobenzyl
moiety in its structure showed at least 2-fold selectivity toward HDACS than the other
tested HDAC isoforms.

Canzoneri and his co-workers discovered a group of nuclear localization signal peptide
(NLS)-derivatives containing 1, 2, 3-triazole and hydroxamate group as potent HDAC
inhibitors [Canzoneri et al. 2009] where these compounds indicated the significance of
the length of the linker moiety present in these compounds. Among the compounds
present in this series, compounds 15 (Figure 2.4) showed an HDACS inhibition of ICsy =
1,243 nM).

In the year 2009, a newer group of non-peptide derivated HDAC inhibitors has been
discovered by Oyelere et al. [Oyelere et al. 2009]. The macrocyclic structure of these
compounds was inspired by the macrocyclic structure of the macrolide class of
antibiotics. Compound 16 (Figure 2.4) of this class of HDAC inhibitors, though having
better response toward HDAC1 and HDAC?2 isoforms, exhibited inhibitory potency of
ICsp = 994 nM against HDACS8 enzymatic activity.

Some B-amino acid derivated containing structural resemblance with cyclic tetrapeptide
were reported by Montero et al. [Montero et al. 2009]. These compounds were designed
through h several changes like positional alteration of the catalytic zinc chelating amino
acid moiety, chirality, f-3-amino acid position including amide nitrogen alkylation of the
macrocyclic backbone. Compound 17 (Figure 2.4) is the compound among these
compounds provided promising HDACS inhibition of ICsy = 120 nM.

A pool of aryl derivated cap containing 4-triazolyl hydroxamate compounds was
synthesized by He and his co-researchers as HDAC inhibitors [He et al. 2009]. Instead of

having pan-HDAC activity for the most active compounds and some of these compounds
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had nanomolar activity against other HDACs like HDAC6, HDACI, and HDAC3,
compound 18 (Figure 2.5) showed HDACS inhibition of ICsy = 2,710 nM.

~

(0]

Figure 2.5. HDACS inhibitors 18-25

Using the Boronic acid moiety as a zinc-binding motif for HDAC inhibitors, Suzuki et al.
reported a group of HDAC inhibitors and tested against different HDAC enzyme activity
[Suzuki et al. 2009]. Authors suggested that, among these inhibitors, the compounds with
(S)-conformation provided a significant role in their HDAC inhibitory activity and were
more active against HDAC6 than other HDAC isoforms. Though having lower HDAC8
inhibition compound 19 (Figure 2.5)showed HDACS ICs of 6,600 nM.

A set of 2-piperazinyl-5-pyrimidy group containing hydroxamate derivatives was
developed as HDAC inhibitors by Angibaud et al. [Angibaud et al. 2010]. Among these
2-piperazinyl-5-pyrimidy derivated compounds with biphenyl group substitution
(Compound 20) [Figure 2.5]exhibited an excellent HDACS inhibition in sub-nanomolar
concentration ICsp = 0.9 nM. Wang et al. reported a group of compounds as good HDAC
inhibitors containing acyl urea containing linear chain hydroxamic acid group [Wang et

al. 2010]. From these compounds, it can be observed that the compound with n-pentyl
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liner provides better HDAC1 (ICsy = 53 nM) inhibition than HDACS8 (ICsp = 608 nM)
whereas the n-hexyl analog (Compound 21, HDACS ICsy = 270 nM) [Figure 2.5]
delivered higher HDACS inhibitory potency.

He et al. in the year 2010 synthesized a pool of 4-triazolyl hydroxamate derivated HDAC
inhibitors with poor HDACS inhibitory potency [He et al. 2010]. Though these
compounds having more affinity toward HDAC6 and HDAC3, Compound 22 (Figure
2.5), containing a cyclohexyl moiety provided weaker HDACS inhibitory potency (ICs
of 1,190 nM). Some tricyclic ketolide derivated HDAC inhibitors similar to the
macrocyclic peptide backbone structure were introduced by Mwakwari et al. [Mwakwari
et al. 2010]. Though showing better selectivity toward the HDAC1 and HDAC?2 isoforms
by these inhibitors, compound 23 (HDACS8 ICsy = 544.6 nM) was able to provide
HDACS inhibitory potency in nanomolar concentration (Figure 2.5). Terracciano et al.
reported an FR235222 derivated cyclopeptide compound (Compound 24, HDACS ICsy =
23,000 nM) (Figure 2.5) as a promising inhibitor HDAC8 HDACS activity [Terracciano
et al. 2010].

A series of tetrahydroisoquinoline moiety containing hydroxamate derivative was
reported by Zhang et al. [Zhang et al. 2010] as potent and selective HDACS inhibitors.
Among the compounds of this series, Compound 25 (Figure 2.5) provided good HDACS8
inhibition of ICsy = 580 nM. Additionally, in another study, these authors used the
tetrahydroisoquinoline moiety as a linker motif and synthesized a group of
tetrahydroisoquinoline group containing hydroxamate derivatives [Zhang et al. 2011a].
The 4-methoxyphenyl moiety along with the #-butoxycarbonyl (Boc) substituted
compound (Compound 26, HDAC8 ICsy = 47 nM) (Figure 2.6) seemed to have a
significant influence on the HDACS inhibition of these compounds. Further optimization
of the tetrahydroisoquinoline derivatives led the author's design ZYJ-34¢ (Compound 27)
(Figure 2.6), an HDACS inhibitor with greater potency and orally active than Vorinostat
(FDA-01) (Figure 2.1). This compound was also exhibited good antitumor activity in an
MDA-MD-231 xenograft model for human breast cancer [Zhang et al. 2011b].
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Figure 2.6. HDACS inhibitors 26-37

Using a bi-step protocol to design and synthesize a pool of benzohydroxamate derivatives
Tang et al. designed a group of potent HDACS inhibitors [Tang et al. 2011]. The
synthesized compounds were excellently active against HDACS8 enzymatic activity and
provided nanomolar range activity against HDACS. The compound 28 (Figure 2.6) was
the most active compound against HDACS activity and was able to show an excellent
activity of ICsy = 23 nM) against HDACS8 enzymatic activity where it was 15-65 fold
more selective for HDACS8 than HDAC2 and HDAC3 isoforms.

Compound 29 (Figure 2.6), containing an oxime group as the ZBG was synthesized by
Botta et al. [Botta et al. 2011]. The compound though having a poor HDACS inhibitory
potency (ICsp = 22,600 nM), it was observed that, at the active site of HDACS, the o-

oxime moiety adapted perfectly in order to coordinate with the catalytic Zn*" of the

enzyme.

Choi et al. synthesized and evaluated a group of y-lactam derivated HDAC inhibitors for

promising inhibition of the major HDAC classes [Choi et al. 2011]. Though these
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compounds were intended to provide better class I and class I HADC inhibition, these
molecules tended to be more effective against the HDAC6 isoform. Among these
molecules, the compound 30 (Figure 2.6) exhibited good HDACS inhibitory activity of
ICso = 119.7 nM along with an excellent HDAC6 inhibitory activity of ICsy = 0.8 nM.

A class of pyrazole or iso-oxazole derivated diazide containing compounds were
synthesized by Neelarapu and co-workers [Neelarapu et al. 2011]. Between the iso-
oxazole and pyrazole derivatives, the pyrazole moiety eas better effective for both
HDACS8 and HDAC3 isoforms whereas the compound 31 (Figure 2.6) showed an
excellent HDACS inhibition of 17 nM (ICsp = 17 nM).

A group of tripeptidomimetics derivated compounds as potent HDAC inhibitors have
been synthesized by Zhang and his co-workers [Zhang et al. 2011c]. From this series, the
compound 32 (HDACS8 ICsy = 21 nM) [Figure 2.6] was the most potent HDACS
inhibitor which contained a 1, 4-dithia-7-azaspiro-[4, 4]-nonane-8-carboxylate moiety as
the surface recognition group and a 6-amino hexanoic acid moiety as the linker function.
In an attempt to develop potent HDACS inhibitors Fass et al. synthesized some short
chain containing hydroxamate derivated compounds [Fass et al. 2011] among which the
compound 33 (HDACS ICsy = 4,000 nM) [Figure 2.6], containing a phenyl cap moiety
provided the highest HDACS inhibition.

A newer class of SAHA linked osthole containing hydroxamic acid compounds were
reported by Huang et al. [Huang et al. 2011]. Compound 34 [Figure 2.6] was able to
provide better HDACS inhibition than SAHA (FDA-01) [Figure 2.1] and was the most
active compound in the series providing an ICsy =267.85 nM activity against HDACS.

A group of organometallic SAHA analogs with a ferrocenyl group named as Jay Amin
hydroxamic acid (JAHA) was synthesized by Spencer et al. [Spencer et al. 2011]. Among
these JAHA derivatives, compound 35 (HDACS ICsy = 2 nM) (Figure 2.6) exhibited
excellent HADCS inhibition.

Whitehead et al. in the year 2011, derived some potent a-amino-ketone containing HDAC
inhibitors. Among these compounds, compound 36 (Figure 2.6), containing a

dichlorophenyl moiety in its structure at least 20-fold selectivity for HDACS the other
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HDAC isoforms such as HDAC6, HDAcl, and HDAC2. Compound 36 was also
excellent active against HDACS in vitro enzymatic activity (ICso = 90 nM) [Whitehead et
al. 2011].

In order to obtain HDAC-topoisomerase-II dual inhibitors, Guerrant et al. tried to
combine chemotherapeutic agents like anthracycline derivatives and SAHA which
resulted in a group of compounds [Guerrant et al. 2012]. Some of these compounds
exhibited moderate to poor activity against HDACS8 where compound 37 (Figure 2.6)
provided good HDACS inhibition of HDACS8 = 220 nM.

Through the modification of the linker moiety of the SAHA (Figure 2.1), Henkes et al.
derivated a group of HDAC inhibitors in order to conserve the significance of the liker
motif of these molecules [Henkes et al. 2012]. The compound 38 (Figure 2.7), with
HDACS Ky value of 1,400 nM, containing an anthracene ring was showed twice the
potency against HDACS than SAHA [Henkes et al. 2012].

The task of development and evaluation of a group of tetrapeptide derivated compounds
as potent HDAC inhibitors were performed by Vaidya et al. in the year 2012 [Vaidya et
al. 2012]. Through the study, it was seen that the compounds the hydroxamic acid moiety
as the ZBG group signified its importance toward the activity for these compounds.
Though having poor potency against HDACS8, compound 39 (Figure 2.7) was able to
show an HDACS inhibitory activity of ICso= 28,000 nM.

A pool of potent HDACS inhibitors was able to develop by Suzuki and co-workers
through a click-chemistry mediated Cu (I)-catalyzed-azide-alkyne cycloaddition process
[Suzuki et al. 2012]. In this library of compounds, compound 40 (Figure 2.7) showed
promising potency of ICso = 70 nM against HDACS along with the selectivity toward that
specific isoform.

The synthesis and evaluation of a class of alkoxamide containing hydroxamate
derivatives were performed and reported by Marek et al. in the year 2013 [Marek et al.
2013]. Although these synthesized compounds were moderately potent against HDACS
the compound 41 (Figure 2.7) provided effective HDACS inhibition (HDACS ICsy = 893
nM).
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Figure 2.7. HDACS inhibitors 38-49

A class of potent arylhydroxamic acid derivated compounds was synthesized by Zhang et
al. [Zhang et al. 2014]. For these compounds, it was noticed that the substitution at the
para- and ortho- positions of the phenyl ring of these compounds is detrimental for the
activity of these compounds whereas, the meta-trifluoromethylphenyl derivated analog
(Compound 42) [Figure 2.7]possessed highest HDACS inhibition (ICso = 967 nM).

In order to aid the treatment of Alzheimer’s disease via the development of potent HDAC
inhibitory compounds, Yu et al. developed and reported a group of quinazoline-4-one
derivatives as potent HDAC inhibitors having a higher selectivity for HDAC6 isoform
[Yu et al. 2013]. Compound 43 (Figure 2.7) was the most potent inhibitor among this
class of inhibitors while testing against HDACS8 enzymatic activity of ICsyp = 420 nM
almost similar to its HDAC6 inhibitory potency.

With the help of Suzuki cross-coupling reaction, Patil and co-workers] synthesized a
newer class of HDAC inhibitors containing 3-hydroxy-pyridine-2-thione (3-HPT) moiety
as the ZBG of these compounds [Patil et al. 2013. Among these inhibitors, compound 44
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(Figure 2.7), a para-methyl biphenyl derivated compound showed the highest potency
against HDAC8 enzyme activity.

In the year 2013, a group of PIP (pyrrole-imidazole polyamides) containing JAHA
derivated compounds were synthesized by Saha et al. [Saha et al. 2013]. Among these
JAHA derivatives, PIP-6 complexed compound 45 (JAHA-PIP-0) (Figure 2.7), exhibited
an excellent HDACS inhibitory activity of ICsp = 130 nM.

A set of para-phenyl substituted amide-linked hydroxamate derivated compounds was
reported by Wagner et al. [Wagner et al. 2013]. The evaluation of these compounds
against different HDAC isoforms. The study revealed that reduction in the chain length
from phenethyl moiety increases the activity against HDACS8 whereas the ethylene-
piperazine moiety showed its detrimental effects as the cap group on the activity of the
compounds. The compound 46 (Figure 2.7) of this series showed moderate HDACS
inhibition (ICsp = 689 nM).

Some 15 carbostyril derivated compounds were reported by Tashima et al. [Tashima et al.
2014] as the potent HDAc inhibitors. It is seen that, for these compounds, the 1-
carboxamino linker moiety (1-CONH) and the 1-aminocarbonyl linker moiety (1-NHCO)
present between the zinc binding group and the cap moiety plays an important part while
the interactions of these compounds with the HDAC isoforms. Also, compound 47
(Figure 2.7) showed an excellent HADCS inhibitory potency of ICsp = 6 nM among
these molecules.

A group of a- and B-tropolone derivated compounds were reported by Ononye et al. in
2013 as effective HDAC inhibitors which provided superior selectivity toward HDAC2
isoform than HDAC4-6 of class 11 and HDAC8 and HDACI of class I including
promising HDACS inhibition [Ononye et al. 2013].

From further modification of the compound NCC-149 (Compound 40) [Figure 2.7], in
order to enhance the HDACS inhibitory activity of the compound 40, through the
modification of the linker and scaffold, Suzuki et al. reported a compound (Compound
48) [Figure 2.7] with altered orientation of the triazole moiety as more potent HDACS
inhibitor [Suzuki et al. 2014]. The compound 48 expressed a small enhancement of its

HADCS inhibitory activity (ICso = 53 nM) than compound 40 (ICsy = 70 nM).
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Cincinelli and his co-workers were able to develop a group of biphenylacrylohydroxamic
acid derivated compounds as potent HDAC inhibitors [Cincinelli et al. 2014].
Fascinatingly, the evaluation of these compounds against HDACS8 enzymatic activity
showed the detrimental effects of the adamantly moiety toward their HDACS inhibition.
As it is seen that bulky features in the cap region of the HDACS inhibitors facilitate their
HDACS inhibition, it seemed to be that the adamantly moiety is an exception of this
suggestion for these compounds. A newer series of aminotetralin containing compounds
were suggested as promising HDAC8-HDAC6 dual inhibitors by Tang et al. Among
these dual HDAC inhibitors, compound 49 (Figure 2.7) expressed the highest HDACS8
inhibition of ICsy = 30 nM [Tang et al. 2014].

Two series of compounds containing the 2-aminobenzamide moiety and the hydroxamic
acid moiety were derivated by Cai et al. [Cai et al. 2015]. The in vitro evaluations of
these series of compounds exhibited a good anti-proliferative property against a number
of cancer cell lines namely U937, A549, NCI-H661, HCT-116, and MDAMB-231. The
hydroxamate derivatives as usually showed better HDACS8 inhibition than the 2-
aminobenzamide derivatives and were also expressed its selective for HDACS
thanHDAC1 and HDAC2 enzymes. Amidst these hydroxamates, compound 50 (Figure
2.8) with a phenyl cap group showed good HDACS inhibition of ICso =200 nM.

Through effective attempt for enhancement of the activity of the HDAC6 inhibitors, Shen
and his co-workers designed and synthesized several benzohydroxamate derivated
compounds with bi-cyclic cap moiety which expressed higher selectivity to HDAC6
enzymatic activity [Shen et al. 2016]. Though having superior activity against HDAC®6,
the compound 51 (HADCSICsy = 176 nm) [Figure 2.8] of this series of HDAC6
inhibitors exhibited a good HDACS inhibition also.

Two different hydroxamates derivated compounds one containing folic acid where the
other containing a pteroic acid were synthesized and evaluated by Sodji and co-workers
in 2015 [Sodji et al. 2015]. The folic acid derivated compound (Compound 52) was
proved itself as the more effective HDACS inhibitor than the pteroic acid derived
compound (HDACS8 ICsp = 581 nM) but also having higher selectivity toward the
HDACG6 isoform [ Figure 2.8].
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Figure 2.8 HDACS inhibitors 50-61

Among the numerous HDAC inhibitors with various cap groups, a group of hydroxamate
derivated compounds having benzothiophene group as the cap moiety were synthesized
by De Vreese et al. in order to procure HDAC inhibitors with higher potency [De Vreese
et al. 2015]. The compounds suggested the unfavorability of the para-bromo group
substitution in their fused benzothiophene phenyl cap moiety and preferred the
unsubstituted analog as better HDAc inhibitor. Between these molecules, compound 53
(Figure 2.8) was able to deliver moderate activity of 1,400 nM as the HDACS inhibitory
activity of the compound.

Lee et al. reported a benzohydroxamate compound named as HPB (Compound 54)
[Figure 2.8] as a selective and potent HDACG6 inhibitor [Lee et al. 2015]. Apart from
expressing its effectiveness against HDAC6 compound 54 also provided induction of the
cellular apoptosis for the cancer cells without effecting the normal healthy cells and
possessed good HDSACS inhibition of ICsy = 376 nM also [Lee et al. 2015].

Several HDACS inhibitors with a better binding affinity toward HDACS isoform, Zhang
et al. designed a group of analogous compounds of SAHA [Zhang et al. 2015]. Among
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these, the compound 55 (Figure 2.8) with chlorine at the sixth and a trifluoromethyl
function in the third position of its phenyl ring moiety delivered good HDACS inhibition.
A group of carboxylate-containing isoglutamine derivated compounds was reported by
Halder and his co-workers in order to provide dual inhibition for HDAC8 and MMP-2
metalloenzymes [Halder et al. 2015]. Amidst these iso-glutamate derivatives, compound
56 (Figure 2.8) exhibited anti-invasive and anti-migratory activity in A549 lung cancer
cell line along with an in vitro HDACS inhibition of ICsy = 2,890 nM.

To develop orally active and bioavailable inhibitors for HDAC6 enzyme, Lin and his co-
workers [Lin et al. 2015] developed several aminopyrrolidinone derivated potent HDAC6
inhibitors, in which the compound 57 (Figure 2.8) delivered a very good HDACS
inhibitory (ICso = 80 nM) potency along with excellent inhibition against HDAC6
isoform.

Several potent HDAC inhibitors containing a 1-hydroxypyridine-2-thione (1-HPT)
moiety as the zinc binding motif was reported by Muthyala et al. in the year 2015
[Muthyala et al. 2015]. Interestingly, these compounds during the coordination with the
catalytic zinc of HDACS isoform were seemed to form a special octahedral like structure
in which, compound 58 showed moderate HDACS inhibition of ICsy = 980 nM (Figure
2.8).

A pool of oxadiazole containing alanine/glycine linked HDAC inhibitors were developed
by Pidugu et al. for the inhibition of class | HDAC isoforms [Pidugu et al. 2016]. The
compound 59 of this series, provided antiproliferative activity in breast cancer cell line
(MDA-MB-23) and provided an HDACS inhibitory potency of ICsy = 98 nM for in vitro
HDACS inhibition.

Till now, the most potent and selective, HDACS inhibitor, OJI-I (Compound 60) [ Figure
2.8] via a database screening of the various sets of compounds and was reported by
Ingham et al. in 2016 [Ingham et al. 2016]. This triazole derivated compound (Compound
60) exhibited s sub-nanomolar activity of ICso = 0.8 nM against HDACS in vitro
enzymatic activity.

As the tetrahydroisoquinoline derivated compounds were reported as potent HDACS

inhibitors, Taha and co-workers designed and synthesized a group of 1-substituted
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tetrahydroisoquinoline N-alkyl hydroxamate derivated compounds as potent HDACS
inhibitors [Taha et al. 2017]. As expected, these compounds provided an excellent
1HDACS inhibition while indicating the importance of the n-alkyl linker chain length for
the activity of these compounds along with substitution in the tetrahydroisoquinoline
based cap moiety of these compounds. The tetrahydroisoquinoline derivated compound

61 exhibited (Figure 2.8) an 1Cs, value of 44 nM against HDACS.

By fusing the scaffolds of quisinostat (JNJ-26481585, 11) [Figure 2.4] and panobinostat
(FDA-04, Figure 2.1) Wang et al. reported a group of NI-hydroxytetrephthalamide
derivated compounds with indole moiety as the cap group as potent HDAC inhibitors
[Wang et al. 2017]. Among these indole derivatives, compound 62 (Figure 2.9) with an
HDAC ICsg of 74 nM showed good inhibition against HDAC isoforms.

Wiinsch et al. [Wiinsch et al. 2017], in order to inhibit the HDAC isoforms containing a
catalytic zinc ion in their structure developed a group of propargylamine derivated
HDACS6 inhibitors, in which the compound 63 (Figure 2.9) (HDACS ICsy = 417 nM)
delivered a moderated but the best inhibition against HDACS than the other inhibitors of
this series. Among the group of meta-sulfamoyl N-hydroxybenzamide derivated HDAC
inhibitors, designed as potent HDAC inhibitors by Zhao et al. [Zhao et al. 2018], the
compound 64 (Figure 2.9) exhibited an excellent HDACS inhibitory potency in vitro.

