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Preface 

For several decades, "Cancer” has been a serious human threat to mankind, which is defined 

as a group of pathological conditions characterized by uncontrolled and abnormal cell 

proliferation. In recent times, it ranks among the prime reasons for mortality, with an 

exponentially increasing number of individuals affected globally. Moreover, the expensive and 

painful treatments required for cancer patients pose a substantial threat to both our society and 

economy. The onset and proliferation of cancer cells result from both internal and external 

factors. Numerous external factors, such as pollution, inadequate nutrition, radiation exposure, 

and lifestyle choices, contribute to alterations in the biological system, alongside internal 

factors like genetic mutations and irregular hormone regulation. 

Histone deacetylase 9 (HDAC9) is a class IIa and stands out as a crucial member of the HDAC 

family. The activity of HDAC9 primarily depends on tissue-specific gene expression, the 

recruitment of critical cofactors, and nucleo-cytoplasmic shuttling. It is involved in several 

pathological and physiological conditions related to various diseases, encompassing HDAC9 

as an appealing target for cancer, diabetes, and several other metabolic diseases. By altering 

histone acetylation at target genes, it has also been linked to lipid metabolism, atherosclerosis 

development, and macrophage polarisation. Furthermore, HDAC9 has been discovered as a 

significant risk factor for peripheral artery disease, myocardial infarction, and coronary artery 

disease. 

Additionally, the quantitative structure-activity relationship (QSAR) methodology quantifies 

the biological activity of molecules about their molecular structure through the development of 

mathematical correlation to predict the key structural factors influencing the activity of these 

compounds. As a result, a comparative molecular modeling technique is used in this study to 

examine a set of reported HDAC9 inhibitors that have a wide range of inhibitory activity and 

contain the hydroxamate group as the zinc-binding motif.  

The goal of this study is to find the significant structural fingerprints of the HDAC9 inhibitors 

that are essential for controlling inhibitory activity. Bayer's theorem is used in Bayesian 

classification QSAR studies, that utilize probability function. The recursive partitioning 

modeling is a non-linear classification-based QSAR approach that employs the chemical 

properties of compounds to generate a decision tree to differentiate these molecules in a binary 

fashion. Some of the important fingerprints of HDAC9 inhibitors regulating the activity have 

been discovered in this work. In addition, the molecular docking study was processed for  
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generating the protein-ligand complex which identified some potential amino acid residues for 

the binding interactions. Finally, the molecular dynamics study establishes the compounds' 

stability inside the core of the HDAC9 receptor.  

 

 

 

                                                                                             ------------------------------------------- 

                                                                                                              (Totan Das)     
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1. Introduction 

Epigenetic alterations affect DNA and histone structures, making them crucial for gene control. 

HDACs remove acetyl groups from lysine residues at the amino terminus of histones as seen 

in Figure 1 (Vaissière et al., 2008). HDACs primarily contribute to gene silence by condensing 

chromatin into a transcriptionally suppressed shape. Recent studies have found non-histone 

HDAC targets, including cytoplasmic and nuclear proteins (Nicolas et al., 2007). HDACs 

control cellular processes such as proliferation, differentiation, migration, and cell death by 

targeting both histone and non-histone targets. Recent research indicates that changing HDAC 

activity can lead to cancer in humans by affecting the acetylation of key oncogenic and tumor 

suppressor proteins (Clocchiatti et al., 2011).  

HDACs are classified into five classes based on their similarity to the original yeast enzyme 

sequences. HDACs are classified into three types: class I (HDAC1, HDAC2, HDAC3, and 

HDAC8), class IIa (HDAC4, HDAC5, HDAC7, and HDAC9), and class IIb (HDAC6, 

HDAC10). Class III HDACs consist of sirtuins 1-7, which rely on NAD+. The single HDAC 

in class IV is HDAC11 (Yang et al., 2005). 