Figure 2.9. HDACS inhibitors 62-65
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A set of Laama iso-combretastatin based HDAC inhibitors were reported by Laama and
his co-workers in 2018 [Lamaa et al. 2018]. The in vitro evaluations of these compounds
expressed there higher selective nature against the HDACS isoform over the HDACI11
and HDAC6 enzymes. Among these benzamide derivatives, the compound 65 was able to
provide an ICsy of 60 nM against in vitro activity of HDACS8 enzyme and was able to
show antiproliferative activity in a number of cell lines namely, A549, HCT 116, K562,
U87, PC3, MiaPaca2 and MCF-7 cell lines [Lamaa et al. 2018].

2.2 Overviewing the QSAR Studies performed on HDACS inhibitors

For, the purpose of screening, identification and designing of potential biologically active
molecules, the different molecular modelling studies like Quantitative structure-activity
relationship (QSAR) study, molecular dynamics (MD Simulation) simulation, molecular
docking study are an acceptable, effective and widely applied technique used to screen,
identify and design newer molecules with potent and promising biological activity.

A variety of computational approaches has been also applied for a decade to identify,
screen and design potent, selective and promising HDACS inhibitors for effective and
selective HDACS inhibition [Banerjee et al. 2019a]. The different QSAR studies
conducted in search of the potent HDACS inhibitors are also given in Table 2.2 and

discussed in brief below.

Table 2.2. Different QSAR studies conducted on a diverse set of HDACS inhibitors

01 Diverse Docking-based 3D QSAR Ort(;)eogt =

Hyderoxamates
Thangapandi

02 Diverse molecules Pharmacophore-based 3D QSAR an et al. 2010

Debnath et
al. 2014

Lazy learning-based classification Cao et al.
QSAR 2015
) Halder et al.
05 Diverse compounds Pharmacophore-based 3D QSAR 2015
Regression-based 2D QSAR, Noor et al.
Pharmacophore-based 3D QSAR 2015
07 Diverse molecules SVC and SVM-based 2D QSAR Cao et al.
32

03 Diverse molecules 3D QSAR Pharmacophore mapping

04 Diverse molecules

06 Diverse compounds
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2016
MLR based 2D-QSAR, Gaussian Prascetha of
SAHA derivative kernel based non-linear SVM 2D al. 2016
QSAR '
N- Tassine &
hydroxyfurylacrylami ~ DFT based MLR and ANN 2D QSAR Elhallaoui
dederivatives 2016

MLR 2D QSAR, Feed forward ANN ~ _ Martinez-

Pacheco et al.
2D QSAR 2017

Manal et al.
2017
DFT based pharmacophore dependant Kim et al.
3D QSAR 2018
Fragment-based Bayesian Amin et al.
classification QSAR 2018a

Aryl valproic acids

Diverse hydroxamates Pharmacophore-based 3D QSAR
Diverse molecules

Diverse compounds

A docking mediated 3D-QSAR study was performed by 2009, Ortore et al. [Ortore et al.
2009] on a diverse set of molecules containing 48 hydroxamic acid derivatives in order to
identify potent HDACS8 and HDACI inhibitors. Authors reported several factors after
conducting this study that, the potency of the HDAC1 and HDACS inhibitors may
depend on the different capabilities of the compounds such as the capability of forming
polar interaction of the compounds with amino acid residues of the HDACS and the
hydrogen bond formation between the enzyme and the compound where the interaction
of between the phenylalanine amino acid residue and the aromatic moiety of the
compounds may cause the selectivity toward the HDAC1 or HDACS. Authors also
suggested the favorability of compounds with more aromatic rings or having short indole

ring containing linker can be effective for HDACS selectivity.

In 2010, Thangapandian and his co-workers [Thangapandian et al. 2010] employed the
pharmacophore-based 3D QSAR analysis in order to design several molecules for
HDACS inhibition. From this study, it was observed that different pharmacophoric
features namely, pharmacophore models were hydrogen bond donor (HBD), hydrogen
bond acceptor (HBA), hydrophobic features including a metal binding motif were used to
construct the pharmacophore hypothesis which suggested the significance of six

pharmacophoric features for better HDACS interaction of the molecules [ Thangapandian
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et al. 2010]. The hydrophobic feature was suggested as good surface recognition factor
(cap) by the first model, suggesting the hydrogen bond donor and acceptor moieties as the
ZBG group features. On the other hand, the other model displayed two hydrophobic

features acting as a cap and the linker moiety.

In the year 2014, Debnath et al. [Debnath et al. 2014] applied a 3D QSAR
pharmacophore based analysis on 20 diverse set compounds possessing HDACS
inhibitory potency. The best-constructed pharmacophore model delivered a regression
coefficient value of R = 0.982 and a Leave-One-out R’ value of 73.14%. This
pharmacophore model was constructed using three features such as ring aromatic (RA),
hydrogen bond donor and acceptor features (HBD and HBA). The selected features
indicated toward the favorability of the better HDACS interactions of the compounds. It
is possible that the compound 66 (Figure 2.10), a compound with a hydroxamate ZBG,
indolyl ethyl cap group and two RA linker features may deliver good HDACS inhibitory

activity.

(RA) feature

Ring aromatic / o

Co== T Hydrogen bond
Hydrogen bond . y g
acceptor (HBA) NH’,"::> Donor (HBD)

feature {HO feature
/BG

Figure 2.10. The pharmacophoric features of the compound 66

Authors also suggested that proximal location of the HBD to the indole nitrogen atom can
facilitate HDACS inhibition through a 3D-QSAR study where they also suggested the
favorability of the hydrophobicity near the cap and linker phenyl group and presence of
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electron withdrawing group near the zinc binding group and nitrogen atoms can benefit
the HDACS inhibition for the compounds [Debnath et al. 2014].

A diverse group of molecules containing 37 non-HDAC inhibitor and 38 HDACS
inhibitor compounds was used to construct a classification based QSAR study via lazy-
learning technique to screen and identify HDACS inhibitory lead molecules by Cao et al.
[Cao et al. 2015]. After conducting the study, the authors identified and reported five
promising compounds namely compound 67 (AW00409), compound 68 (HTS03338),
compound 69 (JFD03558), compound 70 (KMO00731) and compound 71 (KM02921)
[Figure 2.11] as lead HDACS inhibitors.

In the year 2015, A structure and ligand-based pharmacophore analysis study, on a set of
diverse molecules was performed by Halder and his co-workers [Halder et al. 2015] with
the purpose to design MMP2-HDACS dual inhibitors. The most statistically significant
model constructed through this study, a few pharmacophoric features were identified as a
significant factor for designing potent HDAC8-MMP-2 dual inhibitors which are,
hydrophobic feature (HY), HBA-Lipid feature (HBAL) and an HBA feature. These
features were also seemed helpful to the author for designing several glutamate-based

HDACS8-MMP-2 dual inhibitor molecules [Halder et al. 2015].
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Figure 2.11. Compounds 67-71 screened as lead HDACS inhibitors.
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Noor et al. [Noor et al. 2015] in 2015, conducted a 2D- regression-based and a 3D-
pharmacophore based QSAR analysis on a group of 16 class I HDAC inhibitors
possessing HDACS inhibitory potency. The reported 2D-QSAR model constructed using

5 molecular descriptors delivered an R’ value of 0.980 including an standard error of

0.240 and also suggested that the increase in the polarizability of these compounds can
reduce their potency. This study also identified and positively correlated different
molecular features such as the topological polar surface area of these compounds (TPSA),
lipophilicity (logP) with the HDACS inhibition of these molecules while negatively
correlating the number of HBA groups with the activity. Aside from suggesting the
significant features, authors also were able to screen 10 lead molecules (Compounds 72-

81) [Figure 2.12] as potent HDAC inhibitors.

Figure 2.12. Compounds 72-81 screened as lead HDACS inhibitors

Cao and his co-workers in 2016, implemented a classification based 2D-QSAR technique

and MD simulation study on a group of 80 HDACS inhibitors of diverse structure. The

support vector machine (SVM) based classification study delivered a support vector

component (SVC) shoed accuracy of 93.33% along with a false positive rate (FPR) and
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true positive rate (TPR) of 13.33% and 100% respectively for the training set. The model
also delivered a regression coefficient value of 74%. This QSAR study was able to
identify several significant molecular properties of these compounds such as TPSA, Span,
H Don, XlogP, Inertia Z and N _Atoms which may have a significant influence on the
HDACS inhibitory activity of these compounds Cao et al. 2016]. Through the screening
of a total 59,652 molecules, the authors reported two lead compounds which might

provide effectiveness as hit molecules against HDACS activity Cao et al. 2016].

A multi-QSAR study containing the Gaussian kernel based SVM study and multiple
linear regression (MLR) study on a group of SAHA derivatives containing 1, 2, 4-
oxadiazole moiety was performed by Praseetha et al. [Praseetha et al. 2016]. The4 MLR
model constructed by the authors contained 5 different molecular descriptors delivered a

cross-validated R’ of RZCV = 0.905, the R? value of 0.945 whereas the SVM model also

contained 5 molecular descriptors showed an R’ value of 0.990 and a cross-validated R’

of RZCV = 0.923. Interestingly, it was observed that both the MLR and the SVM model
signified different 3D MoRSE descriptors namely Mor(09u and Mor32e of these SAHA
analogs as important factors for their HDACS inhibition where the MLR model positively
correlated the Mor32e (electronegativity) of these molecules with their activity.
Additionally, other molecular properties such as JGI7, L3s and R53" were negatively
correlated with the HDACS inhibitory potency of these study suggesting their detrimental
effect on the activity of these SAHA analogs [Praseetha et al. 2016].

A DFT (Density Function Theory) based 2D-QSAR study was performed on a group of
N-hydroxyfurylamide derivated HDACS inhibitors by Tassine and Elhallaoui in 2016
[Tassine & Elhallaoui 2016]. Two different QSAR techniques such as an MLR and
artificial neural networking (ANN) study was conducted by the authors in which the
MLR model delivered a correlation coefficient of 0.800 along with a standard deviation
value of 0.288. On the other hand, the outcomes of the ANN model showed a correlation
coefficient value of 0.980. Five different descriptors were used to build the MLR model
which indicated detrimental effects of the total energy of these compounds toward their
potency whereas the hardness of these compounds was seemed to have a beneficial effect
on their activity. Aside from that, this study also indicated the negative influence of the
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melting point, greater electron affinity and lower ionization potential of these compounds

for their HDACS inhibitory potency.

Since aryl-valproic acid is a very interesting and promising molecule for HDAC
inhibition, Martinez-pacheco et al. [Martinez-Pacheco et al. 2017] conducted a QSAR
study on a group of aryl valproic acid derivated compounds as HDACS inhibitors through
a 2D-MLR and 2D- ANN based QSAR techniques. Authors developed the 2D-QSAR
models on a set of 40 hydroxamic acid-based compounds, using them as the training set
compounds while validating these models on a group of 500 aryl valproic acid derivated
compounds containing a linker, a ZBG along with a hydrophobic tail in their structure.
The authors also used a docking study of these compounds using Autodock 4.2 software
and HDACS crystal structure with the purpose of screening these molecules. In order to
develop the QSAR models 1194 molecular descriptors containing Dragon molecular
descriptors, descriptors produced by docking study and quantum descriptors were used
for this study. Also, through this study, the authors identified an aryl-valproate derivative
Compound 82 (DAVP042) [Figure 2.13(C)] was reported as a lead molecules.
Biological evaluation of this compound (Compound 82) showed very good activity in
A549 and HCT-116 cell lines while delivering good/moderate antiproliferative activity in
U937 and MCF-7 cell lines [Martinez-Pacheco et al. 2017].

A group of hydroxamate-based HDACS inhibitors was used by Manal et al. [Manal et al.
2017] to construct a 3D-QSAR pharmacophore analysis study. The pharmacophore

model provided an R’ value of 0.850 for the training set along with an internally cross-

validated R? of 0.890 for the external validation set. The constructed model was built
using different features namely ring aromatic (RA), hydrogen bond acceptor and donor
(HBA and HBD) suggesting their significance in their activity. The model generated
contours of the most and the least active compounds (Compound 83-84) [Figure 2.13
(A)] suggested proximity of the HBD feature near the nitrogen atom of the hydroxamate
function can favor HDACS inhibition for the most active compound. Also, the contours
suggested the bulky hydrophobic group substitution proximal to the thiazole moiety (RA
feature) might have a positive influence on the activity whereas the RA feature, near the
methoxyphenyl group of the least active compound (Compound 84) indicated negative
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influence on the HDACS inhibitory activity [Manal et al. 2017]. Additionally, for the
most active molecule of that series (Compound 83), the thiazole group was indicated as
the positive influencer of the activity because of its electron withdrawing property while
depicting the carboxylate moiety as the negative influencer towards its activity for its

electron-withdrawing the property.

Through this study, the author also reported two promising lead HDACS inhibitors
namely, Compound 85 (DB08732) and Compound 86 (15602) [Figure 2.13 (B)] using
the pharmacophore analysis. Moreover, similarity was observed on the basis of conducted
DFT based study, Highest occupied molecular orbital (HOMO) and Lowest occupied
molecular orbital (LOMO) analysis including the ADMET study of compounds 85-86,
with FDA approved HDAC inhibitor SAHA (FDA-01) which may justify the compounds
85-86 as promising lead molecules for HDAC inhibition including the HDACS.
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Figure 2.13. (A) Schematic representation of the 3D-QSAR study of the most active
compound 83 and the least active compound 84 (B) Identified lead molecules
(Compounds 85-86) reported in the study. (C) Structure of valproic acid derivated
compound 82 (DAVP042) identified as a lead molecule.

In the year 2018, Kim and his co-workers [Kim et al. 2018] used various combinations of

pharmacophoric features on the 16 training set compounds possessing HDACS inhibitory
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potency for development of pharmacophore based 3D-QSAR model. Authors used this
study in order to screen promising lead molecules for HDACS inhibition form a diverse
set of compounds. Among the constructed models, the pharmacophore model displayed
best statistical results consisted with two RA features and an HBD features, along with

the most active molecule (Compound 87) in the series is given in Figure 2.14.

Hydrogen bond
donor (HBD)

feamlx

Ring aromatic

(RA) feature

Figure 2.14. Compound 87 and its pharmacophore features generated from 3D-QSAR

pharmacophore study.

Also, in a virtual screening process of screening potent HDACS inhibitors, authors
screened 193 molecules by the ADMET study and the constructed pharmacophore model
from 1,10,000 molecules, which eas again filtered using a docking study, procuring 11
molecules. In the final stage, through a HOMO-LOMO based analysis authors identified
and reported three lead compounds such as Compound 88 (KM055296), Compound 89
(HTS10917) and Compound 90 (SPB02579) [Figure 2.15] as promising leads for
HDACS inhibition [Kim et al. 2018].
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Figure 2.15. Compounds 88-90 screened as lead molecules for potent HDACS inhibition.

As because the Bayesian classification study is a very useful and widely used technique
for identification of molecular fingerprints important for the biological, potency
regulation of the compounds Amin et al. [Amin et al. 2018a] used a Bayesian
classification based 2D-QSAR analysis on a group HDACS inhibitory compounds to
procure and identify the molecular fragments of these compounds with positive and
negative influence on the HDACS inhibition of these compounds. From a pool of 1,266
compounds, through the duplicate removal and using the Veber’s and Lipinski’s rule
[Veber et al. 2002; Lipinski et al. 2001] authors procured 852 molecules which they used
to conduct the Bayesian classification study. Authors divided the compounds into a
training set containing 588 compounds and a test/external validation set containing 264
compounds along with different molecular properties and ECFP_6 fingerprint descriptors
as the independent property for construct the model [Amin et al. 2018a]. Through the
observations of the results, the authors reported the favorability of either the carboxamide
or the hydroxamate group as the ZBG to enhance the HDACS inhibition of the
compounds rather than other groups like benzamide, etc. Additionally, larger, bulky and
hydrophobic aromatic groups like phenyl imidazole or biphenyl moiety was suggested as
better surface recognition group (cap moiety) can favor better interactions with HDACS

and increase the potency of the compounds.
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Through years of research on the HDACS isoform, similar to the other HDAC isoforms
different contributions of the HDACS isoforms in different epigenetic abnormalities and
pathophysiology has been observed. The abnormal expression and enzymatic activity of

the HDAC8 enzyme are also observed in a diverse group of diseases, epigenetic

disorders, and cancers (Figure 3.1).
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Figure 3.1. Contributions of HDACS in different pathophysiological conditions and

diseases.

Though the expression of the HDACS isoform in the cancer cells and the normal healthy
tissues are alike, the tendency of increase HDACS expression has been observed in the

cancer cells [Nakagawa et al. 2007, Wu et al. 2013]. It is reported that
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the SRY-box 4 (SOX 4/sex determining region Y), a transcription factor is responsible
for the activation of HDACS8 promoter and causes HDAC expression in cancer cells
[Schilham et al. 1996, Potzner et al. 2010, Bergsland et al. 2006, Higuchi et al. 2013].
The RNAi mediated HDAC 8 knockdown is also seemed to be beneficial for restraining
the proliferation of different human cancers (colon, cervical and lung cancer) whereas the
up-regulation of HDACS8 prevents cellular apoptosis and causes proliferation in
hepatocellular cancer [Haberland et al. 2009, Gurard-Levin et al. 2009]. HDACS
upregulation causes overexpression of HDAC1 and HDAC6 which promotes invasion in
the invasive breast cancer cells. The overexpression of matrix metalloproteinase-9
(MMP-9) in MCF-7 breast cancer cell lines has been seen due to the over expression of
HDACS [Park et al. 2011].
In associated with different co-repressors and inv (16) protein, HDACS is also
responsible for the activation of acute myeloid leukaemia-I (AML-I) regulating genes
which causes the abnormal haematopoetic cellular proliferation [Durst et al. 2003,
Lutterbach, & Hiebert 2000]. Regulating the expression of Tap73 HDACS causes
reduction of the tumor suppressor expressions and in myeloproliferative neoplasm,
HDACS inhibition restrains Cytokine Signalling 1/3 mediated cellular proliferation and
suppresses the activity of haematopoetic cell [Marek et al. 2013, Chen et al. 2013, Gao et
al. 2013]. The regulation of Bcl-2 Modifying Factor (BMF) through HDAC8-STAT3
plays an important part in cellular proliferation and apoptosis whereas the BMF plays a
significant role in methyl selenopyruvate-mediated cellular apoptosis [Nian et al. 2009,
Adhikari et al. 2018]. Also, the decrease in the HDACS activity influences the cell
proliferation of tumor cells with p53 mutation, suggesting the direct relationship of
HDACS with the tumor adjuvants bearing p53 mutation [Chakrabarty et al. 2015].
HDACS also reported being an important factor for cancer sensitive genetic expression
by aiding to mold platform, carrying cytokines to the nucleus and via acting on a specific
DNA locus [Chakrabarty et al. 2015].
Besides all these, significant HDACS8 expression is noticed in cancers such as lung,
colon, breast, pancreatic and gastric cancers, including acute myeloid leukaemia (AML),
acute lymphocytic leukaemia (ALL) and childhood neuroblastoma [Adhikari et al. 2018,
Nakagawa et al. 2007, Chen et al. 2013, Gao et al. 2013, Gao et al. 2009].
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The HDACS up-regulation is found to be obstructing the cellular apoptosis and hence
inducing hepatocellular proliferation and proliferation in gastric carcinoma cell line
[Nakagawa et al. 2007]. In association with the HDACS, the inv (16) fusion protein
causes repression of AML-I regulated genetic transcription whereas, the HDACS
knockdown represses HoxAS which in terms causes a reduction of HoxAS5 mediated
expression of wild type mutant p53 and abnormal expression of HDACS increases
transcription of p53 [Chakrabarty et al. 2015, Vannini et al. 2004, Whitehead et al. 2011].
Apart from the connection of HDACS with cancer and tumors, there also lie important
relationships of HDACS8 with different viral and parasitic diseases. An important
contribution of HDACS is noticed in schistosomiasis, a parasitic disease caused by a
flatworm named Schistosoma mansoni [Chakravarty et al. 2016]. Several effects of the
HDACS deacetylation activity are evidenced for influenza A and Uukuniemi virus
infections, in which the studies depicted HDACS dependent penetration, acidification,
and endocytosis of viruses like Uukuniemi and Influenza A [Yamauchi et al. 2011].

In the congenital malformations, the role of HDACS is also discovered as an important
enzyme for SMC3 deacetylation related to the Cornelia de Lange Syndrome (CdLS)
[Deardorff et al. 2012] whereas the HDACS expression is also correlated with the cranial

neural crest cell formation in mice.

From all these studies the role of the enzymatic activity of the HDACS isoform is
correlated with a large group of cancer and other pathophysiological disorders. After
considering all these contributions of the HDACS in the human pathophysiology, the
designing of HDACS selective inhibitors for effective HDACS inhibition is a major
concern for the treatment of cancer and pathophysiological conditions which can be
correlated with the activity of HDACS.

Through different studies conducted on HDACS and its inhibitors it is observed that the
three pharmacophoric features are necessary to design potent HDACS inhibitors namely a
surface recognition cap group, should be hydrophobic in nature in order to interact inside

the active site of the HDACS; a ZBG, which is essential to interact




Chapter 3: Rationale behind the work

with the catalytic Zn>" ion resides deep inside the tunnel-like pocket of the HDACS and a

linker moiety is also necessary to provide an optimal distance between the cap and the
ZBG to interact properly inside the HDACS active site whereas the compounds
resembling a modified fish like structure can provide HDACS selectivity [Amin et al.

2017a].

Although the hydroxamate moiety has proven itself as the most effective ZBG for the
HDACS inhibitors, aside from the ZBG there are several structural factors such as the
moieties present in the cap and the linker region of the HDACS inhibitors affecting the
activity of HDACS inhibitors. Hence, this study is conducted with the purpose of
identification of the factors present in the cap and the linker moieties of the HDACS

inhibitors influencing their potency against HDACS8 enzymatic activity.
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4.1. Preliminary structural analysis of small dataset of tetrahydroisoquinoline
derivatives In the recent observations of HDACS inhibitors, among the numerous
scaffolds and compounds, the tetrahydroisoquinoline scaffold emerged as a potential tool
for designing potent and selective HDACS inhibitors. The tetrahydroisoquinoline
derivatives which were designed in the past few years as potent HDAC inhibitors have
provides potent and selective HDACS inhibition in against of in vitro enzymatic activity
of HDACS [Zhang et al. 2010, Zhang et al. 2011a, Zhang et al. 2011b, Taha et al. 2017].
Also, it is evidenced that the tetrahydroisoquinoline moiety is used as a tool to design
potent inhibitors for other important metalloenzymes such as the MMPs [Matter et al.
2002]. This might indicate the significance of the tetrahydroisoquinoline moiety as an
important tool to produce potent HDACS8 as well as other metalloproteinase inhibitors
[Banerjee et al. 2019a].