HDAC9 is a class IIa HDAC and it have a conserved C-terminal catalytic domain with limited 

deacetylase activity and an N-terminal regulatory region that helps them interact with 

transcription factors (Yang et al., 2005). Class IIb HDACs differ from class IIa HDACs due to 

the presence of duplicated domains. Class IIa HDACs are larger (120-135 kDa) than other zinc-

dependent HDACs and have a unique ability to shuttle nucleo-cytoplasm (Milazzo et al., 2020). 

Class II HDACs have both a nuclear export signal (NES) and a nuclear localization signal 

(NLS), allowing them to move between the nucleus and cytoplasm (Milazzo et al., 2020). 

Asfaha et al. reviewed the structural properties of class IIa HDACs and their regulatory actions 

(Asfaha et al.,2015). Class IIa HDACs' nucleo-cytoplasmic trafficking is mostly determined 

by their phosphorylation status. Parra and Verdin et al. examined the kinases and phosphatases 

responsible for the nucleocytoplasmic location of class IIa HDACs (Para et al.,2010). 

DiGiorgio et al. recently evaluated the significance of posttranslational changes, including as 

ubiquitination, sumoylation, acetylation, and proteolytic cleavage, in regulating class IIa 

HDAC activity (Di Giorgio et al., 2015). 

Class IIa HDACs inhibit gene transcription in several tissues (Di Giorgio et al., 2015). Their 

action relies on tissue-specific gene expression, cofactor recruitment, and nucleo-cytoplasmic 

shuttling. They also need the development of multiprotein complexes at their respective C-
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termini. HDAC3, also known as the nuclear receptor co-repressor (N-CoR), and mammalian 

SIN3 transcription regulator family member A (SIN3A) is part of a complex that silences 

retinoid and thyroid receptors (Clark et al., 2015). Chromosome 7p21.1 contains the human 

HDAC9 gene, which encodes many different protein isoforms. Exons 2–26 include a sequence 

that codes for 1,069 amino acids, which make up the full-length HDAC9 protein (exon 1 is 

untranslated). One example of a well-characterized shortened splice variant of HDAC9 is an 

ortholog of Xenopus myocyte enhancer-binding factor 2-interacting transcriptional repressor 

(MITR), also referred to as histone deacetylase-related protein (HDRP) (Brancolini et al., 

2021). The length of human MITR is 590 amino acids, and it lacks a catalytic domain. It is 

mostly made up of the 450–600 amino acid noncatalytic N-terminal region of HDAC9, which 

is shared by several class IIa HDACs (Brancolini et al., 2021). 

 

Figure 1:  Deacetylation of Histone protein inhibited by HDAC9 inhibitors 

 

There are transcripts encoding HDAC9 in the brain, skeletal muscle, colon, thymus, spleen, 

kidney, placenta, lung, bone marrow, fetal brain, and fetal liver, and they are expressed at 

different levels in many normal human tissues and cell lines (Yang et al., 2021). Although 

HDAC9 is abundantly expressed in the brain and skeletal muscles, it is very sometimes or 

never identified in the heart. In the human heart, brain, and skeletal muscle, the HDAC9 

homolog MITR is expressed at similar levels; in the placenta, lung, liver, kidney, and pancreas, 

it is expressed at extremely low levels (Yang et al., 2021). HDAC9 and MITR are specifically 

expressed in lymphoid and monocytic cells of the hematopoietic system. The mouse brain's 

hippocampus, cerebral cortex, basolateral amygdaloid nuclei, and choroid plexus all have 

significant levels of HDAC9 expression. HDAC9 is only expressed in mature and post-mitotic 
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neurons; it is not present in adult neural stem cells, glia cells, astrocytes, or oligodendrocytes 

(Lang et al., 2012). 

The expression of MTR was investigated and the developing embryos and adult tissues of 

several Xenopus frogs. They discovered that whereas MITR was expressed in mature somite 

at the neurula stage of early embryogenesis, it was exclusively expressed in muscle tissue in 

later developmental stages (Xie et al., 2019). MITR was found in adult tissues at relatively low 

concentrations in the heart, lung, skeletal system, stomach, gall bladder, and spleen. 