Therefore, a preliminary study on the structural analysis on a group of
tetrahydroisoquinoline derivated compounds with HDACS inhibitory potency has been
performed via multi-QSAR study in order to analyze and identify the structural

importance of these derivatives for HDACS inhibitory activity.

4.1.1. Preparation of Dataset

In this preliminary study, 81 hydroxamate group containing tetrahydroisoquinoline
derivated compounds with HDACS inhibitory activity has been procured from the studies
(Table 4.1) [Zhang et al. 2010, Zhang et al. 2011a, Zhang et al. 2011b, Taha et al. 2017]
as the dataset in order to perform the multi-QSAR study (Figure 4.1). The structures of
the molecules used in this preliminary study along with their activity are given in Table
4.1

Prior to conduct the study, the compound structures were drew and saved into suitable
format using the ChemDraw ultra 5.0 software (Cambridge Soft Corporation, U.S.A.) and
the HDACS inhibitory activity [ICso (uM)] of these compounds were converted into their
logarithmic (p/Csg) values using the Equation 4.1 [ Amin et al. 2019] for the study.

pICsy = —Log (IC5o * 107°) Equation 4.1
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~

Common scaffold

Figure 4.1. (A) Tetrahydroisoquinoline scaffold along with the substitution positions. (B)
Molecular alignment of the tetrahydroisoquinoline derivatives on the

tetrahydroisoquinoline scaffold.

In order to extract the molecular features of these compounds, the 2D molecular features
in term of the molecular descriptors were calculated using “PaDEL-descriptor” software
[Yap 2011] while a dataset pretreatment process was performed to eliminate the highly
correlated molecular descriptors. Additionally, through a random division of compounds,
the 81 molecules (T-1 to T-81) [Table 4.1] are divided into the training and the test set.
While keeping the most and the least active compounds into the training set a ratio of 3:1
of the compounds was maintained for the training set and the test set [Banerjee et al.

2019b].

Table 4.1. Compound table of tetrahydroisoquinoline derivatives used for the preliminary

study

R4

(S)-CONHPh
(S)-CONHPh
(S)-CONHBnz
(S)-CONHBnz
(S)-CONHPhenethyl
(S)-CONHPhenethyl

=~
S

R1

OCH,CONHOH
OCH,CONHOH
OCH,CONHOH
OCH,CONHOH
OCH,CONHOH
OCH,CONHOH

an] janflasijanijar] jaui
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OCH,CONHOH

Boc

(S)-CONH4-OMePh

OCH,CONHOH

H

(S)-CONH4-OMecPh

OCH,CONHOH

Boc

(8)- ($)-CONHp-
Tolyl

OCH,CONHOH

H

(S)-CONHp-Tolyl

OCH,CONHOH

Boc

(S)-CONH(2-MePh)

OCH,CONHOH

H

(S)-CONH(2-MePh)

OCH,CONHOH

(S)-CONH(3-MePh)

OCH,CONHOH

H

(S)-CONH(3-MePh)

OCH,CONHOH

(S)-CONH(4-FPh)

OCH,CONHOH

H

(S)-CONH(4-FPh)

OCH,CONHOH

Boc

(S)-CONH(3-CIPh)

OCH,CONHOH

H

(S)-CONH(3-CIPh)

OCH,CONHOH

(S)-CONH(2,4-
diMePh)

OCH,CONHOH

(S)-CONH(2,4-
diMePh)

OCH,CONHOH

(S)-CONH(3-CL4-
FPh)

OCH,CONHOH

(S)-CONH(3-CL4-
FPh)

OCH,CONHOH

(S)-CONH(1-
Naphthyl)

OCH,CONHOH

H

(S)-CONH(1-
Naphthyl)

OCH,CONHOH

Boc

(S)-CONHBiphenyl

OCH,CONHOH

H

(S)-CONHBiphenyl

OCH,CONHOH

Boc

(S)-CONH#n-Pentyl

OCH,CONHOH

H

(S)-CONH#n-Pentyl

OCH,CONHOH

Boc

(S)-CONH#n-Hexyl

OCH,CONHOH

H

(S)-CONH#n-Hexyl

OCH,CONHOH

Boc

(S)-CONH¢-Butyl

OCH,CONHOH

H

(S)-CONH/-Butyl

OCH,CONHOH
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COCH,0OPh

(S)-CONHPhenethyl

OCH,CONHOH

H,C,  CH;

O

O HN H;C
CH,

CH,

(S)-CONH(4-MePh)

OCH,CONHOH

CO(CH,),Ph

(S)-CONH(4-MePh)

OCH,CONHOH

CO(CH,),Ph

(S)-CONHPhenethyl

OCH,CONHOH

CO(CH,),Ph

(5)-Ph

OCH,CONHOH

COCH,NHBoc

(S)-CONH(4-MePh)

OCH,CONHOH

COCH,NH,

(S)-CONH(4-MePh)

OCH,CONHOH

(S)-COCH(Bnz)NHBoc

(S)-CONH(4-MePh)

OCH,CONHOH

(8)-COCH(NH,)Bnz

(S)-CONH(4-MePh)

OCH,CONHOH

(S)-COCH(p-OH-
nz)NHBoc

(S)-CONH(4-MePh)

OCH,CONHOH

=aiil (e oii jan} jan}jan] jas] jas] jasijas

(S)-COCH(p-OH-
Bnz)NH,

(S)-CONH(4-MePh)
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OCH,CONHOH

H,C
0
CH
0
CH,
N
o)

(S)-CONH(4-MePh)

OCH,CONHOH

(S)-CONH(4-MePh)

OCH,CONHOH

(S)—CONH(4-MePh)

OCH,CONHOH

COCH(NHZ)CH(Me)Et

(S)-CONH(4-MePh)

OCH,CONHOH

(S)-COCH(i-But)NHBoc

(S)-CONH(4-MePh)

OCH,CONHOH

(8)-COCH(i-But)NH,

(S)-CONH(4-MePh)

OCH,CONHOH

(S)-COCH(Me)NHBoc

(S)-CONH(4-MePh)

OCH,CONHOH

(S)-COCH(Me)NH,

(S)-CONH(4-MePh)

OCH,CONHOH

(S)-COCH(i-Pr)NHBoc

(S)-CONH(4-MePh)

OCH,CONHOH

(S)-COCH(i-Pr)NH,

(S)-CONH(4-MePh)

OCH,CONHOH

COBnz

(S)-CONH(4-MePh)

OCH,CONHOH

Phenethyl

(S)-CONH(4-MePh)

OCH,CONHOH

COPh

(S)-CONH(4-MePh)

OCH,CONHOH

Bnz

(S)-CONH(4-MePh)

OCH,CONHOH

CO(CH,);Ph

(S)-CONH(4-MePh)

OCH,CONHOH

(CH,);Ph

(S)-CONH(4-MePh)

(CH,)sCONHOH

as]jasijasijasijanijasyjastiasllanilac{lanilan{lan] jac] Rpas

(CH,),CONHOH

(5)-Ph

(CH,)sCONHOH

(5)-Ph

(CH,),CONHOH

(5)-Ph

(CH,);CONHOH

(S)-3-MePh

(CH,) ,CONHOH

(S)-4-MePh

(CH,) ,CONHOH

(5)-4-OEtPh

(CH,) ,CONHOH

(8)-3-CF5Ph

(CH,) ,CONHOH

(8)-4-CF5Ph

(CH,) ,CONHOH

(S)-c-Hex

(CH,) ,CONHOH

(S)-4-(-
butyl)Ph

(CH,) ,CONHOH

(S)-2-aphthyl

(CH,) ,CONHOH

ae] ja={pasiigenijas]fac] janflanijas] jac] janflani as]faui

(S)-Biphenyl

(CH,),CONHOH

an] ja={ pasiiganijas]jac] janflanifas] jac] janflani jas]faui

OCH,CONHOH

CH

(S)-CONH(4-MePh)
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)(J)\HBC

HN
H
OCH,CONHOH W
. [
0

H

(S)-CONH(4-MePh)

H

N
C
A
OCH,CONHOH _ (5)-CONH(4-MePh)

OCH,CONHOH : (S)-CONH(4-MePh)

O
CH;
CH;
_ Boc
N

OCH,CONHOH (S)-CONH(4-MePh)

OCH,CONHOH (S)-CONH(4-MePh)

OCH,CONHOH (S)-CONH(4-MePh)

OCH,CONHOH (S)-CONH(4-MePh)

4.1.2. 2D QSAR study

4.1.2.1. Multiple Linear Regression (MLR) Study

Multiple linear regression (MLR) is a the fundamental, simple and frequently applied 2D
QSAR technique used to form a linear regression between the biological activity and the

molecular features (molecular descriptors) of the compounds while considering the

50




Chapter 4: Materials and Methods

biological activity of the compounds as the function of their molecular descriptors [Amin
et al. 2017¢, Mandi et al. 2012].

In this study, by employing the stepwise-MLR (SMLR) method an MLR based 2D-
QSAR model is constructed with 8 molecular descriptors as the independent variable and
the dependent variable on the training set and was externally validated on the test set. In
order to validate the reliability of the constructed model, different statistical parameters
namely correlation coefficient (R), leave one out R’ (Q7), squared correlation coefficient
(RY), adjusted correlation coefficient (Rzad,-), standard error of estimate (SEE) etc. were

calculated and analyzed [Amin et al. 2017c, Banerjee et al. 2019b].

R? = 1 — L0obs~Yearo)®

S FoneTons)® Equation 4.2
obs—Yobs

The Equation 4.2 reveals about the squared correlation coefficient (R?) calculated using
the observed biological activity (Y,») of the molecules and the 2D QSAR model
predicted biological activity by the (Y.q.) including the mean value of the observed
biological activity of these compounds. The Equation 4.3 containing a number of
compounds present in the training set (N), number of descriptors in the constructed MLR

model (P) and the R’ is used to calculate the adjusted squared correlation coefficient

(Rzadj) for the training set. In this case, the value of N and P are 61 and 8 respectively

suggesting the number of compound in the training set and the 8 descriptors used to

construct the MLR model.

_ {W-1)*Rr?}-P

2 .
R%4qj = ~p1 Equation 4.3

The standard error of the model is calculated using Equation 4.4 which was used to

calculate the standard error of estimate (SEE) of the model.

_ 2
SEE = |EUobs~Yea) Equation 4.4
N-P-1

Internal cross-validation for this model was also performed in the form of the Leave-One-
Out cross-validation O’ calculated using the equation. Besides that, the MLR model was

also externally validated using Equation 4.5. In Equation 4.5, the Y., and Y, indicate
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the model predicted and observed the biological activity of the test set compounds

respectively.

2
_ Z(Yobs _Ypred)

> CopeT o)’ Equation 4.5
obs™Yobs

R%rea =
Additionally, the r,” metrics for the training set and the test set has been calculated to
examine the closeness of the observed and model predicted values for the compounds of
the training and the test set. The equation for the calculation of rmz value of the test set is
provided in Equation 4.6 in which the /° and ry° of signified the squared correlation
values between the observed or experimented activity values and the predicted activity

values for the test set molecules.

Tmz(test) = 1% (11— 2 —19%) Equation 4.6

The Y randomization test (csz) is calculated using Equation 4.7 and R,” where t R,

denotes the R’ of the randomized model for the training set molecules.

csz =R+ (JR?2 —R,?) Equation 4.7

4.1.2.2. Classification based 2D QSAR study

The Bayesian classification study is a classification based QSAR study established on the
Bayes theorem and is an effective technique for the identification of the important
molecular sub-structures having a notable correlation with the biological activity of the
compounds [Amin et al. 2018a].

The Bayesian classification based study of these tetrahydroisoquinoline derivatives was
conducted using the Discovery studio 3.0 software [Accelrys Software Inc., San Diego,
California, USA]. A variety of structural and physicochemical descriptors of these
compounds with extended-connectivity fingerprints descriptors (ECFPs) [David &
Mathew 2010, Liu et al. 2014] were employed to construct the model. For this study, the
compounds having the observed biological activity less than the pI/Cs) value of 6.055
were marked as “0” and considered as inactive molecules whereas the compounds with
pICsp equal to 6.055 or more were marked as “1” and denoted as active molecules.

Besides the statistical outcomes, this study was able to provide 40 molecular fingerprints
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with significant correlation with the biological activity of these tetrahydroisoquinoline

derivatives.

4.1.3. 3D QSAR Study

4.1.3.1. Molecular alignment

As Molecular alignment of the compounds is an important task to perform before
performing a 3D QSAR study, a molecular alignment process was performed for these
tetrahydroisoquinoline derivatives using the SYBYL-X 2.0 software [Certara USA, Inc.,
USA]. Prior the alignment, these compounds were individually charged by Gasteiger-
Marsili algorithm [Gasteiger & Marsili 1980] and the energy of the compounds was
minimized by the “Distill-rigid” alignment feature of the SYBYL-X 2.0 software [Vyas
et al. 2017] molecular component common to the structures of these
tetrahydroisoquinoline  derivatives. = The  molecular  alignment for  these
tetrahydroisoquinoline derivatives on their common tetrahydroisoquinoline scaffold is

shown in Figure 4.1.

4.1.3.1. Comparative Molecular Field Analysis (CoMFA) study

The Comparative Molecular Field Analysis (CoMFA) is one of the frequently applied
3D-QSAR technique generally used to understand the effects of different properties such
as the molecular steric and electrostatic fields on the biological activity of the molecules
(Zhao et al. 2011). For these tetrahydroisoquinoline derivatives, a CoMFA study was
used to analyze the influences of the electrostatic and steric fields of these molecules on
their biological activity. To validate the model a statistical analysis of the statistical
parameters of the CoMFA model was also performed on the constructed CoMFA Model
[Banerjee et al. 2019b].

4.1.4. Hologram based QSAR (H-QSAR) study

For any drug substances, the study of the importance of the molecular fragments for their
biological activity is not only important but an undeniable fact also. Hence, the
identification of the molecular fragments with good or bad influence of the compounds is
a beneficial factor for design newer molecules and for the improvement of their

selectivity and biological activity. A hologram based QSAR study was conducted for the
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better understanding of the correlations of the sub-molecular fragments with their
HDACS inhibitory potency of these tetrahydroisoquinoline derivated HDACS inhibitors
in the preliminary studies [Amin et al. 2017c, Gaikwad et al., 2017, Banerjee et al.
2019b]. The HQSAR analysis is performed via a partial least square (PLS) analysis,
conducted using multiple combinations of molecular parameters namely atomic
connections (C), chirality (Ch), atomic number (A), hydrogen (H), bond type (B), and
electron donor-acceptor groups (DA) present in these tetrahydroisoquinoline based
HDACS inhibitors in the SYBYL-X 2.0 [Yu et al., 2015]. As usually, the validated and

cross-validated statistical parameters like cross-validated R’, R.,, standard error (SE) and

R’ prea fOT the test set were also calculated for the constructed H-QSAR model [Banerjee et

al. 2019b].

4.2. Structural analysis of hydroxamate containing HDACS inhibitors

From the various studies conducted on the HDACS inhibitors, it is well known that any
HDACS inhibitor has to contain three specific pharmacophoric features namely a
hydrophobic cap group, a zinc-binding motif for coordination with the catalytic Zn*" of
the HDACS and a cap-ZBG connecting linker motif in its structure to bind inside the
HDACS pocket to provide effective inhibition against the HDAC enzymatic activity. The
recent studies clarified that that, the hydroxamate group, in comparison with the other
Zn*" binding groups such as the benzamide group, carboxamide group, etc. is more
effective for the coordination with the catalytic zinc of the HDACS. Hence, in this current
study, a structural analysis is performed to identify important structural features suitable

for cap and linker moiety to provide better HDACS inhibition.

4.2.1. Preparation of Dataset

For this study, a pool of 1,324 small molecules belongs to the class of HDACS inhibitors
with a broad range of HDACS inhibitory activity in nanomolar concentration was
retrieved from Binding database [https://www.bindingdb.org/bind/index.jsp (Accessed on
28 January 2019)]. In the first dataset processing, initially, 178 duplicate compounds
were deleted. Then, the rest of the 1146 compounds were filtered again using the Lipinski
and Veber’s rule [Veber et al. 2002, Lipinski et al. 2001]. From this process, only the 870
compounds following the Lipinski and Veber’s rule are taken for the next step. In the
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next step, among the 870 HDACS inhibitors, the 600 compounds containing a
hydroxamate group [-CONHOH] in their structures are taken for another duplicate
removal process which finally yielded a dataset of 593 HDACS inhibitors covering a
wide range of HDACS inhibitory study is taken for the study (7able 4.2).

Moreover, the in order to construct the classification based QSAR studies like the
Bayesian classification study and the Recursive Partitioning (RP) study, the HDACS
inhibitory potency (ICsp) values of these molecules are converted into binary form. The
average biological activity of this hydroxamate-based dataset was calculated used as the
threshold value. The compounds of this dataset possessing an HDACS inhibitory activity
superior to the threshold are marked as ‘1’ (active molecules) and the compounds
possessing HDACS inhibitory activity equals to or inferior to the threshold are marked as

‘0’ (inactive molecules).

Table 4.2. Smile format of the Hydroxamate based compounds used to conduct the study.

Q

Cpd. SMILES
H-1 clee(cec1C(=0)/C(=C/[C@@H](C)/C=C/C(=0)NO)/C)N(C)C
H-2 cleee(cel)/C=C/clscc(nl)CCCC(=O)NO
ONC(=0)/C=C/C(=C/[C@H](C(=0O)clccc(N(C)C)ccl)C)/C
clce(eecl/C=C/C(=0)NO)CN(CCO)CCclc[nH]c2clccec2
0O=C(NO)/C=C/clccc(CNCCc2c3c([nH]c2C)cccc3)cel
cl(c(cc2e(cl)e(nen2)Nelc(ee(ccl)ClCl)OC)OCCCCCC(=0)NO
clcceecINC(=0)CCCCCCC(=0)NO
[C@@H]1(CNC(=0)c2cc3C(CC(=0)Nc3cc2)(C)C)CC[C@H](CC1)/C=C/C(=0O)NO
cle(ce2e(el)een2Celecc(cc1)OC)C(=0)NO
nl(c(c(nclclceee(cl)/C=C/C(=0)NO)Cclcccecl)C)CCelecccecl
cleecccl[C@@H](nlc2cccee2nelclccee(cl)/C=C/C(=0)NO)C
nl(c(c(nclclceee(cl)/C=C/C(=0)NO)C)Ccleccceecl)CCeleccecl
cleccecl[C@H](nlc2cccee2nclcelecec(cl)/C=C/C(=0)NO)C
nl(c(c(nclelceee(cl)/C=C/C(=0)NO)clcceeecl)C)CCeleceecl
0O=S(=0)(clc(ccc(c1)C(=O)NO)OC)Nclcee(ccl)C
[C@@H]1(CNC(=0)c2cc3C(CC(=0)Nc3cc2)(C)C)CC[C@@H](CC1)/C=C/C(=0O)NO
cle(ce(ecl)C(=0)N/N=C/clccee(c1)CN1C[C@H](OC(=0)CCC=CCCC1=0)clcccccl)
C(=0)NO
[C@@H]1(CNC(=0)c2cc3C(CC(=0)Nc3ce2)(C)C)CC[C@@H](CC1)CCC(=0)NO
cl(c(ce(ccl)C(=0)NO)OCclceecccl)OC
cl(ceccel)CCnlc2ecece2nelclecee(cl)/C=C/C(=O)NO
cleccecc1CCCnle2ccecc2nelclecee(cl)/C=C/C(=0)NO
nl(c(c(nclcleece(cl)/C=C/C(=0O)NO)C)clcccecl)CCclececcl
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cl(c(ce(ccl)C(=O)NO)NC(=O)clcee(ccl)cleeceecl)OC

clec2e(cclS(=0)(=0)NT1CCN(CC1)clncc(enl)C(=O)NO)ccec2

[C@@H]1(CNC(=0)c2ce3C(CC(=0)Nc3ce2)(C)C)CC[C@H](CC1)CCC(=0)NO

cl(c(cc(cc1)C(=O)NO)NC(=0)clcceec1)OC(C)C

cle(ce(ccl)C(=O)N/N=C/clcce(cc1)OCCHC)C(=0)NO

[C@H](N1CCN(CCl)clnce(enl)C(=0O)NO)(/C=C/clcce(ccl)F)CO

cl(c(ce(cc1)C(=O)NO)NC(=0O)clcec2e(nl)ccec2)C

cl(ccec2e(c1)CN(CC2)Celceec(ol)clecee(c1)[N+](=0)[O-]))C(=0)NO

nl(c(c(nclclecee(cl)/C=C/C(=0O)NO)C)C)CCclcccccl

Cl[C@@H](CCCN1C(C)C)nle(c(nclclecee(cl)/C=C/C(=O)NO)clcceecl)C

Cl[C@@H](CCCN1CC)nlc(e(ncleleeee(cl)/C=C/C(=0O)NO)clecceel)C

clcec2e(cl)ee([nH]2)C(=0)clec(cecl)/C=C/C(=O)NO

C(=0)(CCCCCCC(=0)Nelee2C(CC(=0)Ne2ee1)(C)C)NO

C(C(=O)Nclscc(nl)clcee(s1)CC(=0)NO)Oclcceecel

cleec2e(cl)ne(n2C(C)C)clecce(el)/C=C/C(=0)NO

nl([C@@H]2CCCN(C2)C(C)C)c(c(ncleleece(cl)/C=C/C(=0)NO)C)clcceecl

clecceelCnlc2eccee2nelcelceec(cl)/C=C/C(=0)NO

cleec(eel)CC(=0)Nclsce(nl)clece(s1)CC(=O)NO

C(=0)(CCCCCCC(=0O)Nclcc2eee(=0)[nH]c2cc1)NO

C(=C\C(=0)NO)/c 1 ccc(CNC(=0)c2cc3C(CC(=0)Nc3ce2)(C)C)ecl

clcec2e(cl)ne(n2C1CCCCCl)celccee(el)/C=C/C(=0)NO

cl(cceecl)nlc2eccee2nelcelceec(cl)/C=C/C(=0)NO

cl(cee(ccl)Cl)nlc2cccee2nelclecee(cl)/C=C/C(=O)NO

nl(c(c(nclelceec(cl)/C=C/C(=0)NO)Cclecceel)C)[C@@H]1CCCN(C1)CC

Cl[C@@H](CCCNI1C)nlc(c(nclclecee(cl)/C=C/C(=0)NO)clcceeel)C

nl([C@@H]2CCCN(C2)CC)c(c(nclclecee(cl)/C=C/C(=0)NO)C)clcecccl

nl(c(c(nclelceee(cl)/C=C/C(=0)NO)Cclcecccl)C)CCN1CCOCCI

nl(c(nc(clelccee(el)/C=C/C(=0)NO)C)clcccecl)CCeleccccl

clee(ce(c])NC(=0)[C@H](CCCCCC(=0)NO)NC(=0)[C@@H]INC(=0)CC1)C

cle(ce(ccl)C(=0)N/N=C/clcceccl)C(=O)NO

C(=0)(CCCCCCNC(=0)c1cc2CCC(=0)Ne2ce 1)NO

CN(C)cleee(C(=O)N(C)/N=C(\C)/c2ccc(C(=0O)NO)cc2)ccl

C(=0)(CCCCCCNC(=0)c1ce2C(CC(=0)Ne2ee1)(C)C)NO

C(=0)(CCCCCCNC(=0)c1cc2C(CC(=0)N(c2cc1)C)(C)C)NO

clcec2e(cl)ne([nH]2)clccee(cl)/C=C/C(=O)NO

clcec2e(cl)ne(n2CCN(CC)CC)cleccee(c1)/C=C/C(=O)NO

nl(c(c(nclelceee(cl)/C=C/C(=0)NO)C)Cclecccecl)CCN1CCOCCI

cl(cce(ccl)OC)nlc2ccecec2nelclecee(cl)/C=C/C(=O)NO

cl(cceeel)Celn(c(c(nl)C)clecce(cl)/C=C/C(=0)NO)CCclccceel

clcec2e(cl)ne(n2CCN1CCCCl)celccee(el)/C=C/C(=0)NO

cle(c([nH]cleleee(cel)O)C(=O)NCclecc(ecl)C(=0)NO)clcescl
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cle(ceeclelen(nnl)CScleceeel)C(=0)NO

cl(cce(ccl)/C=C/C(=0O)NO)clcce(ccl)OC

cle(ce(ecl)C(=0O)NO)N(C)C

clc(cee(cl)/C=C/C(=O)NO)/C=N/OCclccc(cc1)[N+](=0)[O-]