The expression patterns of MTR in mouse tissues differ markedly from those in Xenopus 

tissues. Particularly, MITR expression is extremely low in the lungs, liver, skeletal muscles, 

and kidneys of adult mice, but it has been found in the mouse heart, brain, and skeletal muscle 

during embryogenesis and at high levels in the heart, brain, and spleen of mature mice (Zhang 

et al., 2001). 

1.2. Physiological Role and Target of HDAC9 

Many studies have shown that HDAC9 controls a broad range of physiological reactions and 

many targets (shown in Figure 2) (Glaser et al., 2007). Research using transgenic (TG) and 

HDAC9 KO (knockout) mice indicates that HDAC9 is essential for myocyte and adipocyte 

differentiation as well as cardiac muscle development (Zhou et al., 2014). HDAC9 has been 

linked to several functions, including immune system support, metabolic regulation, and 

nervous system protection. According to a recent study by Hu et al. and Brancolini et al., 

HDAC9-mediated immunological and metabolic dysregulations have been related to 

pathological processes associated with human disorders (Hu et al., 2019, Brancolini et al., 

2021). The discussion that follows will concentrate on how we now understand HDAC9's 

activity and potential roles in several critical physiological processes. 

HDAC9 may be involved in the formation of the heart since it is expressed in the 

interventricular septum and growing cardiac chambers throughout embryogenesis (Glaser et 

al., 2007). Despite the absence of obvious morphological abnormalities in HDAC9 KO mice 

(note that homozygous mutants lack functional HDAC9 or MITR proteins), reports of brain 

and neurological impairments have been made (Volpatti et al., 2022). Mice lacking HDAC9 

experience cardiac hypertrophy as they become older and in reaction to high heart pressure. 
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-  

Figure 2: Various targets of HDAC9 and related physiological role 

 

Additionally, they exhibit hypersensitivity to hypertrophy induced by calcineurin. Several 

cardiovascular illnesses have higher morbidity and death rates when there is cardiac 

hypertrophy. MITR is the primary form of HDAC9 produced in the heart and can efficiently 

suppress fetal gene expression (Mejat et al., 2005). Mechanistically, MITR inhibits the 

acetylation of fetal gene promoters, hence blocking signals that encourage cardiac hypertrophy. 

The super-activation of MEF2 activity in HDAC9 KO mice, which is calcineurin-mediated, 

implies that MEF2 is an in vivo downstream target of HDAC9 (Zhang et al., 2001). According 

to these results, MITR and HDAC9 are essential regulators of the hypertrophic signaling 

pathways. Maternally expressed gene 3, or MEG3 is a long noncoding RNA (lncRNA) that has 

been studied by Zhang et al. about the development of cardiac hypertrophy (Zhang et al., 2019). 

They discovered that MEG3 upregulates HDAC9 expression by competing with miR-361-5p 

binding, which aids in the development of heart hypertrophy. Thus, HDAC9 functions as a 

negative regulator of the gene expression program in muscles. 

Similar to HDAC9, MEF2 factors—most notably MEF2C and MEF2D—have a similar pattern 

of high expression in skeletal and cardiac muscle (Potthoff et al., 2007). MEF2 is a strong 

activator of the HDAC9 promoter and can directly increase HDAC9 expression in skeletal 

muscle. By forming corepressor complexes, HDAC9 interacts with MEF2 proteins to limit 
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their transcriptional activity (Haberland et al., 2009). Thus, HDAC9 functions as a negative 

regulator of the gene expression program in muscles. 

After birth, HDAC9 may suppress activity-dependent genes in skeletal muscle since the 

denervation of HDAC9 KO mice has been shown to enhance the expression of several genes 

(Moresi et al., 2010). Mejat et al. discovered, for instance, that in response to denervation, 

HDAC9 was downregulated, which raised chromatin acetylation and acetylcholine receptor 

(AchR) expression (Mejat et al., 2005). In mouse skeletal muscle, denervation-induced histone 

H3 hyperacetylation and inhibition of MEF2 transcriptional activity are mitigated by MITR 

through interactions with both HDAC1 and HDAC3. In denervated muscle, forced production 

of MITR inhibits chromatin acetylation and activity-dependent gene repression (Cohen et al., 

2007). Therefore, through its interaction with MEF2, MITR may be able to influence the 

activity-dependent regulation of genes related to skeletal muscle by causing histone H3 

deacetylation at the promoter of its target genes (Tang et al., 2006). 