C(=0)(CCCCCCNC(=0)clec2eec(=0)n(c2ccl)C)NO

C(=0)(CCCCCCNC(=0)clec2eec(=0)[nH]c2cc1)NO

[nH]1c(c(ccleleee(ccl)O)clcoccl)C(=O)NCclcec(cel)C(=0)NO

cle(cee(c)N[C@@]1(CCN(C1=0)clcc2c(ccl)necc2)C)C(=0)NO

C(CCCCCC(=O)NO)C(=O)Nclcnn(cl)Ccleceeeel

cl(c(ce(ccl)C(=0)NO)NC(=O)clcee(cc1)OC)0C

nl(c(c(nclclccee(cl)/C=C/C(=0O)NO)clcceecl)C)CCNICCOCCI

clcec2e(cl)ec(02)C(=0)clcc(cccl)/C=C/C(=O)NO

nl(c(c(nclclceee(cl)/C=C/C(=0)NO)Cclcececcl)C)C@@H]ICCCN(C1)C

nl(c(c(nclclccee(cl)/C=C/C(=0)NO)C)clccceccl )CCN1CCOCCI

cl(cee2e(cl)C[C@@H](CC2)Ncelneee(nl)clecenc)C(=0)NO
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cle(ee2e(e])C[C@H](N(C(=0)[C@@H](N)CC(C)C)C2)C(=0)Nelecc(ec1)OC)OCC(=
0)NO

—_— = = =] =] =] = =] =

cl(cee2e(cl)C[C@H](CC2)Ncleee(ecl)Br)C(=0)NO

cleec2e(cl)n(c1c2CN(CC1)C)Celeee(cel)C(=0)NO

cl(ccececl)NC(=0O)clcec(cel)C(=0)NO

C(=0)(clcee(ce1)CNC(=0)clecenl C)NO

C(=0)([C@H](C(=0O)Nclcc2c(ncl)ceec2) CCCCCN(C=0)O)Nclec2e(nel)ccee2

cleecc2e INC(=0)[C@H](N2Cclecc(cel)C(=0O)NO)Ccleecesl

C(=0)(N1Cc2cc(ccc2C[C@H]1C(=0O)NCCclcceceel)OCC(=O)NO)CCclcceeel

cl2cccccleccc2/C=C/C(=O)NO

C(CCCCCC(=0)NO)NC(=O)clnoc(cl)clecc(ccl )N=[N+]=[N-]

cl(ceec2e(cl)C[C@H](CC2)Nclneec(nl)clecenc)C(=0)NO

clee(ce2cln(e(n2)CCeleceececl)CCCN1CCCC1=0)/C=C/C(=0)NO

cl(cee2e(cl)C[C@@H](CC2)Nclnceenl)C(=0)NO

cleeec2e INC(=0)[C@H](N2Cclcee(cel)C(=0O)NO)Ccelcee(cecl)O

[C@H](c1lc[nH]c2clceec2)(clc[nH]c2clceee2)clecce(cel)/C=C/C(=0)NO

clcc2ece(c1)COC/C=C/COCclc(ccec(Ne3ncee2n3)cl)OCCCCCCC(=0)NO

cl(cec2e(c])C[C@@H](CN2C)NS(=0)(=0)c 1 cec(ce1)CI)C(=0)NO

cl(ccececl )NC(=0)[C@H]IN(C(=0)CCc2ccccc2)Ce2cc(ccc2C1)OCC(=0)NO

C(=0)(/C=C/clcccecl)NO

C1SC2(SC1)C[C@H](N(C2)C(=0)[C@@H]1CCCN1C(=0)OC(C)(C)C)C(=0)NC
CCCCC(=0)NO
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cle(cee(c)N[C@@H]1CCN(C1=0)Cclccceel)C(=0)NO

C(CCCCNC(=0)/C=C\1/c2c(cccc2)c2clecec2)C(=0)NO

C(=0)(Nclec2e(ccl)ceec2)CCCCCCCN(C=0)0

c12c¢(nc(n1 CCCO)clcee(c(c1)OC)OCclcccecl)ec(ecc2)/C=C/C(=0)NO

cl(cee2e(cl)C[C@@H](CC2)Ncelneee(nl)clece(ecl)C)C(=O)NO

cl(ccc2e(cl)C[C@@H](CC2)Nclncee(nl)elee(ceel)N(C)C)C(=O)NO

C(=0)([C@H](C(=0)Nclcc2e(ncee2)ec )CCCCCN(C=0)O)Nclec2e(neece2)ccl

cle(ee(cel)C(=0)NO)NC1CCCCC1

cl(ceec2e(cl)C[C@H](CO2)Ncelncee(nl)clencecl)C(=0O)NO

C(CCCCC(=0)NO)ONC(=0)clce(c(cc])C)C

C1SC2(SC1C[C@H](N(C2)C(=0)[C@@H](N)Celeceee 1 )C(=0)NCCCCCC(=0)NO

C(clnc2c(nlCclceeccl)cee(c2)/C=C/C(=0)NO)C(C)C

—_— = = = =] =] =] =] =] = =] =
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cl(cee2e(cl)C[C@@H](CC2)NS(=0)(=0O)clcee(cc1)Cl)C(=0)NO

N(Ccleee(cel)C(=O)NO)Cclnc(c2ecc(cc2)OC)nol

cle(cee(c)N[C@H]1CCN(C1)cleee(ecl)CHC(=O)NO

c1(c2nc3¢(n2CCO)cce(c3)/C=C/C(=0O)NO)ccnccl

cl(cee2e(cl)C[C@@H](CC2)Ncelneec(nl)clece(nel)CHC(=0)NO

cl(ccc2e(c])C[C@@H](CC2)NS(=0)(=0)CCCC)C(=0)NO

clcec2e(cl)n(cc2C)Celeec(ccl)C(=O)NO

CICC[C@H2[C@H](C[C@H](C[C@@H]2C)c 1 ccc(cc])C(=0)NO

C1SC2(SC1)C[C@H](N(C2)C(=0)[C@@H](N)CC(C)C)C(=0)NCCCCCC(=0)NO

Nlc2¢(ceee2)[C@R2([C@@] 1 (N(CC2)Celeec(ce1)/C=C/C(=0)NO)C)O

cl(c(cc2e(c1)C[C@H](CC2)NS(=0)(=0)c 1 ccee(c 1)CIF)C(=0)NO

cl(cec2e(cl)C[C@@H](CC2)Nclcee(enl)[N+](=O)[O-])C(=0O)NO

cl(onc(c1)C(=0)NCCCCCCC(=0)NO)clccee(c1)N

clc(eec(c1)NC)C(=O)NO

cle(ceec INC(=0)CCCCCCC(=0)NO)clennnlcleccecel

C(=0)(clecce(ccl)CN(C(=O)Nclcceecl ) CCCC)NO

C(=0)(/C=C/clccc(ccl)C(F)(F)F)NO

cle(cee2¢ INC(=0)[C@@H](S2)C)C(=0)NO

c1(cce2e(c])C[C@H](CN2)NS(=0)(=0)clce(cec] )CI)C(=0)NO

cl(cec2e(cl)C[C@@H](CC2)NC(=0)/C=C/clccencl)C(=0)NO

cle(ce2e(c)C[C@H](N(C2)C(=0)OC(C)(C)C)C(=0)Nel cee(ec 1 )OC)OCC(=0)NO

cl(cee2e(cl)C[C@@H](CC2)Ncelneec(nl)clecc(ncl)OC)C(=0O)NO

nlc(nc(N(c2cee(cc2)OCCCCCC(=O)NO)C)c2c1CCC2)C

clee(ec2eln(e(n2)CCeleccccl)CCeleceecl)/C=C/C(=O)NO

cle(ce2e(cl)C[C@H](N(CCceleeecc1)C2)C(=0)Ncelceee(ce1)OC)OCC(=0)NO
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cle(ce2e(c)C[C@H](N(C(=0)[C@@H](N)C(C)C)C2)C(=0)Nelcee(ce1)OC)OCC(=0
)NO

C(=0)(CCCCclnn(ccl)Cclcec(eccl)Nceleccec )NO

(=]

cleecccc1CNC(=0)clcee(ccl)C(=0)NO

(=)

cle(ce2e(c)C[C@H](N(C(=0)[C@@H](N)[C@@H](C)CC)C2)C(=0)Nelcee(cel)
0C)OCC(=0)NO

(=]

C(CCCCC(=0)NOYONC(=0)clce(ceel)C

cle(cec(c1)CNC(=0)NCCC(=0)NO)N(C)C

clcec2e(cl)c(nen2)N(cleee(ce1)OCCCCCC(=0)NO)C

cle(cc2e(cl)C[C@H](NC2)C(=0O)Nclecee2eleccc2)OCC(=0)NO

C1SC2(SC1)C[C@H](N(C2)C(=0)[C@@H](N)C(C)C)C(=0)NCCCCCC(=0)NO

C1SC2(SC1)C[C@H](N(C2)C(=0)[C@@H](N)[C@H](CC)C)C(=0)NCCCCC
C(=0)NO

cl(c(ce(ccl)C(=O)NO)NC(=0)clcee(ccl)Ocleccecl)Cl

clee(ce2eln(c(n2)CCelececcl)CCCN1CCOCCT)/C=C/C(=0)NO

C(=0)(NO)C1=CCCCl

cl(cec2e(cl)C[C@@H](CC2)Ncelncee(nl)clece(cel F)C)C(=0)NO

clecee2¢10CCCCCCO[C@@H](C(=0)N2)CCCCCC(=0)NO
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cl(cce2e(cl)C[C@H](CN2)NS(=0)(=0)clcc(cecl)F)C(=O)NO

clc(cee(cl)C(=O)NO)C(=O)NCCclcccececl

clecee2e INC(=0)[C@H](N2Celece(ce1)C(=0)NO)CCCCNC(=0)OC(C)(C)C

cle(ce2e(c)C[C@H](N(C2)C(=0)OC(C)(C)C)C(=0)Nel ee(cec1)CIYOCC(=0)NO

cleec2e(cl)c(ne(n2)C)N(cleece(ecc1)OCC(=0)NO)C

cl(c(ce(ccl)C(=O)NO)NC(=0)clcee(cc1CDHCHCI

cle(ce(ce)NC(=0)CCCCCCC(=0)NO)e Innn(c1)C1CCCCC1

cleecc2e INC(=0)[C@@H](N2Cclcee(cel)C(=0O)NO)Ccleeesl

cle(ceee )NC(=0)CCCCC[C@@H](C(=O)NO)Cclccececl

C1CCCNI1Cclceec(cel)C(=0)NO

C1CCCClclcee(ecl)C(=O)NO

O=C1CNC(=0)[C@H](N1Ccleccc(ccl)C(=O)NO)Cclc[nH]c2cleeec2

cl(cce2e(c])C[C@H](CN2)NS(=0)(=0)c1ce(c(ce1)OC)OC)C(=0)NO

cl(ccec2e(cl)C[C@H](CC2)Nclncee(nl)eleee(cc10C)OC)C(=0)NO

N(Ccleee(cel)C(=0)NO)Celnc(c2cee(cc2)Chnol

cl(cce2e(c1)C[C@@H](CC2)NC(=0)OCelccenc1)C(=0)NO

C(CCCCC(=0)NO)ONC(=0)clce(ce(c1)C)C

cle(ee2e(c])C[C@H](N(C(=0)[C@@H](N)C)C2)C(=0)Nclcee(ce 1 )OC)OCC(=0)NO

cl(c(cc2e(c1)C[C@H](CC2)NS(=0)(=0)c 1 cce(ce 1)CIF)C(=0)NO

cle(ce2e(c)C[C@H](N(C2)C(=0)OC(C)(C)C)C(=0)Nc cecee] JOCC(=0)NO

clc(cee(cl)/C=C/C(=O)NO)/C=N/OCclc(c(c(c(c1F)F)F)F)F

C1SC2(SC1C[C@H](N(C2)C(=0)CN)C(=0)NCCCCCC(=0)NO

cl(cee(ccl)CCCCcelceec(eccl)CC(=0)NO)C(F)(F)F

clcec2e(cl)c(nen2)N(cleee(ce1)OCCCCC(=O)NO)C

cle(cee(c1)C(=0)NO)C(=0O)NCCclcencel

N(Cclcee(ee1)C(=0)NO)Cclnc(c2ccc(cc2)C(F)(F)F)nol

C(=0)(/C=C/clcc(cccl)S(=0)(=0)nlc2c(ccen2)ccl)NO

clcec2e(cl)e(nen2)N(cleee(ce1)OCC(=0O)NO)C

cl(cec2e(cl)C[C@@H](CC2)Nclncee(nl)eleee(cel)Ocleecccl)C(=0)NO

C1SC2(SC1)C[C@H](N(C2)C(=0)CICCN(CC1)C(=0)OC(C)(C)C)C(=0)NCCCCC
C(=0)NO
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C(=0)(CCCCCNclnc(ne2n(cnel2)Celeccecl)CI)NO

C(clnc2c(nlCcleecccl)cee(c2)/C=C/C(=0)NO)Cclcceecl

cl(cee2e(cl)C[C@H](CN2)NS(=0)(=O)clccc(ccl)Cl)C(=0)NO

clcec2e(cl)c(ne(n2)C)N(clcee(ee1)OCCCC(=0)NO)C

cl(cee2e(cl)C[C@@H](CC2)Ncelne(cc(Oc2eccee2)nl)C)C(=0)NO

C(=0)([C@H](Celcc(c(ce1)0)Br)N=0)NCCC(=0)NO

cl(c(ce2e(c)C[C@@H](CC2)Nelneee(nl)clecencl)F)C(=O)NO

clcec2e(cl)c(ne(n2)C)N(clcee(cc1)YOCCCCCC(=0O)NO)C

cl(cec2e(cl)C[C@@H](CC2)Ncelncee(nl)cleee(cel Cl)Cl)C(=0O)NO

clecce(c)[C@H](NC(=0)OC(C)(C)C)C(=0)Nclcee(ce1)C(=0)NO

clcec2e(cl)e(ne(n2)C)N(clee(e(cc1)OC)OCCCCCC(=0O)NO)C
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cle(ce2e(c])C[C@H](IN(C2)C(=0)OC(C)(C)C)C(=0)Ne ce(c(cc] )F)COCC(=0)NO

clc(cee(cl)/C=C/C=C/C(=0)NO)clccc(ccl)OC

cl(cce2e(c1)C[C@H](CN2)NS(=0)(=0)c1cc(cee 1)YOC(F)(F)F)C(=0)NO

c1(cce(ce1F)Cl)/C=C/C(=0)NCCCCCC(=0)NO

cle(ce2e(c])C[C@H](N(C2)C(=0)OC(C)(C)C)C(=0)Nelece(ce1)C)OCC(=0)NO

cl(cec2e(cl)C[C@@H](CC2)Ncelncee(nl)clee(ceel)Cl)C(=0)NO

cl(cec2e(cl)C[C@@H](CC2)Ncelncee(nl)cleee(cel)C(F)(F)F)C(=O)NO

cleec2e(cl)c(ne(n2)C)N(cleee(cc1)OCCCCC(=0)NO)C

cl(c2nc3c(n2C)ccc(e3)/C=C/C(=0)NO)cc(c(cc1)OCclceceec])OC

cle(ce2e(cl)C[C@H](N(CCCclcceeel)C2)C(=0O)Nclcee(ecc1)OC)OCC(=0)NO

cle(cec(c1)NC(=0)NCCCCCCC(=0)NON(C)C

[C@@]12(CCN(CC1)Celeccee] YOclece(ce1 C(=0)C2)/C=C/C(=0)NO

C(=0)(cle(ce(c(c1)C(C)C)0)O)N1CCe20ne(c2C1)C(=0)NCCCCCCC(=0)NO

cle(ce2e(c])C[C@H](N(C2)C(=0)OC(C)(C)C)C(=0)Ne ec(cee1)C)OCC(=0)NO

cl(cee2e(cl)C[C@@H](CC2)Ncelnec2e(nl)cee(c2)F)C(=0)NO

CICN([C@@H](C1)COC)Cclcee(cel)C(=0)NO

[C@H]1(CCC[C@H]1clcce(cel)C(=0)NO)COC

C(CCCCC(=0O)NO)Cclnc(nol)clenceel

C1SC2(SC1C[C@H](N(C2)C(=0)OC(C)(C)C)C(=0)NCCCCCC(=0)NO

clec(ce2eln(c(n2)CCeleccccl)CCC(=0)0)/C=C/C(=0)NO

clcee(ecl)C(=O)NO

cle(ce2e(cl)C[C@H](N(Ccleccee])C2)C(=0)Ncleec(ce1)OC)OCC(=0)NO

cl(cce(ce1)C(=0)NO)CN(C(C)C)C(C)C

C(C)(C)C(C(C)C)elece(ec1)C(=0)NO

C(CCCCC(=0O)NO)Cclnc(nol)clscecl

C1SC2(SC1C[C@H](N(C2)C(=0)CCN)C(=0)NCCCCCC(=0)NO

CNC(=0O)clcce(ccl)C(=0)NO

clce(cecINC(=0)CCCCCCC(=0O)NO)clen(nnl)clceeeel

cle(ce2e(cl)C[C@H](N(C2)C(=0)OC(C)(C)C)C(=0O)Nclecc(ecl)eleeeccl)OC
C(=0)NO
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nlc(nc(N(c2eec(cc2)OCCCCC(=0)NO)C)c2c1CCC2)C

CN(C)clcec(C(=O)N(C)/N=C/c2cc(C(=O)NO)ccc2)ccl

clee(ceel/C=C/C(=0)NO)OC[C@@H](NC(=O)clcce(ccl)Cl)Celc2eccee2[nH]cl

C(=0)(CCCCCCNelne(ne2n(enc12)CC(C)C)CHNO

c1(cce2e(c1)ncee2)/C=C/C(=0)NCCCCCC(=0)NO

C(CCCCC(=0O)NO)Cclnc(nol)cleccecel

clee(ec2c1 CN(CC2)C(=0)clccenl1 C)C(=0)NO

C(CCCCNC(=0)/C=C(/C=C/c1cccec] )\C)C(=0)NO

cl(ceec2e(cl)C[C@H](CC2)Nclncee(nl)cleccecl)C(=0)NO

cle(ce2e(c)C[C@H](N(C2)C(=0)CN)C(=0)Nel cee(ce 1)OC)OCC(=0)NO

cl(cec2e(cl)C[C@@H](CC2)Nclncee(nl)cleec(cc1C)CHC(=O)NO

clc(ee(ccl)C(=O)NO)N(Cclceeeel)Celeccccl
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CN(C)cleee(C(=0)N/N=C/c2cc(C(=0)NO)ccc2)ccl

cl(ccc2e(cl)C[C@@H](CC2)Nclncee(nl)eleee(cel)Cl)C(=0O)NO

C(CCCCC(=0)NO)CC[NH3+]

cle(ce2e(cl)C[C@H](NC2)C(=0O)Nclccce(ecl)clecceel)OCC(=0)NO

cl(cee2e(cl)C[C@H](CC2)Ncelneec(nl)clecc(F)e(c1)Cl)C(=0)NO

O=CICNC(=O)[C@H](N1Cclccc(ccl)C(=0O)NO)Cclecceel

C(=O)(NO)CCclcccecl

clecee(el)N(cleeeeel)Celeee(cel)C(=0)NO

cleeee(el)[C@@H](cleecccl)clece(ecl)C(=0)NO

C(CCCCC(=0O)NO)Cclnc(nol)cleecc(cl)[N+](=0)[O-]

cl(cce2e(c)C[C@@H](CN2)NC(=0)c 1 cce(ce1)CIYC(=0)NO

clcec2e(cl)e(nen2)N(cleee(ce1)OCCCC(=0)NO)C

C(=0)(CCCCclnn(ccl)clceceec)NO

cle(ce2e(c)C[C@H](N(C2)C(=0)OC(C)(C)C)C(=0)Ne cec(ec ] )FYOCC(=0)NO

C(CCCCC(=0O)NO)Cclnc(nol)cleee(cel)[N+](=0)[O-]

C1SC2(SC1C[C@H](NC2)C(=0)NCCCCCC(=0)NO

cl(cee2e(cl)C[C@@H](CN2)NC(=0)clec(c(ccl)CHCHC(=0O)NO

cle(ee2e(c])C[C@H](IN(C2)C(=0)OC(C)(C)C)C(=0)NCCclceece 1 )OCC(=0)NO

cl(cce2e(c])C[C@H](CN2)NC(=0)clce(cee] )C(F)(F)F)C(=0)NO

cl(cee2e(cl)C[C@H](CC2)Nclcee(ecl)F)C(=O)NO

ONC(=O)clcoc([C@@H](c2ccecc2)c2eccee2)nl

N(C(=0)CCCCCCC(=0O)NO)cInc(csl)cleec(cc)N=[N+]=[N-]

cle(ce(ce)NC(=0)CCCCCCC(=0)NO)n1nne(c1)C1CCCCC1

clc(ccecINC(=0)CCCCCCC(=0O)NO)clen(nnl)clceeeel

C1SC2(SC1)C[C@H](N(C2)C(=0)CICCNCC1)C(=0)NCCCCCC(=0)NO

C(=0)(Ncleccee] )CCCCCCON(C=0)0

cl(cee2e(cl)C[C@@H](CN2)NC(=0)clce(cec1)OC)C(=0)NO

cl(onc(c1)C(=O)NCCCCC(=O)NO)clcce(ccl)N

cl(cec2e(cl)C[C@@H](CN2)NC(=0)clecc(ecl)cleccecl)C(=0)NO

cl(cee2e(cl)C[C@@H](CC2)Ncelcceenl )C(=0)NO

cI(cc(cec] CCAN)ele(ec(ee] )/C=C/C(=0)NOYCI)[C@]12C[C@@H]3C[C@H](CI)C
[C@@H](C3)C2
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nlc(nc(N(c2eee(cc2)OCC(=0)NO)C)c2c1CCC2)C

C(=0)(CCCCclnn(ccl)Cclcc(eccl)cleccecl)NO

cle(ce2e(c)C[C@H](N(C2)C(=0)OC(C)(C)C)C(=0)NCCCCC)OCC(=0)NO

cl(cec2e(cl)C[C@H](CC2)N(clncce(nl)clecencl)C)C(=0)NO

C(=0)(CCCCCCNene(ne2n(encl2)C(C)C)N)NO

cle(cc2e(cl)C[C@H](NC2)C(=0O)Nclee(cecl)C)OCC(=0)NO

cle(cc2e(cl)C[C@H](NC2)C(=0O)Nclecc(ec)F)OCC(=O)NO

CIN(Cc2n(Cl)ce(c2)C(=O)NO)C(=O)clccenlC

cl(onc(c1)COCCCCC(=0)NO)clcececl

cle(ce2e(c1)C[C@H](NC2)C(=0)Nclce(c(ce1)F)CIOCC(=0)NO

O O O O O O O o o ©

66




Chapter 4: Materials and Methods

cl(cec2e(cl)C[C@H](CN2)NC(=0)clec(cecl)CHC(=O)NO

cle(ce2e(c)C[C@H](NC2)C(=0)Nelc(ec(ec1)C)C)OCC(=0)NO

cleec2e(cl)e(ne(n2)C)N(clec(e(cc1)OC)OCCCC(=0)NO)C

cle(ce2e(c1)C[C@H](N(C2)C(=0)OC(C)(C)C)C(=0)NCclceece 1)OCC(=0)NO

Cl[C@@H]2C[C@@H]3C[C@H]1C[C@](C2)(C3)NC(=0)NCCCCCC(=0)NO

cl(onc(c1)C(=0)NCCCCC(=0O)NO)clccee(cl1)N

cl(onc(c1)C(=O)NCCCCCCC(=0O)NO)clccc(ccl)N

cle(ce2e(c])C[C@H](INC2)C(=0)NCCCCC)OCC(=0)NO

cl(onc(c1)C(=O)NCCCCC(=0O)NO)clcceccl

N(O)C(=0)[C@H](Cclecc(eel)OCceleccccl )NS(=0)(=0)C

cle(cc2e(cl)C[C@H](NC2)C(=0O)Nclee(cec)C)OCC(=0)NO

c1(one(c1)C(=0)NCCCCC(=0)NO)e 1 cce(ce 1 )NC(=0)OC(C)(C)C

C(CCCCC(=0O)NO)Cclnc(nol)clecceclCl

C(=0)(NO)C1CCCCCl

cl(cee2e(cl)C[C@H](CC2)Ncelcee(c(c1)CC#N)C(=0)NO

cl(ccc2e(cl)C[C@H](CC2)Nclecc(ec)[N+](=0)[O-])C(=O)NO

cle(ce2e(c])C[C@H](IN(C2)C(=0)OC(C)(C)C)C(=0)Nel c(ce(ec] )C)C)OCC(=0)NO

cl(cee2e(cl)C[C@@H](CC2)Ncelneee(nl)clec2eccee2ecl )C(=0)NO

cle(cc2e(cl)C[C@H](NC2)C(=0O)Ncleec(ecc1)C)OCC(=0)NO

C(=0)(NO)CCCclccceel

cle(ce2e(c])C[C@H](N(C2)C(=0)OC(C)(C)C)C(=0)Nee(cece 1)C)OCC(=0)NO

C(=0)(Nclcceee] )CCCCCCN(C=0)O

cle(cc2e(cl)C[C@H](NC2)C(=O)NCCclceeecl ) OCC(=O)NO

clc(ee(ccl)clesc(nl )NC(=0O)CCCCCCC(=0)NO)[N+](=0)[O-]

NCCCC(=O)N1[C@@H](CC2(SCCS2)C1)C(=0)NCCCCCC(=O)NO

cle(cc2e(cl)C[C@H](NC2)C(=O)Ncle(ceec)C)OCC(=0)NO

cle(ce(eccl)NC(=0)CCCCCCC(=0O)NO)nlnnc(cl)clceeecl

cle(ce2e(c)C[C@H](N(C2)C(=0)OC(C)(C)C)C(=0)Ne ccce2e ceec2)OCC(=0)NO

C1(CCC(c2clecc(c2)NC(=0)clcee(ccl)C(=O)NO)(C)C)(C)C

cle(ce2e(c])C[C@H](N(C2)C(=0)OC(C)(C)C)C(=0)NC(C)(C)C)OCC(=0)NO

c1(one(c1)C(=0)NCCCCCCC(=0)NO)elcce(ce 1 )NC(=0)C

C(=0)(CCCCclnn(ccl)Cclcec(ecl)nlcec2eceec12)NO

cle(cee(cl)O[C@H]1CCN(C1=0)clccceel)C(=0O)NO

cle(ce2e(cl)C[C@H](NC2)C(=0O)NCclececee1)OCC(=0O)NO

clcec2e(cl)e(ne(n2)C)N(clee(e(cc1)OC)OCCCCC(=0)NO)C

C(=0)(CCCCclnn(ccl)Cclcec(ecl)cleccecl )NO

C(CCCCC(=0)NO)C[NH3+]

C(CCCCC(=0)NO)Cclnc(nol)clcee(ecl)C

clee(cecC(=O)NO)C(=O)N[C@@H](c1c2c([nH]c1)ccee2)C(=0)Nelcee(cel)C

cle(ec2e(cl)C[C@H](NC2)C(=O)Ncleee(ce1)OC)OCC(=0)NO

CICN([C@H](C1)COC)Cclcce(cc1)C(=0)NO
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[C@@H]1(CCC[C@@H]1clcce(ce)C(=0)NO)COC

cle(ce2e(c1)C[C@H](NC2)C(=0)NCCCCCC)OCC(=0)NO

N(O)C(=0O)[C@H](Ccleccc(ecel)OCceleecccl )NC(=0)C

c1(one(c1)C(=0)NCCCCC(=0)NO)e 1 ccec(c1)NC(=0)OC(C)(C)C

C1SC2(SC1C[C@H](N(C2)C(=0)[C@@H](N)C)C(=0)NCCCCCC(=0)NO

nlc(nc(N(c2eec(cc2)OCCCC(=0)NO)C)c2c1CCC2)C

cle(cee(c)N[C@H]1CC(=O)N(C1)clecceel)C(=0O)NO

clee(ce(c1)Ocleceecl)C(=0)NO

C(=0)(Ncleccee] )CCCCON(C=0)0

cI(c(cee(cl)elece(ec])/C=C/C(=0)NO)O)[C@]12C[C@@H]3C[C@H](C1)C[C@@H]
(C3)C2

O O O O O O O O O ©

C(=0)(clec2e(ccl)ccec2)NCCCCCN(C=0)0

ONC(=O)clcoc(c2cees2)nl

cle(cee(c)N([C@@H]1CCN(C1=0)clcccecl)C)C(=0)NO

cle(ce2e(cl)C[C@H](NC2)C(=0O)Nclcceeel ) OCC(=0)NO

C(clonc(c2sccc2)nl)NCceleec(C(=O)NO)ccl

C(CCCCC(=0O)NO)Cclnc(nol)clece(ccl)F

cle(cee(c])C[C@@H](C(=O)NO)NC(=O)cleccee1)OCceleceecl

C(/C(=C/clcee(ccl)/C=C/C(=0)NO)/clcce(ccl)F)NCICCl1

cl(cce(ce1)C(=0)NO)CN(CC)CC

C(C)C(CC)elece(ce1)C(=0)NO

N(O)C(=0)[C@H](Cclece(ec1)OCCeleccccl )NS(=0)(=0)C

C(=0)(NCCCCCN(C=0)0)CCclceceel

ONC(=0)clcoc(c2ce(cee2)c2eccec2)nl

C1SC2(SC1C[C@H](N(C2)C(=0)[C@@H]1 CCCN1)C(=0)NCCCCCC(=0)NO

C(=0)(NO)Cclcceeel

clc(ee(ccl)NC(=0)CCCCCCC(=0O)NO)cInnn(cl)clcec(ccl)F

ONC(=O)clcsc(c2cccec2)nl

cle(ce2e(c])C[C@H](NC2)C(=0)NC(C)(C)C)OCC(=0)NO

ONC(=O)clesc([C@@H](c2cecce2)c2eccee2)nl

[NH3+]CCC[NH2+]CCCCCC(=0)NO

c1(C(=O)NO)c2c(cccl)ceec2

ONC(=0O)clcoc(c2cec(cc2)Br)nl

N(O)C(=0)[C@H](Cclece(ce1)OCCelccecc )NC(=0)C

C(CCCCC(=0)NO)[NH3+]

C(=0)(clee(c2cccec2)eccl)NO

ONC(=0O)clInoc(c2ccc(cc2)Br)nl

ONC(=0O)clcoc(c2c(ccec2)Br)nl

cle(cec(c1)C(=0)NO)C(=0)NCCN1CCN(CC1)C

C(=0)(cleccec] )NCCCCON(C=0)0

cle(ce(e(c)N[C@H]1CCN(C1=0)clcce(ccl)CHCT)C(=0)NO

CCCC(=0)NO
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ONC(=0)clcoc(c2cec3e(c2)cecc3)nl
ONC(=0O)clcoc(c2cee(cc2)c2eccec2)nl
N(O)C(=0)[C@H](Cclecce(cc1)OCCeleccccl )NC(=O)cleccecl
ONC(=0O)clcoc(c2cce3c(c2)cec(c3)OC)nl
N(O)C(=0)[C@H](Cclecc(ecl)OCcleccecl )NC(=0)clecc(ecl)C
ONC(=O)clcoc(c2cee(cc2)Cl)nl

C(=0)(NO)/C=C/C=C/clcec(c2ccc(c(c2)[C@]23C[C@@H]4C[C@H](C2)C[C@@H]
(C4)C3)0C)ccl
C(=NWNC(=S)NTCCN(CC1)C(=0)NO)/cle(ceccl)O
ONC(=0O)clcoc(c2cee(ce2)C)nl
clee(ec2eln(c(n2)CC(C)C)CCCO)CCC(=0)NO

ONC(=0)clesc(Cc2eccec2)nl

ONC(=0O)clcsc(c2ceee(cc2)Br)nl
ONC(=0)clnoc(c2cceec2)nl
C(=0O)(NO)C(ccoyceece
ONC(=O)clcoc(c2ceccc2)nl
S(=0)(=O)(N[C@@H](Cclcce(ecl)OCclecceel)C(=0O)NO)cleec(cel)C
C(=ENWNC(=S)N1CCN(CC1)C(=0)NO)/clcece(cel)Cl
ONC(=0)clcoc(c2cec(cc2)F)nl
ONC(=O)clcoc(c2cee(cc2)OC)nl
N(O)C(=0)[C@H](Cclecce(ec1)OCCeleccccl )NC(=O)cleec(cel)C
ONC(=0O)clesc(c2neenc2)nl
cleee(cel)[C@H](C(=0O)NO)cleccecel
N(O)C(=0)[C@H](Cclecec(ec1)OCCeleecccl )NS(=0)(=O)cleec(cel)C
C1C=C(C(=O)NICCCclcc2c(ccl)cecec2)CCC(=0O)NO
[NH3+]CCCCC(=0O)NO
clcec2e(cl)c(ne(n2)C)N(clee(c(cc1)OC)OCC(=0)NO)C
clcec2e(cl)c(ne(n2)C)N(clec(cec1 YOCCCCCC(=0O)NO)C
cleec2e(cl)c(ne(n2)C)N(clec(cec1)OCCCCC(=0)NO)C
clcec2e(cl)c(ne(n2)C)Nelee(c(ce1)OC)OCCCC(=0)NO
cleec2e(cl)c(ne(n2)C)N(clec(cec1)OCCCC(=0)NO)C
clcec2e(cl)c(ne(n2)C)N(clec(cec1)OCC(=0)NO)C
C(CCCCC(=0O)NO)Cclnc(nol)cleee(cel)OC
C(CCCCC(=0O)NO)Cclnc(nol)cleec(cel)C(F)(F)F
C(CCCCC(=0)NO)Cclnc(nol)clcee(ecl)Cl
clecee(c1)C(=O)NC(=O)NCCCC(=O)NO
C(=0O)(N(O)CCCCCCCC(=0)Nclcceeel)C
C(=0O)(N(O)CCCCCC(=0)Nclcceecl)C
C(=0)(N(O)CCCCCCC(=0)Nclceeecl)OC
clc(ee(ccl)NC(=O)CCCCCCC(=0)NO)cInnn(cl)clcec(ce)I
cle(ce2e(el)Celn(C2)c(=0)n(cl1O)clecc(ccl)cleccecl)OCC(=0O)NO
clc(ec2e(c1)Celn(C2)c(=0)n(c10)clceccccl)OCC(=0O)NO
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Cl* = Class of the compounds (/ = Active; 0 = Inactive)

4.2.2. Dataset Division

Prior to the model developments, the 593 compounds of the dataset is divided into two
different sets namely the test set and the training set. The 593 compounds of this
hydroxamate-based dataset are separated into the training and the test set by the random
splitting of the data, using “Generate Training and Test Data” module present in the
Discovery studio 3.0 software. The constructed training set contained 445 compounds
whereas a test set containing 148 compounds to maintain a ration of 3:1 for the training

set and the test set.

4.2.3. Bayesian classification study

It is seen that, the concepts of fragment-based Bayesian classification study not only
provided a great success across numerous disciplines including drug design and discovery
[Xia et al. 2004, Klon et al. 2006, Prathipati et al. 2008, Liu et al. 2014, Amin et al.
2018a] but also produced good results in the preliminary study on the
tetrahydroisoquinoline derivatives. Bayesian modeling has an advantage not only to
obtain the data frequency statistics but also this technique is effective for larger datasets.
Bayes’ theorem is a theory that, given enough data, can predict the probability of a
certain event [Amin et al. 2018a, Berger 2013, Box & Tiao 2011].

Here, in this classification based study on the basis of the biological activity, these
compounds were classified into two different classes using a threshold value. In this
study, using the mean biological activity of the dataset was used as threshold value where
the compounds possessed higher HDACS inhibition than the threshold were classified as
active compounds and compounds possessed activity lower than or equals to threshold
were assigned as inactive compounds. For the development of a Bayesian classification
model on this dataset, the active compounds were assigned a value of 1 where the
inactive ones were given a value of 0 in a binary manner.

In this current study, the Bayesian classification models constructed in Discovery Studio
3.0 software in which the molecular properties of the compounds like the
physicochemical and structural information including lipophilicity (4/ogP), molecular

weight (MW), molecular fractional polar surface area (FPSA), total number of aromatic

70




Chapter 4: Materials and Methods

rings (nAR), total number of rings (nR), number of hydrogen bond donor (nHBD) and
hydrogen bond acceptor (nHBA) features and number of rotatable bonds (nRB) are used
for model development. Additionally, with extended connector of molecular fingerprint
of diameter 6 (ECFP_6) and Functional classed extended connectivity Fingerprint of
diameter 6 (FCFP_6) of the Discovery Studio 3.0 software which belongs to the class of
2D topological fingerprints (circular) were also taken into account for development of the
Bayesian model using the training set in order to characterize the structural features of
these hydroxamate-based HDACS inhibitors. In this modeling, the combinations of
molecular properties, ECFP 6 and FCFP 6 [Sastry et al. 2010, O’Boyle & Sayle 2016]
are used to develop 3 different Bayesian models which are also validated externally,

using the help of the constructed test set.

4.2.2. Recursive partitioning study

Recursive partitioning (RP) is a multivariate analysis used frequently to classify members
of the population by constructing one or more decision trees and uses the molecular
descriptors step by step to discriminate the compounds in active and inactive and is able
to provide different physic-chemical, structural and sub-structural features have a
significant influence on the biological activity of the molecules [Chen et al. 2011, Halder
et al. 2013, Adhikari et al. 2016].

In this study, Similar to the Bayesian classification model development, the Recursive
Partitioning models for these diverse set of hydroxamate derivatives are also constructed
using the combination of the physicochemical and structural properties such as AlogP,
MW, FPSA, nAR, nHBA, nR, nHBD, nRB and the connectivity fingerprints like ECFP 6
and FCFP_6 similar to the Bayesian classification study.

4.2.3. Statistical analysis and evaluation of Models

The performance of the constructed model was internally and externally evaluated by
computing the receiver operating characteristic (ROC) curve of the training and the test
sets HDACS inhibitors [Amin et al. 2017c].

Moreover, the accuracy (A4cc), sensitivity or the True positive rate (Se), specificity (Sp)

and precision (Pr) were also considered to justify the constructed Bayesian as well as the
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Recursive partitioning models using the Equation 4.8 - Equation 4.11 [Amin et al.

2017c, Amin et al 2018a].

TP

" TP+FN
TN

P = Inirp

Se Equation 4.8

Equation 4.9

TP+TN :
Acc = ———— Equation 4.10
TP+TN+FP+FN

Pr=— Equation 4.11
TP+FP

Whereas TP is true positives value; TN is true negatives value; FP is false positives value

and FN is the false negative value.
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5.1. Results of the preliminary study using a small dataset

5.1.1. Regression-based 2D-QSAR study

By the implementation of the stepwise-multiple linear regression (S-MLR) method on the
training set molecules, the model with the best statistical outcomes is constructed using 8
2D-PaDEL descriptors and is given in Equation 5.1. Additionally, the contributions of
these selected molecular descriptors of these tetrahydroisoquinoline in their HDACS8

inhibitory activity derivatives are provided n Table 5.1.

plCsp (HDACS) = -8.530 (x1.124) +0.385 (+£0.057) BCUTp-1h +1.631 (£0.249) IC4
+0.150 (£0.019) minHBint3 -8.029 (£2.007) VCH-6 +0.079 (£0.018) ATSC8p +0.000
(0.000) VRI Dt +0.014 (£0.003) AATSS8v -0.000 (£0.000) VRI Dzi.
Equation 5.1

Table 5.1. Summary of the description and contribution of the molecular descriptors
present in the S-MLR model.

Descriptor Full description Correlation
BCUTp-1h nlow highest polarizibility weighted BCUTS Positive
1C4 Information content index Positive
(neighborhood symmetry of 4 order)
. . Minimum E-state descriptors of strength for potential
e Hydrogen Bonds of path length 3
VCH-6 Valance chain, order 6 Negative
ATSCSp Centered Broto-Moreau autocorrelation of lag 8

Weighted by polarizibility

Positive

Positive

VR1 Dt  Randic-like eigenvector-based index from detour matri Positive

Average Broto-Moreau auto correlation-lag 8/weighted

AATS8y by van der waals volumes

Positive

Randic-like eigenvector-based index from Barysz

: . L ‘ Neoati
matrix / weighted by first ionization potential cgauve

VRI Dzi

The MLR model (Equation 5.1) which was constructed on the 61 compounds in the

training set (N4, = 61) and externally validation of the model was done using the test set

molecules (Vs = 20) which provided significant statistical outcomes such as: R’ = 0.851,
SEE = 0.278, R’y = 0.828, F (8, 52) = 37.190, PRESS = 4.018, average r,’ro0 = 0.722,
average ry’ sy = 0.507, 0> = 0.799, R,.a = 0.508, RMSEP = 0.455, cR,” = 0.792, 0’1 =
0.508, 0", = 0.507.
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From these statistical outcomes of the S-MLR model, it is clearly seen that the model
equation (Equation 5.1) predicts 79.88% variance and explains 82.83% variance in the
inhibitory activity of these compounds against HDACS. It is also seen that the external
validation of the model provided an externally-validated R? value of R’ pred = 0.508 along
with an externally and externally validated average rmz values such as average rm2 (test) =
0.507 and average rm2 roo of 0.722. Besides that, the S-MLR model passed the Golbraikh
and Tropsha validation criteria [Golbraikh & Tropsha, 2002] and provided significant p-

values whereas the proximal Q2f1 and Qzﬂ values of this model indicated the systematic

splitting of biological activity for the training and the test set. Additionally, experimental
(observed) and the predicted activity for the compounds of this model is given in Figure
5.1 (A) along with the normalized mean distance values of these compounds calculated
during the Applicability domain (AD) analysis provided in Figure 5.1 (B) [Banerjee et al.
2019b]. Aside from the original model (Equation 5.1), another 100 MLR models were
constructed using the same 8 descriptors by scrambling the test and the training set

compounds which is given in Table 5.2.