Since HDAC9 is exclusively produced in mature and postmitotic neurons in the adult nervous 

system, HDAC9 may be essential for preserving neuronal function in the mature brain (Cho et 

al., 2014). Research concentrating on the neuropathology of schizophrenia has particularly 

linked HDAC9's neuronal protective function (Cho et al., 2014). For instance, hemizygous 

deletions of HDAC9 have been found in a tiny percentage of individuals with schizophrenia. 

Moreover, decreased expression of MITR and HDAC9 in central nervous system-derived cells 

causes the death of neurons (Cacabelos et al., 2019). Zhang et al. showed that MITR 

participates in direct interactions that enable it to prevent AES-induced neuronal cell death and 

that AES (amino enhancer of split, a member of the Groucho family of transcriptional 

repressors) promotes neuronal apoptosis (Zhang et al., 2019). 

Mice lacking HDAC9 have an additional hallux on their right hind foot in addition to post-

axial polydactyly (Morrison et al., 2008). A key regulator of digit development is the 

morphogenic signaling protein Shh (sonic hedgehog), and polydactyly is caused by enhanced 

Shh-mediated signaling in the developing limb bud (Tickle et al., 2017). In tissues taken from 

the foot of perinatal HDAC9 KO mice, the transcription factor Gli1 (glioma-associated 

oncogene homolog 1) is significantly expressed and functions as a downstream modulator of 

Shh signaling. According to Morrison et al. MTR controls Gli1 negatively upstream in the Shh-

mediated signaling cascade (Morrison et al., 2008). Therefore, the hyper-activation of the Shh 

pathway caused by the lack of HDAC9 may account for the polydactyly seen in these mice. 
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1.2. Role of HDAC9 in Cancer 

HDAC9 may have many functions in carcinogenesis, according to recent research. Upregulated 

HDAC9 expression is seen in several neoplastic tissues, and it interacts with transcriptional 

repressors and oncogenic proteins involved in carcinogenesis (shown in Figure 3) (Patra et al., 

2023). HDAC9 may influence anti-tumor immune responses by reducing CD8+ DC and T cell 

infiltration in the tumor microenvironment. HDAC9's role in cancer has been extensively 

explored internationally. Research suggests that abnormal HDAC9 expression is associated 

with certain tumors and transcription factors (Ning et al., 2020). 

 

Figure 3: HDAC9 linked with various cancer diseases 

 

 Breast Cancer 

Bera et al. discovered that individuals with recurrent triple-negative breast cancer (TNBC) had 

considerably greater HDAC9 levels in their blood samples compared to nonrecurrent patients 

(Bera et al., 2020). TNBC cells do not express estrogen receptors (ERs), progesterone 

receptors, or HER2. TNBC is a very aggressive type of breast cancer with a poor prognosis. 

HDAC9 expression may be a useful diagnostic for detecting recurring cases (Chen et al., 2009). 

TNBC tissues showed higher levels of HDAC9 expression compared to non-TNBC patients. 

Inhibiting HDAC9 reduces TNBC cell invasiveness and prevents tumor angiogenesis in vivo. 



19 | P a g e  
 

miR-206 is downregulated in both TNBC cell lines and tumor tissues (Chen et al., 2009). miR-

206 inhibits TNBC cell invasion and angiogenesis by suppressing the expression of VEGF, 

MAPK3, and SOX9. Inhibiting HDAC9 in TNBC cells leads to higher expression of miR-206 

and lower levels of VEGF and MAPK3. HDAC9 suppresses miR-206 expression, potentially 

contributing to TNBC invasiveness and angiogenesis (Salgado et al., 2018). Human BC cell 

lines, including MCF-7 and BT474, showed increased HDAC9 expression. A study indicated 

that high levels of HDAC9 were linked to a poor prognosis in Chinese female breast cancer 

patients (Rahmani et al., 2021). This study found a correlation between HDAC9 expression 

levels, lymph node metastases, and TNM stage. In vitro investigations show that 

downregulating HDAC9 in BC cells reduces proliferation, migration, and invasion (Garmpis 

et al., 2022). 