—8— Training set eTrainingset @Test set
—8— Test set

0.800

0.600

Normalized Mean Distance

Nigin=61 R =0.851
Npgg= 20 Rope= 0622
6.0 65 7.0

(A) | obs (B)

0 10 20 30

40 50 U]
Compound Number

Figure 5.1. (A) The observed and predicted values obtained from S-MLR model along
with the correlation between the variables used in the developed 2D-QSAR model. (B)

Applicability domain (AD) of this data set compounds.
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Table 5.2. Summary of constructed 100 MLR models along with the Equation 5.1.

Model No R’ RZ,,,,,- Qz SEE PRESS Pvalue Rzp,ed
01 0.836 0.810 0.765 0.292 4.449 Passed 0.572
02 0.793 0.762 0.646 0314 5.117 Failed 0.746
03 0.797 0.769 0.694 0.318 5.258 Failed 0.753
04 0.813 0.784 0.702 0.324 5.443 Failed 0.659
05 0.849 0.826 0.779 0.284 4.189 Passed 0.424
06 0.821 0.794 0.726  0.299 4.640 Failed 0.650
07 0.850 0.827 0.768 0.284 4.183 Failed 0.385
08 0.854 0.832 0.776  0.288 4315 Passed 0.297
09 0.817 0.789 0.742 0314 5.114 Passed 0.629
10 0.850 0.827 0.750 0.280 4.081 Passed 0.451
11 0.834 0.808 0.735 0.291 4.394 Failed 0.597
12 0.824 0.796 0.725 0.313 5.101 Passed 0.641
13 0.834 0.808 0.764  0.295 4.534 Passed 0.563
14 0.771 0.736 0.649 0.325 5.491 Passed 0.825
15 0.860 0.839 0.795 0.274 3.907 Passed 0.398
16 0.870 0.850 0.804 0.260 3.506 Passed 0.264
17 0.825 0.798 0.732  0.309 4.979 Failed 0.532
18 0.793 0.761 0.680 0.342 6.081 Failed 0.771
19 0.814 0.785 0.699 0.308 4.942 Passed 0.520
20 0.865 0.844 0.800 0.278 4.020 Failed -0.141
21 0.851 0.828 0.767 0.288 4311 Failed 0.351
22 0.765 0.728 0.652 0.335 5.851 Failed 0.754
23 0.806 0.776 0.708 0.324 5.452 Failed 0.728
24 0.787 0.754 0.690 0.322 5.389 Passed 0.752
25 0.818 0.790 0.710  0.307 4916 Failed 0.679
26 0.810 0.781 0.709 0.317 5.242 Failed 0.706
27 0.851 0.829 0.786 0.289 4354 Passed 0.378
28 0.831 0.805 0.754  0.299 4.643 Passed 0.606
29 0.820 0.792 0.707  0.291 4.397 Failed 0.718
30 0.853 0.831 0.781 0.287 4279 Passed 0.431
31 0.784 0.750 0.625 0.308 4.942 Passed 0.786
32 0.829 0.803 0.736  0.288 4.309 Failed 0.623
33 0.853 0.831 0.785 0.275 3.945 Failed 0.528
34 0.759 0.721 0.633 0.327 5.561 Failed 0.812
35 0.841 0.817 0.763 0.294 4.499 Passed 0.482
36 0.798 0.767 0.697 0.323 5.429 Failed 0.528
37 0.789 0.756 0.612 0.318 5.263 Failed 0.723
38 0.817 0.788 0.737 0.310 4.993 passed 0.612
39 0.829 0.803 0.752  0.290 4378 Passed 0.613
40 0.835 0.810 0.753 0.296 4.547 Failed 0.509
41 0.770 0.735 0.629  0.339 5.964 Failed 0.816
42 0.802 0.771 0.704 0.334 5.800 Failed 0.708
43 0.821 0.793 0.710  0.293 4.451 Failed 0.650
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0.792  0.737 0.304  4.820 Passed
0.793  0.709 0.287  4.272 Failed
0.764  0.707 0.323 5.432 Passed
0.788  0.737 0.312 5.070 Passed
0.732  0.657 0.333 5.755 Failed
0.828  0.770  0.285 4.213 Failed
0.775  0.713  0.317 5.240 Passed
0.721 0.630 0.342 6.077 Failed
0.752  0.677 0.335 5.832 Failed
0.763  0.699 0.324 5.442 Failed
0.796  0.749  0.301 4.705 Failed
0.780  0.740 0.304  4.797 Passed
0.821 0.746  0.286  4.257 Failed
0.808  0.749  0.298 4.613 Passed
0.806 0.745 0.306  4.860 Passed
0.777  0.686 0.313 5.109 Failed
0.778  0.729  0.296  4.553 Passed
0.799  0.721 0.296  4.564 Failed
0.736  0.632  0.328 5.584 Failed
0.786  0.713  0.308 4.938 Failed
0.754  0.688  0.322 5.394 Failed
0.778  0.701  0.322 5.389 Passed
0.800 0.760 0.282  4.146 Passed
0.786  0.703  0.300  4.680 Failed
0.798  0.748  0.312 5.056 Passed
0.769  0.662  0.320 5.330 Failed
0.809 0.736 0.292  4.449 Failed
0.790  0.716  0.303 4.955 Passed
0.780  0.707  0.320 5.333 Failed
0.767  0.703  0.323 5414 Passed
0.774  0.680  0.322 5.395 Passed
0.772  0.694  0.320 5.326 Failed
0.736  0.644  0.346 6.212 Failed
0.797  0.741 0307  4.905 Failed
0.794  0.737 0307 4914 Passed
0.801 0.729  0.291 4.399 Failed
0.768  0.686 0.314 5.122 Failed
0.767  0.664 0.313 5.100 Passed
0.789  0.718 0.317 5.228 Failed
0.759  0.653  0.329 5.623 Failed
0.782  0.705 0.311 5.045 Failed
0.814  0.763 0.292  4.435 Failed
0.838  0.795 0.283 4.170 Passed
0.752  0.649 0.331 5.681 Failed
0.806  0.760  0.285 4.221 Passed
0.792  0.724  0.303 4.784 Failed
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90 0.818 0.790  0.715 0.302  4.747 Failed
91 0.790 0.758  0.678 0.318 5.248 Failed
92 0.817 0.789  0.718 0.315 5.173 Failed
93 0.804 0.774  0.628 0.304 4.814 Passed
94 0.855 0.833 0.782 0.279  4.056 Failed
95 0.839 0.814  0.765 0.279  4.054 Passed
96 0.800 0.770 ~ 0.707  0.310 5.006 Failed
97 0.814 0.786  0.691  0.295 4.528 Failed
98 0.788 0.755  0.669 0.333 5.753 Failed
99 0.822 0.795  0.747 0.296  4.569 Passed
100 0.795 0.764  0.690 0.318 5.255 Passed
Equation 5 0.851 0.828 0.799 0.278  4.018 Passed

5.1.1.1. Contributions of molecular descriptors

The contributions of the 8 selected molecular descriptors toward the HDACS inhibitory
activity of these tetrahydroisoquinoline based hydroxamate derivatives were clearly
suggested by the Egquation 5.1, depicted in Table 5.1 whereas the Figure 5.2 is
additionally provided to display the correlation matrix of these descriptors with the

biological activity [Banerjee et al. 2019b].
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Figure 5.2. Heatmap of the correlation matrix of the selected molecular descriptors with

the pICspvalues of the compounds
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From the Equation 5.1, the descriptor BCUTp-1h (nlow highest polarizibility weighted
BCUTS) depicted a positive correlation with the HDACS inhibitory potency of these
compounds. This might suggest the significance of the large, bulky hydrophobic group
substitution in the R, and Rj positions of area-B of the scaffold Figure 4.1(A). Several
compounds of this tetrahydroisoquinoline dataset (Compounds T-62, T-63, T-65 to T-69
and T-71 to T-73) exhibited higher HDACS inhibition while possessing higher values of
BCUTP-1h. The only exception of this scenario is the compound T-70 which though
having higher BCUTp-1h values and bulky cyclohexyl moiety exhibited poor HDACS
inhibition. This observation may signify the important effects of the unsaturated pi bonds
present in the other compounds (Compounds T-62, T-63, T-65 to T-69 and T-71 to T-
73) except the compound T-70 containing unsaturated pi bond-less cyclohexyl group for
their higher HDACS inhibition [Banerjee et al. 2019b].

1C4 is the Information content index of neighborhood symmetry of order 4 exhibited its
positive correlation with the inhibitory potency of these tetrahydroisoquinoline
hydroxamate derivated HDACS inhibitors. This descriptor (/C4) may indicate the
positive contributions of the 4-methoxy phenyl amino carboxyl moiety present in the R4
positions in area-C [Figure 4.1(A)] of these derivatives, where the compounds
(compounds T-24, T-33 to T-59 and T-74 to T-81) containing such type of functions
[CONH(4-OMePh) function] also possessed higher HDACS inhibition as well as higher
1C4 values.

The VRI Dt (Randic-like eigenvector-based index from detour matrix) descriptor from
the S-MLR model, was positively correlated itself with the HDACS inhibitory activity of
these tetrahydroisoquinoline compounds and also indicated the positive influences of the
4-methoxy phenyl amino carboxyl [CONH(4-OMePh)] moiety for better HDACS
inhibition. The compounds (Compounds T-34, T-46 and T-77 to T-79) which contained
higher VRI Dt values exhibited higher HDACS inhibition compared to the compounds
(Compounds T-10, T-12, T-14, T-16, T-18, T-20 and T-22) don not possess a 4-methoxy
phenyl amino carboxyl have lower values of VRI Dt and were also poorly active against
HDACS.

The negative correlation of the descriptor VCH-6 (Valance chain of order 6) clearly

indicated about that presence of any larger alkyl chain in the structure of these
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compounds can deduce the activity whereas it is observed that compounds such as T-28
to T-31 and T-61 containing a large alkyl chain exhibited poor HDACS inhibition.

The Equation 5.1 showed the descriptor minHBint3 (Minimum E-state descriptors of
strength for potential Hydrogen Bonds of path length 3) as a positive influencer of the
HDACS inhibitory activity of these tetrahydroisoquinoline hydroxamate derivatives
which can be correlated with the hydrogen bond forming capability in the area-B Figure
4.1(A) of the tetrahydroisoquinoline scaffold and with the alkyl chain length of the
substitutions of the area-B. Also, several compounds like compounds T-60 to T-73
showed higher values of minHBint3 and some of them have good HDACS inhibitory
activity.

The positive correlation between the descriptor ATSC8p (Centered Broto-Moreau
autocorrelation of lag 8 weighted by polarizability) and the biological activity (HDACS
inhibitory activity) was shown in the Equation 5.1., which can be correlated with the Boc
substitutions of these compounds. Compounds such as compounds T-40, T-42, T-44, T-
48, T-50, T-74 and T-76 containing Boc group substitution at the area-B and a bulky
group expressed higher HDACS inhibition.

VRI Dzi (Randic-like eigenvector-based index from Barysz matrix/weighted by first
ionization potential) was suggested as the negative influencer for the activity of these
HDACS inhibitors where the descriptor AA7SS8v (Average Broto-Moreau auto
correlation-lag 8/weighted by Van der Waal volumes) showed positive contributions
toward the activity and may be correlated with the van der Waal volume of the area-B.
Different groups namely CO(CH;);Ph (Cpd T-58), COPh (Cpd T-56), COBnz (Cpd T-
54), and COCH,0OPh (Cpd T-33) may possess higher van der Waal volume in the area-B
and exhibited higher HDACS inhibition. This observation might indicate the beneficial
effects of carboxy alkyl aryl or carboxyaryl moiety substitution at the area-B of the

compounds Figure 4.1(A) for higher HDACS inhibition [Banerjee et al. 2019b].

5.1.2. Bayesian Classification-based 2D QSAR study
The Receiver Operating Characteristics (ROC) based Bayesian classification study was
conducted for the fragmental analysis of these HDACS inhibitors [Banerjee et al. 2019b].

The ROC-based statistical validation of the constructed Bayesian model delivered
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significant results and provided a Leave-One-Out cross validation ROC value of ROCcy =
0.885, five-fold cross-validation ROC of 0.871 for the training set where the ROC plots
obtained from the model is given in Figure 5.3 and the other ROC based statistical
outcomes of the model is shown in Table 5.3.

Additionally, the Bayesian classification model delivered a total of 40 molecular sub-
structures containing 20 good and 20 bad sub-structural features responsible for
modulating the HDACS inhibitory activity of these tetrahydroisoquinoline compounds
which are provided in Figure 5.4 and Figure 5.5 respectively.

True Positive Hate
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True Positive Rate

4
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Figure 5.3. ROC plots obtained from the Bayesian model (A) Training set (5-fold CV),
(B) Test set.

Table 5.3. Summary of the validation parameters given by the Bayesian classification

model.

Set ROC ROCcy TP FN FP TN Sensitivity Specificity Concordance
Training 0.871 0.885 27 0 10 24 1.000 0.706 0.836
Testset 0.919 -- 8 1 3 8 0.889 0.727 0.800

By the help of the Bayesian classification study identification of the influences of the
molecular substructural features responsible for regulating the HDACS inhibitory activity
of these tetrahydroisoquinoline derivatives became possible. The aminoester (G1) and the
animobutoxy carbonyl (NHBoc) moieties (G2) including the sub-structures features G4-
G5 displayed their positive influence of the NHBoc group for the higher HDACS

inhibition of these compounds. A large number of these derivatives bearing the NHBoc
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group in their structure (Cpds T-38, T-40, T-42, T-44, T-46, T-48, T-50, T-52, T-74 to
T-75 and T-77) seemed to have excellent HDACS inhibitory activity in the nanomolar
range. During the comparison of these HDACS inhibitors to their corresponding NHBoc
group analogs, these molecules seemed to have better HDACS inhibitory activity than
their NHBoc group unsubstituted analogs (compound T-1 vs compound T-2, compound
T-3 vs compound T-4, compound T-5 vs compound T-6, compound T-7 vs compound T-
8, compound T-9 vs compound T-10, compound T-13 vs compound T-14, compound T-
15 vs compound T-16, compound T-17 vs compound T-18, compound T-21 vs
compound T-22, compound T-25 vs compound T-26, compound T-27 vs compound T-
28, compound T-29 vs compound T-30 and compound T-31 vs compound T-32) which
clearly explained the beneficial influence of the NHBoc group present in the structure of
these compounds for providing better HDACS inhibitory activity [Banerjee et al. 2019b].
The substructures G7-G11 was able to identify the important contribution of aryl group
substituted tetrahydropyridine ring along with the dimethylene group substitution at the
heterocyclic nitrogen atom. Compounds containing these types of substructural feature
such as compounds T-63, T-65 to T-67 and T-71 to T-73 were also seemed to have
highly effective against HDACS8 enzymatic activity. The Substructural features G13 and
G16 showed the significance of the benzyl group substitution at the chiral carbon atom of
these tetrahydroisoquinoline derivatives for the higher HDACS inhibitory potency.
Several molecules (Compounds T-40, T-42 and T-43) possessing such type of benzyl
group were seemed to have higher HDACS inhibitory activity.

The substructural features G15 and G17 depicted the significance of the dicarboxamido
group substitution in the tetrahydropyridine scaffold of these HDACS inhibitors.
Compounds with this type of structure seemed to bear higher HDACS inhibitory potency
(Compounds T-35 to T-37, T-41, T-43, T-49, T-51, T-53 and T-58). The importance of
substituted amine groups was well attributed in the substructural feature G12 at the
tetrahydroisoquinoline chiral carbon atom. Besides, substructural feature G14 and G18
displayed the significance of the tertiary nitrogen atom attached to a chiral carbon atom
of the tetrahydroisoquinoline ring and the dimethylene carbonyl group. The compounds
containing these features (Compounds T-40, T-41 and T-43) showed promising HDACS8
inhibitory activity [Banerjee et al. 2019b].
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Figure 5.4. Good molecular fingerprints generated by Bayesian classification model.

While the analysis of the bad molecular substructures with negative influence on the

activity of these compounds, surprisingly, the tetrahydroisoquinoline scaffold alone

(B13), the ether function containing tetrahydroisoquinoline scaffold (B1 and B2) or the
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tetrahydroisoquinoline scaffold containing carboxyl (B3-B4) or ester (B9) or
carboxamide (B14) group substitutions were suggested as a detrimental factor for

HDACS inhibitory potency of these compounds.
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Figure 5.5. Bad molecular fingerprints generated by Bayesian classification model.

As because all of the compounds of this hydroxamate-based dataset posses a common

tetrahydroisoquinoline scaffold as its core, it can be assumed that the HDACS inhibitory
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potency of these compounds may be dependent on the R; and R, group substituents and
on the hydroxamate moiety. From these observations, it can be said that in order to better
higher HDACS inhibition, replacement of the tetrahydroisoquinoline scaffold with
different groups can be useful. Also, the structural fragments B6, B8-B10 and B19
suggested the ester group substitution at the tetrahydropyridine nitrogen atom can act as a
detrimental factor for the HDACS inhibitory potency of these HDACS inhibitors. From
the observation of the experimental inhibitory activity of these compounds against
HDACS, it was observed that the compounds with these of structural features produce
lesser active HDACS inhibitors (Compounds T-3, T-11, T-15, T-19, T-23, T-25, T-27,
T-29 and T-31). Additionally, the carboxamido substitution near the nitrogen atom
tetrahydroisoquinoline scaffold was also identified as unfavorable for HDACS inhibitory
activity which is displayed in substructural features B5, B10, B16, B18, and B20. The
dataset compounds containing these features (Compounds T-1 to T-32) are seemed to
deliver lower HDACS inhibition. Finally, the substructure B11 suggested about the
negative influence of the aminobenzyl substitution on HDACS inhibition of the
compounds. The aminoaryl group containing molecules were therefore lower active
inhibitors (Compounds T-3 and T-4) whereas the substructure B17 displayed the
detrimental effect of the aryl carboxamido group substitution near the tetrahydropyridine
nitrogen atom (Compounds T-1 to T-2, T-8, T-10, T-11 to T-16, T-18, T-19 5 to T-20,
T-22 to T-23 and T-25 to T-26) [Banerjee et al. 2019b].

5.1.3. 3D CoMFA study

From the statistical aspects, The CoMFA model built using these tetrahydroisoquinoline
derivated compounds yielded significant statistically outcomes. The CoMFA model
yielded an internally cross-validated Q° value of Q° = 0.554 using 5 optimum

components whereas the non-cross validation R’ value delivered by the model was 0.927

along with SEE of 0.188. Additionally, the 10-fold internally cross-validated R’ value

was R’ cv = 0.564 with 4 optimal components while providing a bootstrap R’ of Rzgootstmp

=10.961 and a scrambled QZ =0.504 (Table 5.4) which was lesser than its value of cross-

validation O°. This signifies that the constructed CoOMFA model was not obtained by

chance. From all these statistical outcomes this model seemed to be explaining the
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significance of electrostatic and steric contributions of 41.30% and 58.70% respectively.
The electrostatic and steric contours maps of the compounds T-61, T-62 and T-64 are

shown in Figure 5.6 [Banerjee et al. 2019b].

Table 5.4. Summary of the COMFA model of the tetrahydroisoquinoline analogs.

Model R’ R'cy R’Bootsteap (10 runs) o’ O’ (Scrambled) SEE
CoMFA 0.927  0.564 0.961 0.554 0.504 0.188

L 4

IL ‘
| ’.\

’

Figure 5.6. Contour maps of the Compound T-61 (A), Compound T-62 (B) and
Compound T-64 (C) obtained from CoMFA study.

From the CoMFA contour maps of the most active molecule generated by the CoOMFA
study (Compound T-62) it was seen that the phenyl moiety of the compound substituted
at the 1-position of the tetrahydroisoquinoline ring has entered into a steric favorable area
(green) [Figure 5.6] indicated toward the positive influences of the bulky steric group
substitution at the 1-position of the tetrahydroisoquinoline ring for the higher HDACS
inhibitory potency. Additionally, near the area-A Figure 4.1(A) of the
tetrahydroisoquinoline moiety, a steric unfavorable region (yellow) has been shown
which suggested detrimental effects of the bulky steric group substitution at that position
for the activity. It is seen that the compounds (Compounds T-1 to T-32) possessing
oxymethyl hydroxamate function at that position may be a crucial factor for reducing
their HDACS inhibitory activity [Banerjee et al. 2019b].

Also, a steric unfavorable region (yellow) was shown by the contour in the area-A of the
scaffold of Figure 4.1(A) Compounds suggesting the unfavorability of bulky steric
substitution at that position for the activity. Compounds T-1 to T-32 which possesses an

oxymethyl hydroxamate group at that position is maybe an important factor for reduction
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of the HDACS inhibition of those compounds. Also, the backbone structure of these
compounds was encompassed by a bigger steric unfavorable region suggesting bulky
steric substitution at this position is unfavorable for the activity.

In case of the effects of the electrostatic fields toward the activity of these compounds, it
is seen that an electrostatic unfavorable region (red) is present proximal to the
hydroxamate function. This may be suggesting that greater electronegativity shown by
the group at that position may produce better coordination with the catalytic Zn>" ion of
HDACS. The importance of that nitrogen atom for the activity of these compounds was
indicated by an electrostatic unfavorable region proximal to the tetrahydroisoquinoline
heterocyclic nitrogen atom. A heterocyclic favorable electropositive (blue) field was
observed at a distance from the molecule. From these observations, the CoMFA study
may be clearly indicated toward the significance of the different substitutions at R, Rj
and R4 positions of the tetrahydroisoquinoline moiety for regulating the HDACS

inhibitory potency of these molecules [Banerjee et al. 2019b].

5.1.4. H-QSAR study

During the development process of H-QSAR model on these tetrahydroisoquinoline
derivatives, different combinations of carbon atom (C), bond (B), atom (A), chirality
(Ch), hydrogen atom (H) and donor-acceptor feature (DA) are used for the model
construction in which a few of these models were unable to cross-validation criteria
because of their lower R?,, values (acceptable limit < 0.5) (Table 5.5). On the basis of the
highest values of the internally validated R’ value of the models, Model-A (chv =0.576)
was identified as the best model among all the constructed H-QSAR models (Table 5.5).

Table 5.5. Summary of the constructed H-QSAR model of the tetrahydroisoquinoline

analogs.

Model Fragment distinction Rey K SE Length Component
A/B/C 0.576 0.395 353 2
A/B/H 0.461 0.383 353
A/B/Ch 0.525 0.360 59
A/B/DA 0.503 0.425 307
A/B/C/H 0.541 0.402 53
A/B/C/Ch 0.564 0.389 353
A/B/C/DA 0.518 0.376 353
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A/B/H/Ch 0476 0.699 0.381
A/B/H/DA 0476 0.632 0418
A/B/Ch/DA 0.503 0.607 0.428
A/B/C/H/Ch 0.517 0.661 0.401
A/B/C/Ch/DA 0.518 0.627 0.417
A/B/C/H/DA 0476 0.710 0.374
A/B/H/DA/Ch 0471 0.673 0.397
A/B/C/H/Ch/DA 0.481 0.720 0.368
N.B.: Bold faces indicate the best model.

NN PN NS RS I \S JRUS NN

The development of the Model-A was done using different fragment distinctions of C, B
and A along with the atom counts exhibited an R’ of 0.664 and a SE of 0.395. To judge
the superiority of the model, further development was das using different atom counts
which yielded the best model with an atom count of 4-7 according to its chv value,

highest with respect of the other models (Table 5.6). The external validation of this

model provided a predicted R’ value Rzpwd = 0.795 which suggested that the model

successfully passed bothe internal and external validation criteria [Banerjee et al. 2019b].
Additionally, the H-QSAR generated contour maps of the compounds T-61, T-62 and T-
64 are provided in Figure 5.7.

Table 5.6. Summary of the atom counts of model-A of H-QSAR study

Model Atom Coun RZCV R’ SE Length Component
A-1 1-4 0.484 0.660 0.405 59 4
A-2 2-5 0.535  0.654 0.405 59
A-3 3-6 0.564 0.672 0.391 257
A-4 4-7 0.57¢ 0.664 0.395 353
A-5 5-8 0.573  0.684 0.387 53
A-6 6-9 0.552 0.699 0.377 61
A-7 7-10 0.554 0.693 0.381 61
N.B.: Bold faces indicate the best model.

The model generated fragments, displayed their significance in the modulation of the
HDACS inhibitory potency of these compounds in different colour coding such as
greenish-blue and green coloured fragments denoted their positive effects whereas the
orange-red and red coloured fragments pointed at the fragments with a detrimental impact
on the activity. Interestingly for most active compound (Compound T-62), the presence
of only green and yellow fragments reflected their positive influence in HDACS
inhibitory activity of the compounds such as the green coloured carbon fragments,

noticed in the fused phenyl ring of the scaffold. From the tetrahydroisoquinoline ring, two
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hydrogen atoms of the marked in yellow colour including a hydrogen atom in green
colour reflected their positive influence for HDACS8inhibitory potency of the compounds

T-62 and T-64 (Figure 5.7).

Compound T-61

Lompnund T-64

Figure 5.7. Contour maps of compounds T-62, T-61land T-64 generated by HQSAR

model.

The fragments compound showing white colour fragments indicate their moderate or
ineffectiveness toward the HDACS inhibition. Also, no red or orange-red fragments were
noticed in case of all the three compounds (Compounds T-61, T-62, T-64). Nevertheless,
some similar fragments with similar contributions were also seen both the most active
(Compound T-62) and the least active compound (Compound T-64). However, the other
least active compound (Compound T-61) displayed dissimilarity and exhibited just a
yellow coloured carbon atom in the fused phenyl ring of its tetrahydroisoquinoline
scaffold presenting a moderately positive influence toward its activity. No red or red-
orange coloured fragments were compound T-61 also (Figure 5.7). Therefore, the
HQSAR study signified the importance of tetrahydroisoquinoline ring along with 1-
phenyl group substitution near the alkyl hydroxamate function of these compounds for

higher HDACS inhibition [Banerjee et al. 2019b].

88




Chapter 5: Result Discussion

5.2. Study of the diverse large dataset of Hydroxamate derivatives

5.2.1. Bayesian classification study

The employment of the fragment-based Bayesian classification technique was quite
helpful in order to identify important molecular fragments influencing HDACS inhibitory
activity of these diverse set of hydroxamate derivatives obtained from the Binding
database. Three different Bayesian models were constructed using the molecular
properties of these compounds, combining the molecular properties with the Extended
connectivity fingerprints of diameter 6 (ECFP_6) and also combining the molecular
properties of these compounds along with the FCFP_6 descriptors of these molecules.
The study disclosed a total of different substructural fragments of these molecules
responsible for modulating the HDACS inhibitory activity. The molecular fingerprints are
shown in Figure 5.8-Figure 5.11 respectively. Among the total 593 compounds of this
dataset (ZTable 4.2), 455 compounds were taken to construct the training set where the
remaining 148 compounds were taken as the test set to conduct this classification based
molecular modeling studies. The results of a ROC based statistical analysis on the
constructed Bayesian model was also appeared to statistically significant for these
models. The other statistical parameters of both the sets (training set and test set) are

displayed in Table 5.7.

Table 5.7. Statistical parameters of the constructed Bayesian classification models.

Model Descriptors Set ROC ROCcy TP FN FP TN Se Sp

1 MP Training 0.717 0.688 170 79 60 136 0.683 0.694
Test 0.673  -- 39 41 10 58 0.487 0.853
Training 0.853 0.838 190 59 11 185 0.763 0.944
Test 0.855  -- 53 27 9 59 0.662 0.868
Training 0.846 0.829 188 61 14 182 0.755 0.929
Test 0.847  -- 53 27 10 58 0.622 0.853
Se: Sensitivity; Sp: Specificity; Con: Concordance; ROC¢y: Five-fold cross-validated

ROC score.

I MP ECFP 6

Il MP, FCFP 6
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4.2.1.1. Statistical outcomes of the Bayesian models

From the above statistics, it is clearly seen that Model-I with only the molecular
properties of the molecules such as AlogP, MW, FPSA, nAR, nHBA, nR, nHBD, nRB
depicted that they do have contributions for modifying the HDACS inhibitory potency of
these molecules and provided a five-fold cross-validation ROC score of 0.688 for the
training set, depicting their poor discriminant power for the Model-I. Moreover, it
provided the Se and Sp values for the training set compounds as 0.683 and 0.694,
respectively (for Model-I). The overall prediction accuracy of the training set was 67.3%
as per model-1.

On the other hand, other two models (Model-II and Model-III) containing the molecular
properties along with the molecular fingerprints (ECFP_6 and FCFP 6) were able to
provide better discrimination for the compounds of this diverse set of hydroxamate group
containing HDACS inhibitors than the Model-I. The Model-II, constructed using the
ECFP_6 and the molecular properties of these compounds, was able to provide a ROC
value of 0.853 and 0.855 for the constructed training and the test set compounds
respectively. The Model-II also provided ROC score (ROCc¢y) of 0.838 for five-fold
cross-validation along with a sensitivity of 0.763 and specificity of 0.944 for the training
set with an 84.3% accuracy.

The Figure 5.8 and Figure 5.9 shows the Model-II generated good and bad molecular

fingerprints generated respectively.

While discussing the third model constructed using the molecular properties and the
FCFP_6 descriptors (Model-III), the model produced statistical outcomes almost similar
to the outcomes of the Model-II. This model provided a ROC score of 0.846, ROC¢y of
0.829, sensitivity 0.755 and specificity of 0.929 for the training set with an overall
prediction accuracy of 84.7%. Additionally, Figure 5.10 and Figure 5.11 shows the
Model-III generated good and bad molecular fingerprints respectively.

From the study of these statistical outcomes, it was observed that the Model-II and
Model-III provided a good amount of discrimination capability for these hydroxamate

derivatives better than the Model-I. These models were also able to identify the
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significant molecular fingerprints of these molecules responsible for modulation of the

HDACS inhibitory potency of these molecules.

5.2.1.2. Analysis of the ECFP_6 fingerprint descriptors generated molecular
fingerprints (Model-11)

The molecular fragments with positive effects on HDACS inhibitory potency of these
HDACS inhibitors, generated by the ECFP_6 descriptors are provided in Figure 5.8.
From these fingerprints it is observed that the sub-structure G1-G4 reflected the
beneficial effects of the meta-acryl group substituted phenyl ring for the inhibitory
activity of these compounds against HDACS, suggesting the meta-substituted phenyl ring
may act as a linker group of these HDACS inhibitors for better HDACS inhibition.
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Figure 5.8. The good molecular fingerprints generated by ECFP 6 fingerprint descriptor
of Model-II
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The molecular fragments G5-G7, G10-G13, and G16 suggested about the N-substituted
2-phenyl imidazole moiety as a positive influencer of the activity of these compounds.
Substructural feature G5 also shows the importance of olefinic bond substituted at 3-
position of the phenyl ring. Moreover, G5-G7, G12, G16, G18-G19 substructures have
structural similarity with substructure and represent N-substituted-2-phenyl imidazole
which reflects the importance of m-substitution at the phenyl ring for the better HDAC8

inhibition.

Figure 5.9. The bad molecular fingerprints generated by ECFP_6 fingerprint descriptor
of Model-II

The molecular fingerprints G8 and G9 represented the N-substituted benzimidazole
moiety as an important and good moiety for the activity of these compounds. This might

suggest the role of the benzimidazole moiety as a cap group for the better interaction
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inside the HDACS active site. The sub-structure G14 and G15 may display the positive
effects of the N-piperidine substituted imidazole, benzimidazole or pyrrole moiety on the
inhibitory activity of these molecules against HDACS activity. Also, the fragment G17
indicated the n-alkyl group substitution at the imidazole heterocyclic nitrogen atom as a
positive influencer for the activity whereas G20 identified the hydroxymethyl moiety as a
good substructure for HDACS inhibition.

Bad molecular sub-structures produced by ECFP 6 fingerprint descriptors having
negative effects on the HDACS inhibitory potency are provided in Figure 5.9. The sub-
structure B1, B4, B6-B7, B11, B14, and B19 may signify the negative influence of the
quinazoline, naphthyridine and pyrimidine moiety for the HDACS inhibitory activity of
these compounds. It may suggest that these moieties are a poor surface recognition factor
for the compounds and as a cap group either does not provide good interaction with the
active site amino acid residues of the HDACS or hinders the entry of the molecule inside

the narrow pocket of HDACS because of its large structure.

Sub-structure B2 and B3 signified that the N, N-biaryl group in the cap group can
decrease the HDACS inhibitory activity of the compounds. Moieties like aryloxy alkyl
groups (B5, B10) and 2-substituted pyrrolidine groups (B9) are also suggested as a
detrimental moiety for the activity of these compounds. The molecular fragments B12
and B17-B18 indicated the detrimental effects of the oxazole moiety in the structure for
their HDACS inhibition. The sub-structures B13, B15, B16, B17, and B20 demonstrated
the presence of oxazole is detrimental as the liker motif of the compound for their
HDACS inhibition. This also proposes to eliminate the oxazole-3-hydroxamate group as

the liker-ZBG motif for better HDACS inhibition of these compounds.

5.2.1.3. Analysis of the FCFP_6 fingerprint descriptors generated molecular
fingerprints (Model-111)

The sub-molecular fragments with beneficial effects and the detrimental effects on the
inhibitory potency of these compounds against HDACS activity, fabricated by the
FCFP 6 fingerprint descriptors are furnished in Figure 5.10 and Figure 5.11

respectively.
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By studying the molecular fingerprints delivered by the FCFP 6 fingerprint descriptors
of the Model-III, it is observed that many of the good molecular fingerprints such as the
G21-G33 and G36-G37 are almost identical with the fingerprints produced by the
ECFP 6 fingerprint descriptors of Model-Il. All these descriptors seemed to be
suggesting the constructive effects of the acrylamide group, N-substituted benzimidazole
moiety, N-piperidine substituted imidazole, benzimidazole and pyrrole moiety on the
HDACS inhibition of these compounds. Additionally, the FCFP 6 fingerprint
descriptors provided some other fingerprints such as the molecular fingerprint G34
displayed branched alkyl chain substituted pyrrole moiety and the fingerprint G35 and
G39 suggested the n-alkyl group substituted imidazoline moiety as good contributors for

the activity of these compounds.

Figure 5.10. The good molecular fingerprints generated by FCFP_6 fingerprint
descriptor of Model-III
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In case of the bad molecular substructures with detrimental effects on the HDACS
inhibitory potency of these compounds, the FCFP 6 fingerprint descriptors produced
some molecular sub-structures such as B21-B24, B26 and B29-36 are similar to the bad
molecular sub-structures provided by ECFP _6 fingerprint descriptors from Model-II.
Besides, there are also some new FCFP_6 fingerprint descriptors generated molecular

fingerprints by Model-IL

Figure 5.11. The bad molecular fingerprints generated by FCFP_6 fingerprint descriptor
of Model-III

The molecular sub-structure B25 and B27 indicated the detrimental effects of the thiazole
moiety in the linker motif of the compounds as well as the thiazole hydroxamate group as
the linker-ZBG moiety for these hydroxamate derivatives. The molecular fragment B38
also suggested the presence of the 2-carnoxamino group substituted piperidine moiety in

the structure of the compounds can be detrimental toward HDACS inhibitory potency of
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these HDACS inhibitors. Moreover, the sub-structures B37 and B39-B80 depicted that
the presence of 2-carboxamino group substituted tetrahydroisoquinoline moiety or the 6-
oxyalkyl group substituted tetrahydroisoquinoline moiety either in the cap group or in the
linker motif of the compounds can be negatively correlated with HDACS inhibitory
potency of these HDACS inhibitors.

.5.2.2. Recursive partitioning study

For the construction of more understandable and precise classification based models,
Recursive Partitioning (RP) study is conducted on the large dataset of diverse
hydroxamate group containing HDACS inhibitors by forming the decision trees for the
classification of these ligands into the group of compounds like the active compounds and
inactive compounds [Chen et al. 2011, Halder et al. 2013, Adhikari et al. 2016].

The decision trees for the recursive partitioning models are constructed by the molecular
properties (MP) and fingerprints like ECFP 6 and FCFP_6. Different combinations of
molecular properties and the molecular fingerprints were used to find the best
combination. Five-fold cross-validation method was employed to understand the best
predictive performance of the constructed models. The statistical performances of the RP
models are shown in Table 5.8. From the ROCcy values generated by the five-fold cross-
validation and the externally validated ROC score (ROCr,y), it is observed that the RP
model with the different molecular properties of these molecules along with the ECFP_6
fingerprint descriptors showed the best results among the three constructed RP models.
While comparing the RP model based on molecular properties and the models based on
the molecular properties and the fingerprints descriptors it is observed that the addition of
the molecular fingerprint descriptors are able to significantly improve the classification

where the model provided several significant molecular fingerprints also.

Table 5.8. Comparison of the ROC, ROC¢y and the ROCrgsr values of the PR models.

Model Descriptors ROC ROC¢y ROCrey
Model-1V Molecular Properties 0.816 0.723 0.710
Model-V Molecular Properties + ECFP_6 0.908 0.773 0.848
Model-VI ~ Molecular Properties + FCFP 6 0.896 0.750 0.813
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From this observation, it can be said that the molecular properties alone are unable to
characterize the important sub-structures features which are important and provides a
significant contribution to the inhibitory potency of these molecules against HDACS.
Hence, the molecular fingerprints and with the molecular properties together were
employed as the molecular descriptors for the RP analysis. Through observations, it is
seen that considering these fingerprints during the model development can enhance the
model performance and shows better statistical outcomes while comparing with the
model developed using only the molecular properties of the compounds. Besides, Table

5.9 contains the statistical outcomes of Model-1V, Model-V, and Model-V1.

Table 5.9. Statistical outcomes of the constructed Recursive Partitioning models

Model Descriptors Tree Leaves ROC ROCcy TN FP FN TP ROCr.
1 0.816 | 0.723 | 151 | 45(63 |186| 0.710
0.801 | 0.715| 144 |52|55 |[194| 0.691
0.799 | 0.702 | 148 | 48|61 | 188 | 0.699
0.789 | 0.702 | 140 | 56|52 | 197 | 0.702
0.774 | 0.703 | 138 | 58|55 |194| 0.663
0.751 | 0.706 | 148 | 48|72 | 177 | 0.646
0.724 | 0.661 | 160 | 36| 104 | 145 | 0.698
0.705 | 0.602 | 149 | 47| 100 | 149 | 0.690
0.601 | 0.602 | 182 | 14| 181 | 68 0.555
0908 | 0.773 | 169 | 27|55 |194| 0.848
0905 | 0.770 | 169 | 27|55 | 194 | 0.851
0.851 | 0.770 | 158 | 3848 |201| 0.814
0.845| 0.767 | 160 | 36|56 | 193 | 0.808
0.836 | 0.740 | 15114549 |200| 0.811
0.814 | 0.740 | 154 |1 42|59 |190| 0.806
0.810 | 0.749 | 15713969 |180| 0.797
0.793 | 0.749 | 1593778 |171| 0.771
0776 | 0.752 | 1257146 |203| 0.765
0.667 | 0.654 | 186 10 96 | 0.608

0.896 | 0.750 | 1524435 |214| 0.813

0.891 | 0.741 | 1524435 |214| 0.813
0.852 | 0.745 | 1554147 |202| 0.799
0.850 | 0.745 | 1504642 |207| 0.798
0.832| 0.756 | 155 41|52 |197| 0.794
0.807 | 0.759 | 159 37|65 | 184 | 0.778
0.800 | 0.741 | 150 46|58 [ 191 ]| 0.760
0.797 | 0.741 | 15713973 | 176 | 0.758
0.781 ] 0.742 | 12373142 |[207] 0.751
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| \ |10 | 2 | 0680 | 0742|183 |13[143]106]| 0.618]
N.B.> MP: Molecular properties; Tree: Tree number; Leaves: Number of leaves.

5.2.2.1. Analysis of the molecular fragments produced by the RP models.

The Recursive partitioning model (Model-V) constructed using the molecular properties
and the ECFP_6 fingerprint descriptors produced 10 molecular fragments which it used
to split the decision tree to discriminate the HDACS inhibitors. These ECFP_6

fingerprints are given in Figure 5.12.

/\/)*::

RP10

Figure 5.12. ECFP_6 fingerprints obtained from RP Model-V

Regarding the ECFP 6 molecular fingerprints produced by the Model-V, all the
molecular fingerprints provide either good or bad influence on the HDACS inhibitory
activity of this large set of hydroxamate-based HDACS inhibitors. The fingerprint RP1
signified the importance of the cinnamoyl hydroxamate moiety whereas the fingerprint
RP6 suggested the importance of the methyl hydroxamate moiety for the activity of these
compounds. The sub-structure RP2 suggested the carboxyphenyl moiety as a regulating
factor for the activity. The importance of the carbonyl group for the activity of these
hydroxamate group-containing compounds is displayed by the model using the
fingerprint RP3 and the RP5 where the fingerprint RP5 not only signifies the importance
of the carbonyl moiety as well as the carboxamido group for these compounds.
Substructure RP7 and RP9 identified the importance of substitution at the meta- and the
para- positions of the phenyl ring of these compounds for their HDACS inhibitory

potency. The molecular fragment RP4 signifies the importance of the 5-membered
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heterocyclic moieties like pyrrole, pyrrolidine, etc whereas the RP10 signified the
ethylcarboxyl moiety for the HDACS inhibitory activity of these hydroxamate

derivatives.

B

RP22
Figure 5.13. FCFP_6 fingerprints obtained from RP Model-VI

In case of the FCFP 6 molecular fingerprints produced by the FCFP 6 fingerprint
descriptor used in the Model-VI also identified a group of 14 molecular fragments
important to the HDACS inhibitory activity if these hydroxamate derivatives which are
used to split the compounds into active and inactive. The molecular fingerprints produced

by the FCFP_6 molecules are provided in Figure 5.13.

The molecular fingerprint RP11signified the importance of cinnamoyl moiety for the
activity of the compounds whereas the fingerprint RP12 and RP23 suggested the
importance of the meta-aryl carboxamind aryl moiety as an important molecular sub-
structure for the activity. Sub-structural feature RP13, RP15, and RP19 indicated the
importance of the ortho-, para- and meta-amino phenyl group for the activity of these
compounds. The molecular fragment RP16- RP17 suggested the ortho- and para-di

substituted benzyl moiety as an important structural feature whereas the fingerprint RP21

99




Chapter 5: Result Discussion

suggested para-bromo phenyl group as an influencer for the activity of the compounds.
Fragments RP18, RP22, and RP24 suggested the ethyl amino, n-heptyl and methylene
groups respectively as important fragments to identify the active and the inactive
compounds from this diverse large dataset of hydroxamate group containing HDACS
inhibitors. The fingerprint RP14 and RP20 helped to identify the significance of the
tertiary nitrogen atom and the 3-substituted furan ring for the activity of these

compounds.
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Using the observations of this study on these HDACS inhibitors, a group of newer
molecules HDACS inhibitors (Compounds N-1 to N-6) is designed (Table 6.1) and the
Equation 5.1 is used to predict the HDACS inhibitory activity of these compounds.