HDAC9 is overexpressed in both aggressive human BC cell lines and basal cells, including 

HCC1937, SUM149, MDA231, MDA436, Hs578T, BT549, and HBL100, compared to 

luminal cells (Yang et al., 2021). Lapierre et al. analyzed a cDNA array dataset encompassing 

mRNA profiles from 184 cancer patients, with findings presented in a public dataset 

(GSE2250). Their findings indicated higher HDAC9 expression in basal tumor cells (Lapierre 

et al., 2016). HDAC9 expression connected with SOX9 expression and predicted a bad 

prognosis. Exogenous HDAC9 expression in MCF-7 cells led to enhanced proliferation and 

reduced apoptosis. This was associated with dysregulated expression of cell cycle and 

apoptosis regulators such as cyclin-dependent kinase inhibitor 1A, BAX, and TNF receptor 

superfamily member 10a (Sher et al., 2022). 

Paclitaxel, a microtubule inhibitor, is presently the most commonly used therapy for TNBC. 

Lian et al. found MITR enrichment in paclitaxel-resistant cells, indicating that MITR may play 

a crucial role in paclitaxel resistance in TNBC MDA-MB-231 cells (Lian et al., 2020). MITR 

inhibits the transcription of interleukin 11 and activates the JAK/STAT3 signaling pathway by 

interacting with and repressing MEF2A. JAK/STAT signaling is crucial for breast cancer 

development, progression, and metastasis (Dinakar et al., 2022). MITR may be a viable 

biomarker for paclitaxel response in TNBC tumors. 

Estrogens play a significant part in the etiology of BC, and anti-estrogen treatments are widely 

utilized to treat ER-positive cases. Anti-estrogen-resistant MCF-7 and ERα-negative BC cell 

lines, such as MDA-MB231 and MDA-MB436, have high levels of HDAC9 expression 

(Lumachi et al., 2015). HDAC9 expression leads to lower ERα expression and transcriptional 

activity in MCF-7 cells. Additionally, HDAC9-overexpressing BC cells are less responsive to 

anti-estrogens. High HDAC9 expression is linked to gene upregulation and a worse prognosis 
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in endocrine therapy-resistant breast cancer compared to antiestrogen-responsive individuals. 

The link between HDAC9 and ERα signaling in BC cells may lead to hormone treatment 

resistance (Hervouet et al., 2013). 

 Gastric Cancer 

GC, or gastric adenocarcinoma, is a malignant epithelial tumor (Huang et al., 2015). Xiong et 

al. found increased HDAC9 expression in several human GC cell lines, including SGC-7901, 

BGC-823, and MKN-45 (Xiong et al., 2012). HDAC9 expression in primary tumor tissues 

from GC patients is associated with a worse survival rate. HDAC9 appears to play a pro-

oncogenic function in GC, as evidenced by in vitro and in vivo investigations (Yang et al., 

2021). Knocking down HDAC9 decreased tumor development and induced GC cell death and 

proliferation. Xu et al. discovered that miR-383-5p reduces GC progression by decreasing 

HDAC9 expression and promoting apoptosis (Xu et al., 2022). 

 Lung Cancer 

Lung Cancers are uncommon, extremely aggressive mesenchymal tumors originating from 

smooth muscle cells (Hashimoto et al., 2019). The HDAC9 SNP rs10248565 on chromosome 

7p21.1 may be a biomarker for lung cancer in non-smoking women. Okudela et al. investigated 

the expression of immunoreactive HDAC9 in surgically resected primary lung adenocarcinoma 

(Okudela et al., 2014). HDAC9 expression was lower in lung cancer cells compared to non-

tumor epithelial cells, and even lower in adenocarcinomas. Exogenous HDAC9 expression 

decreased clonogenicity and proliferation in the immortalized airway epithelial NHBE-T and 

NSCLC cell lines A549 and H2087, respectively (Yang et al., 2021). These findings imply that 

HDAC9 may act as a tumor suppressor, particularly in lung adenocarcinomas. Another study 

indicated that HDAC9 expression was elevated in NSCLC. Ma et al. analyzed 337 tumor 

samples from NSCLC patients and discovered that high levels of HDAC9 expression were 

associated with worse survival rates and poor clinical outcomes (Ma et al., 2012). 

In vivo and in vitro studies show that HDAC9 promotes proliferation and reduces apoptosis in 

NSCLC cells. Guan et al. studied the role of CBR3AS1, a lncRNA, in the development of 

NSCLC. LncRNAs commonly operate as miRNA inhibitors, sequestering them or competing 

with miRNAs for particular mRNA binding sites (Guan et al., 2009). CBR3AS1 is significantly 

expressed in NSCLC tissues and cell lines, indicating a pro-tumorigenic impact. Research 

demonstrated that CBR3AS1 competed with endogenous miR5093p, a known tumor 

suppressor in NSCLC cells. miR5093p directly targets HDAC9. The 

CBR3AS1/miR5093p/HDAC9 pathway likely contributes to the development and progression 

of NSCLC (Duan et al., 2021). 
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 Bladder Cancer 

Bladder Cancer is a malignant tumor with high incidence and recurrence rates (Lenis et al., 

2020). Lucca et al. used a gene array-based study to assess HDAC9 expression in RNA samples 

from individuals with asymptomatic microscopic haematuria who were diagnosed with 

urothelial BCa (Lucca et al., 2019). HDAC9 mRNA was shown to be increased in patients with 

urothelial BCa. Wang et al. discovered that HDAC9 was increased in BCa tumor tissues and 

cell lines, including 5637 and T24. miR-211-5p decreased HDAC9 expression (Wang et al., 

2022). Overexpressing miR-211-5p or downregulating HDAC9 in cell studies reduced BCa 

cell growth, migration, and apoptosis. Wang et al. found that HDAC9 may act as an oncogene, 

promoting BCa formation (Wang et al., 2022). 

 Glioblastoma (GBM) 

Glioblastoma (grade IV glioma) is the most prevalent and fatal primary brain tumor (Omuro et 

al., 2013). Yang et al. analyzed HDAC9 expression in a large cohort of GBM patients and 

found high levels in 472 out of 504 cases (Yang et al., 2021). Additionally, 33 out of 88 

instances in the TCGA dataset were linked with a poor prognosis. HDAC9 is expressed in both 

human GBM cell lines (e.g., U87 and LN229) and freshly cultured patient-derived GBM cells 

(Kumari et al., 2023). HDAC9 is required for GBM cell development in vitro and increases the 

formation of U87 tumors in immune-deficient animals. In GBM cells, HDAC9 enhances its 

expression by interacting with a transcriptional co-activator containing a PDZ binding motif 

(TAZ). TAZ is an oncogene that increases the activity of the epidermal growth factor receptor 

(EGFR), a critical signaling protein that promotes cell proliferation and cancer (Strepkos et al., 

2022). HDAC9 may stimulate the TAZ-mediated EGFR signaling pathway, leading to GBM 

development. 

 Hepatocellular carcinoma (HCC) 

HCC is the most commonly diagnosed aggressive primary liver cancer and the top cause of 

cancer-related mortality globally (Yang et al., 2019). HDAC9 has been linked to both the 

development of HCC and its prognosis, according to many independent investigations. Freese 

et al. showed higher levels of HDAC9 expression in HCC tissues compared to tumor-free liver 

(Freese et.al., 2019). An examination of the TCGA dataset found that increased HDAC9 

expression was associated with poor patient survival (Yang et al., 2021).  