Table 6.1. Newer designed HDACS inhibitors with higher predicted HDACS inhibitory
activity.

Scaffold-A Scaffold-B

NH

OH

Cpd  Scaffold R, (111% pIC50°

N-1 CONH4-BrPh 6.90 8.161
N-4° Bnz (S)-CONH4-BrPh | 255.00 | 6.593
N-2 (1H-isoindol-1-yl)methyl CONH4-OMePh 5.73 8.242
N-5¢ (1H-isoindol-1-yl)methyl | (S)-CONH4-OMePh | 87.35 7.059
N-3 CO-O-Bnz CONH4-OMePh 5.36 8.271
N-6° CO-O-Bnz (S)-CONH4-OMePh | 122.70 | 6911

a: HDACS inhibitory activity predicted by Equation 5.1;

b: Reported HDACS inhibitory activities are provided for the purpose of comparison.

c:Compounds possess (S)-conformation at the 1-position of their scaffold-B.

From the predicted activity of these compounds, it is observed that these newly designed
molecules (Table 6.1) provided higher predicted activity (Compounds N-1 to N-3) for the
naphthyl derivatives over their tetrahydroisoquinoline analogs (Compounds N-4 to N-6).
As per the suggestions of the 2D-QSAR study, these newly designed molecules depicted
the carboxy amidophenyl (CONH4-OMePh) moiety and bulky steric groups as important

factors for higher HDACS inhibition. The Bayesian classification studies showed the
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tetrahydroisoquinoline scaffold as a negative influencer for HDACS inhibition. The
newer designed HDACS inhibitors (Table 6.1) also preferred the naphthyl moiety as a
better cap group than the tetrahydroisoquinoline moiety for higher activity against

HDACS [Banerjee et al. 2019b].
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7.1. Observation and Conclusions of the preliminary study of small dataset

In the preliminary study, the multi-QSAR analysis of the tetrahydroisoquinoline
hydroxamate derivated HDACS inhibitors was successfully able to identify several
significant molecular features of these compounds responsible for regulating the
biological activity of the compounds. The summary of these outcomes are graphically
represented in Figure 7.1 which also resembles with the SAR study of these HDACS
inhibitors [Zhang et al. 2010, Zhang et al. 2011a, Zhang et al. 2011b, Taha et al. 2017].
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Figure 7.1. Schematic represented a summary of the outcomes of the multi-QSAR study

on the tetrahydroisoquinoline hydroxamate-based HDACS inhibitors.

From the results of the 3D- and 2D-QSAR studies conducted on these HDACS inhibitors
suggested the detrimental effects of the R; substitution of the scaffold in area-A on their
HDACS inhibition. Substitution of the oxymethyl function at the R; position of several
compounds (Compounds T-1 to T-59 and T-74 to T-81) was suggested to provide
negative influence on the HDACS inhibition of these inhibitors and was displayed as bad
molecular structures by the Bayesian classification study. The unsubstituted hydrogen

atom present at the R; position of the most active compounds of the series (Compound T-
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62) was displayed as a good fragment for HDACS inhibition by the H-QSAR study. The
steric unfavorable field near the R; position showed in the 3D-QSAR CoMFA generated
contour maps also suggested the unfavorability of steric substitution at that position.
During the observation of the substitutions present at the R, and Rj positions of the
scaffold (area-B), the substitution of the bulky steric group in those positions was
suggested to be beneficial for the activity by the 2D-QSAR study. Substitution of
different groups such as Boc, carboxy aryl alkyl, carboxy aryl groups along groups with
larger van der Waal volume was also suggested to provide beneficial effects on the
activity. The Bayesian classification study also found the Boc group as a good molecular
fragment for higher HDACS inhibition. The CoOMFA generated contours showed a steric
favorable field near the area-B substitutions (R, and Rj3 positions) and suggested bulky
steric group substitution at that area have a chance to increase the activity of these
HDACS inhibitors. The 2D molecular descriptor VCH-6 and mintHBint3 signified the
importance of the alkyl chain length of these compounds in the area-B for their activity
while suggested detrimental effects of larger alkyl chain length at that area for the activity
of the compounds (Compounds T-28 to T-32 and T-61). The Bayesian study suggested
ethyl hydroxamate group as good fingerprint for HDACS indicating that 2 carbon
distance between the ZBG (hydroxamate moiety) and the surface recognition group
(tetrahydroisoquinoline scaffold) of these tetrahydroisoquinoline derivated compounds
(Compounds T-63 and T-65 to T-73) as the optimal distance for better HDACS
inhibition. Also, the most active compound of this series contained an n-butyl linker in its
structure which suggests that the 2-4 carbon distances between the ZBG and the cap of
these compounds may provide optimal distance for better HDACS inhibition.

For the substitutions of the R4 position of area-C, it is seen that the Bayesian
classification study suggested the tetrahydroisoquinoline moiety along with its R; and R4
substitution as a detrimental feature for the HDACS inhibition of these compounds where
the 2D-QSAR study identified the R4 4-methoxy phenylamino carboxyl moiety as
positive contributor toward the activity of these compounds. The H-QSAR study
identified the unsubstituted nitrogen atoms present at the R4 position of the most active
compound (Compound T-62) as the positive contributors for the activity while suggesting

the importance of the tetrahydroisoquinoline moiety for HDACS inhibition. This
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incidence might be occurring due to the dual-role played by the tetrahydroisoquinoline
scaffold itself for these compounds. For the compounds T-1 to T-59 and T-74 to T-81,
because while having the hydroxamate group at the R; and 4-methoxyphenyl amino
carboxy group at R4 positions, the tetrahydroisoquinoline ring acts as the linker motif
where the hydroxamate group acts as the ZBG and R4 substitution as the cap group
(Zhang et al. 2010). On the other hand, for the compounds T-60 to T-73 the
tetrahydroisoquinoline group serves as the cap moiety with its R, substitution where the
R3 n-alkyl hydroxamate group serves as the linker and the ZBG groups respectively
(Taha et al. 2017). Hence, this study may have suggested that the tetrahydroisoquinoline
group might be more beneficial for HDACS inhibition as the cap group instead of acting
as a linker motif.

Additionally, the newly designed compound (Compounds N-82 to N-87) suggested that
the replacement of the tetrahydroisoquinoline moiety with other fused ring containing
moieties like the napthyl group can be more effective than their corresponding
tetrahydroisoquinoline analogs. This work is accepted for publication in the Journal of

Biomolecular Structure and Dynamics [Banerjee et al. 2019b].

7.2. Observation of the Classification study conducted on the diverse large dataset of
hydroxamate derivatives

7.2.1. Observation of the Bayesian classification study

Bayesian classification study on the dataset containing diverse group of hydroxamate
containing HDACS inhibitors was conducted using different combinations of molecular
properties of the molecules, the ECFP 6 and the FCFP_6 fingerprint descriptors, it is
observed that the molecular properties such as AlogP, MW, FPSA, nAR, nHBA, nR,
nHBD, nRB of these compounds are unable to discriminate these compounds into active
and inactive thus provided poor statistical outcomes. On the other hand, the addition of
the fingerprint descriptors such as the ECFP 6 and the FCFP 6 molecular descriptors
are able to discriminate these molecules in the active and inactive quite well and provided
better statistical outcomes in comparison with the model constructed using only the
molecular properties of these compounds. Although the statistical outcomes provided by

the models containing the ECFP_6 and the FCFP 6 descriptors provided almost similar
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outcomes, the model containing the ECFP_6 descriptors provided a better result than the
model containing the FCFP_6 descriptors.

In case of the molecular fingerprints provided by the ECFP 6 and FCFP_6 descriptors,
many of the molecular fingerprints were identical to each other. The Bayesian study on
these hydroxamate derivatives suggested that bulky groups like phenyl imidazole or
benzimidazole moiety can be suitable as the cap/surface recognition feature for these
compounds whereas the presence of groups like quinazoline, naphthyridine,
tetrahydroisoquinoline and pyrimidine moiety in the cap group of the moiety can be
detrimental for HDACS inhibitory potency of these compounds. Also, this study
indicated the beneficial effects of the piperidine, pyrrole and pyrrolidine moiety in the
cap group for the activity of these compounds. In case of the linker motif, the presence of
oxazole, thiazole, tetrahydroisoquinoline moiety and the n-alkyloxy phenyl moiety in the
linker motif, of these compounds is also suggested to be detrimental toward the potency
of these compounds. Additionally, the study indicated that the meta-alkyl group
substituted phenyl ring in the linker region of these compounds can be beneficial for the
activity of the compounds might be suggesting a lesser number of rotatable bonds in the

linker moiety as an important factor for the HDACS inhibition of these compounds.

7.2.1. Observation of the Recursive partitioning study

By studying the outcomes of the recursive partitioning study conducted for this diverse
set of hydroxamate group containing HDACS inhibitors, it is observed that the model
constructed using the molecular properties of these compounds cannot split the
compounds into the active and the inactive compounds properly. In addition to the
fingerprint descriptors with the molecular properties are able to discriminate these
compounds much more efficiently and provided better statistical outcomes. This was also
observed in case of the Bayesian classification study of these compounds, suggesting the
importance of the fingerprint descriptors like ECFP_6 and FCFP_6 in the identification
of the molecular factors responsible for regulating the HDACS inhibitory potency of
these molecules.

The constructed recursive partitioning models also produced a total of 24 molecular
fragments containing 10 ECFP_6 and 14 FCFP_6 molecular fragments which the RP

models used to split the decision tree and to discriminate these compounds into active and
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inactive HDACS inhibitors. The study revealed some of the important molecular
fragments such as, meta-carboxy amido benzyl phenyl, furan, 4-bromo phenyl, 3-alkyl
amino group substituted phenyl ring for the HDACS inhibitory potency of the compounds
which may indicate that presence of such groups in the cap group can affect the
interaction of the surface recognition group of these compounds inside the HDACS active
site. Besides these molecular fragments, the study also suggested several linear groups
like n-alkyl group, n-alkyl amino group, phenyl amino carbonyl moiety, 4-alkyloxy
benzyl moiety along with cinnamoyl group have significant importance in the HDAC8
inhibition of these molecules. This may suggest that the presence of such groups in the
linker region can affect the binding of the ligand inside the long and tunnel-like pocket

HDACS which might alter the HDACS inhibitory activity of the compounds.

Finally, from both the Bayesian classification study and the Recursive partitioning study
of this diverse large set of hydroxamate containing HDACS inhibitors it is observed that
the Bayesian and the Recursive Partitioning studies were very efficient techniques to
study the regulatory factor influencing the activity of these compounds. These studies
were helpful to identify a different important sub-structural molecular fragment which
influences the HDACS inhibitory activity of these compounds but also able to
discriminate the molecular fragments with the positive and negative influences of the

activity of these hydroxamate derivatives.
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From this study, it was observed that the enzymatic activity of the HDACS isoform is
correlated with a large group of cancer and other pathophysiological disorders. Hence,
the designing of HDACS selective inhibitors for effective HDACS inhibition is a major
concern in order to combat cancer and pathophysiological conditions influenced by the
activity of HDACS through various mechanisms. Also, it is seen that in this effort to
design HDACS specific potent inhibitors, numerous molecules containing a variety of
different pharmacophoric features provided a wide range of HDACS inhibition. Besides
the synthetic approaches, employment of different computational and molecular
modeling based techniques are also performed to identify and screen potent HDACS
inhibitors from different databases. Our group is also one of them, trying to explore the
HDACS enzyme and in order to design target-specific HDACS inhibitors with higher
HDACS inhibitory activity [Amin et al. 2017a, 2017b, 2018a, 2018b, Halder et al. 2015].

From the different SAR studies, it was observed that there are a number of ZBG groups
for the HDACS inhibitors are available for chelation with the Zn>" ion of HDACS. It was
noticed that hydroxamic acid moiety is more suitable as the ZBG for the HDACS
inhibitors than the other groups [Amin et al. 2017a, 2018b]. On the other hand as for the
cap and the liker moiety it is observed that there are several groups and factors such as,
the presence of tertiary nitrogen, aromatic heterocyclic groups, alky chain, alkyl chain
length, unsaturation in the cap and linker moiety, aromatic ring substitutions, moieties
like carboxamido, alkyloxy, aryloxy-alkyl groups, hydrogen bond donor and acceptor
groups which may affect the function of the cap and the linker moieties as well as the
activity and the selectivity of the HDACS inhibitors. Additionally, hydrophobicity of the
surface recognition group and the unsaturation in the cap moiety may provide better
interaction in the HDACS pocket while increasing the selectivity and potency of the
compounds. As for the linker moieties of the HDACS inhibitors, it is seen that, though
the hydroxamate function of the compounds is an excellent zinc binder for HDACS8
inhibition, a linker moiety must provide the optimal distance to interact the cap and the
ZBG at their proper site of interaction inside the HDACS8 pocket and any further
interactions of the linker moiety inside the HDACS active site may be more convenient
for the compound to provide better HDACS inhibition.
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Nevertheless, the chemo-metrics and computational studies seemed to be an effective tool
in order to identification, screening, and designing of target-selective HDACS inhibitors.
These techniques along with the molecular docking and study of the available ligand-
bound crystal structures of HDACS are quite useful to identify and extract the essential
structural features of the HDACS inhibitors for better comprehension of the ligand-
protein interaction inside the HDACS active. Hence, studies like quantitative structure-
activity relationship (QSAR), quantitative structure-selectivity relationship along with
database screening, molecular docking and synthetic approaches can be able to provide
the desiring potent and target specific HDACS inhibitors in future in order to combat the
pathophysiological disorders, cancer conditions, epigenetic disorders and diseases related

to the abnormal activity of the HDACS8 enzyme.
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ABSTRACT

The histone deacetylases (HDACs) enzymes provided crucial role in transcriptional regulation of cells
through deacetylation of nuclear histone proteins. Discoveries related to the HDAC8 enzyme activity
signified the importance of HDAC8 isoform in cell proliferation, tumorigenesis, cancer, neuronal disor-
ders, parasitic/viral infections and other epigenetic regulations. The pan-HDAC inhibitors can confront
these conditions but have chances to affect epigenetic functions of other HDAC isoforms. Designing of
selective HDACS inhibitors is a key feature to combat the pathophysiological and diseased conditions
involving the HDACS activity. This review is concerned about the structural and positional aspects of
HDACS in the HDAC family. It also covers the contributions of HDAC8 in the pathophysiological condi-
tions, a preliminary discussion about the recent scenario of HDAC8 inhibitors. This review might help to
deliver the structural, functional and computational information in order to identify and design potent
and selective HDACS8 inhibitors for target specific treatment of diseases involving HDAC8 enzymatic
activity.
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ABSTRACT

Zinc-dependent ADAM17 takes part in a number of life-threatening conditions such as inflammatory
diseases, cancer, Alzheimer's disease and rheumatoid arthritis. Therefore, ADAM17 may be a valuable
target to design specific inhibitors for combating these diseases. In this scenario, it is a challenging task to
design specific ADAM17 inhibitors as none of the earlier investigated compounds has come into the
market as a potential drug candidate. Here, molecular modelling including 2D-QSAR, HQSAR, Bayesian
classification, pharmacophore mapping and molecular docking studies of arylsulfonamides were per-
formed to explore the structural and pharmacophoric requirements for exerting higher ADAM17
inhibitory activity. All these molecular modelling approaches were validated individually and these were
statistically significant and reliable. The bulky steric and hydrophobic P1’ substituents at the para po-
sition of the arylsulfonamido moiety favoured ADAM17 inhibition that supported and validated by
molecular docking study. These crucial observations of arylsulfonamides may be considered for
designing higher effective ADAM17 inhibitors in future.

Molecular docking

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

A disintegrin and metalloproteinase 17 (ADAM17), a zinc-
dependant metalloenzyme, is a type [ proteolytic enzyme
adhered to the cell membrane. It belongs to the adamlysin family of
protease enzymes under M12 subfamily of the subclan M under
metalloproteinase clan MA [1-3]. ADAM17 is found to be involved
in the shedding of several cytokines. The structural characterization
of ADAM17, also known as Tumour necrosis factor-o. converting
enzyme (TACE), provides information about the large extracellular
region comprising a number of domains. The cystine switch motif
belongs to the prodomain regulates the activation and inactivation
of the enzyme through coordination with the catalytic Zn>* ion of
the catalytic or metalloproteinase domain. The catalytic domain of
the enzyme consists of the catalytic zinc ion which is responsible
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for the proteolysis. The catalytic domain also provides the specific
characteristics for the identification of the enzyme for being a
member of the metalloproteinase family. The presence of the dis-
integrin domain next to the catalytic domain is known as the
ectodomain having a C-shaped structure to increase the stiffness of
the ectodomain. The membrane proximal domain (MPD) adjacent
to the disintegrin domain supervises the enzymatic activity and
substrate binding [4,5]. The Conserved Adam Seventeen Dynamic
Interaction Sequence (CANDIS), a small amphiphilic helical region,
is observed between the MPD and the transmembrane region. The
CANDIS region assists the substrate recognition and substrate-
enzyme interaction [6]. A transmembrane region helps the pro-
tein to remain attached to the cell surface where the cytosolic re-
gion is located inside the cell cytosol [4,5,7]. This structural feature
of ADAM17 ectodomain resembles the structural characteristics of
some other metalloenzymes such as snake venom metal-
loproteinases (SVMs), ADAM-thrombospondin motifs (ADAM-TS),
membrane-type matrix metalloproteinases (MT-MMPs) and matrix
metalloproteinases (MMPs) [5]. Structures of ADAM17 and
ADAM10 ectodomains are almost identical to each other whereas
the metalloproteinase domain of ADAM17 resembles with SVM,
MT-MMP, MMPs and ADAM-TS that might explain the inhibition of
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ABSTRACT

Histone deacetylase 8 (HDACS) is one of the crucial HDACs responsible for influencing the epigenetic
functions of the body. Overexpression of HDAC8 is found to be involved in numerous disease condi-
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tions such as tumorigenesis, cell proliferation, cancer, viral infections, neuronal disorders and other epi-

genetic diseases. Therefore, inhibition of HDACS8 is a primary method to combat these diseases. In this
article, a multi-QSAR modeling study on tetrahydroisoquinoline derivatives was conducted to identify
important contributions of the structural features of these compounds toward HDAC8 inhibition. All
these QSAR modeling techniques were individually validated and justified the observations of each
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other. The results implied that the tetrahydroisoquinoline moiety may be effective as a cap group
than as a linker moiety for HDACS inhibition. Different substitutions at the tetrahydroisoquinoline scaf-
fold were also found to be crucial in modulating HDACS8 inhibition.

1. Introduction

The enzyme-mediated elimination of the lysine N-terminal
acetyl group from the nuclear histone proteins is known as
the deacetylation of histone proteins (Amin, Adhikari, & Jha,
2017a; Banerjee, Adhikari, Amin & Jha, 2019; Chakrabarti
et al, 2015; Zhang et al, 2010). Histone deacetylases
(HDACGs) cause deacetylation of the histone proteins and are
either Zn’" or NAD'-dependent deacetylases in nature
(Amin et al., 2017a; Banerjee et al, 2019; Bertrand, 2010).
These are found to regulate the DNA transcription process
(Amin et al, 2017a; Yuan et al, 2018; Zhang et al.,, 2010).
Apart from that, these HDACs are also associated with a
number of cell-signaling pathways and are connected to the
pathophysiological conditions and diseases (Amin et al.,
2017a, Chakrabarti et al., 2015). HDACs are sub-grouped into
four classes namely class | (HDAC1, 2, 3 and 8), class Il
(HDAC4-7, 9 and 10), class Il (SIRT1-7) and class IV
(HDAC11). Among four classes of HDAC family, only enzymes
of class Ill (SIRT1-7) are NAD*-dependent enzymes, whereas
other classes of HDACs are Zn*"-dependent metalloenzymes
(Amin et al, 2017a; Bertrand, 2010; Chakrabarti et al.,
2015, 2016; Gregoretti, Lee & Goodson, 2004; Seto &
Yoshida, 2014).

HDACS, one of the crucial class | HDACs, has been estab-
lished as a lucrative therapeutic target for the design and
discovery of small-molecule anticancer agents (Amin et al.,
2017a; Amin Adhikari, & Jha, 2018a, 2018b; Chakrabarti et al.,
2015, 2016). Overexpression of HDAC8 was related to a

number of diseases such as childhood neuroblastoma, leuke-
mia, tumor progression and cancers of lung, colon and pan-
creas (Amin et al, 2017a; Nakagawa et al, 2007; Oehme
et al, 2009). Moreover, the RNAi-mediated HDAC8 knock-
down has evidenced in the inhibition of human lung, cervical
and colonal cellular proliferation (Chakrabarti et al, 2016;
Nakagawa et al, 2007; Wu et al., 2013). Not only that the
role of HDAC8 has been highly implicated in case of different
hematological cancers or leukemias (Amin, Adhikari, & Jha,
2017b; Durst, Lutterbach, Kummalue, Friedman, & Hiebert,
2003; Higuchi, Nakayama, Arao, Nishio, & Yoshie, 2013;
Lutterbach & Hiebert, 2000). HDACS is also a significant fac-
tor of p53 mutation and tumors containing p53 mutation
(Wu et al.,, 2013). An influence of HDACS8 in the expression of
gelatinase enzymes (MMP-2 and MMP-9) affects cell invasion
and migration. Overexpression of HDACs including HDAC8
promotes the expression of MMP-9 and invasion in MCF-7
breast cancer cell lines (Amin et al., 2017 b; Park et al., 2011).

Apart from cancer, the involvement of HDAC8 in
Uukuniemi virus and Influenza-A infections and in schisto-
somiasis has also been observed (Chakrabarti et al., 2015;
2016; Marek et al., 2013; Yamauchi et al., 2011). Though a
number of HDAC inhibitors have been developed, only six
pan-HDAC inhibitors have been approved by the United
States Food and Drug Administration (USFDA) and the
Chinese Food and Drug Administration (CFDA). Moreover,
the lack of potent and selective HDACS8 inhibitors might be
one of the major challenges for the treatment of cancer
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