Hu et al. examined HDAC9 expression in tumors and para-cancerous tissues from 37 HCC 

patients. HDAC9 mRNA levels were elevated in HCC tissues, and individuals with greater 

levels had a worse prognosis (Hu et al., 2019). According to Zheng et al., HDAC9 was found 

to be overexpressed in 41 HCC specimens at levels that showed an inverse correlation with 
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miR-376a (Zheng et al., 2015). They also showed that HDAC9 directly reduces the expression 

of miR-376a in human HCC Huh7 cells through a mechanism that involves site-specific 

deacetylation of H3K18 in its upstream region. It's interesting to note that miR-376a 

downregulates HDAC9 expression in this cell line directly and that miR-376a overexpression 

suppresses HCC cell growth and encourages apoptosis. Due to the frequent downregulation of 

miR-376a in primary tissues and HCC cell lines, autoregulation of HDAC9 through a miR-

376a/HDAC9 regulatory circuit may play a significant role in the formation of HCC (Zhao et 

al., 2019). HDAC9 is preferentially expressed in undifferentiated HCC, including HLE and 

HLF cell. In vitro tests and TCGA dataset analysis results point to the possibility that HDAC9 

controls HCC cell differentiation and stemness acquisition. By regulating aldehyde 

dehydrogenase 1A3 (ALDH1A3), a gene linked to stemness, HDAC9 also contributes to 

anchorage-independent growth. Clinical trials have shown that oxaliplatin (OXA)-based 

systemic chemotherapy is beneficial for treating advanced HCC; nevertheless, resistance 

reduces this treatment's ability to prolong patient survival (Kanki et al., 2020). According to 

Liang et al. HDAC9 is significantly expressed in HCC cells and is associated with OXA 

resistance, indicating that HDAC9 may be crucial for regulation in this context (Liang et al., 

2017). 

 Acute myeloid leukemia (AML) 

Adults with AML are afflicted with an aggressive malignancy that mostly starts in their bone 

marrow stem cells. As with other malignancies, high expression of HDAC9 in AML is strongly 

associated with a worse overall survival rate (Greim et al., 2014). In their investigation of 

HDAC9 expression in primary AML blasts, Bradbury et al. also examined HDAC9 levels in 

four other cell types: quiescent or cycling CD34+ progenitor cells from umbilical cord blood, 

as well as cycling CD34+ progenitors extracted from peripheral mononuclear cells obtained 

from adult donors, stimulated with granulocyte colony-stimulating factor (GCSF) (Bradbury 

et al., 2005). Between these cell types, there were no discernible variations in HDAC9 

expression. While human AML HL60 cells exposed to the histone deacetylase inhibitor (HDI) 

sodium valproate in tissue culture showed a strong and selective increase in HDAC9 

expression, this response was not seen in AML blasts, the human KG1 AML cell line, or in 

response to treatment with other HDIs (Breccia et al., 2010). To completely comprehend 

clinical responses and drug resistance, greater research on alterations in HDAC9 expression in 

AML is necessary, particularly in response to the treatment of one or more HDIs (Yang et al., 

2021). 
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 Retinoblastoma 

In youngsters, Rb is the most common malignant intraocular tumor. Rb tissues express 

HDAC9, and an increased level of HDAC9 has been linked to a worse prognosis in Rb  

 patients (Lee et al., 2021). The levels of HDAC9 expression were positively correlated. the 

expansion of human Rb cells, such as Y79 and WERI-Rb-1. According to Zhang et al., in vitro, 

downregulation of HDAC9 caused cell cycle arrest at the G1 phase and significant reductions 

in the levels of CDK2 and cyclin E2. In a mouse xenograft model, Rb tumor development was 

likewise reduced by HDAC9 (Zheng et al., 2015). Xu et al. investigated the pro-oncogenic 

effects of HDAC9 in Rb further and discovered that HDAC9 is a direct target of miR-936. 

HDAC9 inhibited the tumor-suppressive effects of miR-936 in Rb cells in these assays (Xu et 

al., 2022). Similar findings were made by Jin et al., who showed that the tumor suppressor 

miR-101-3p directly inhibits HDAC9 production, which in turn inhibits the proliferation of Rb 

cells (Jin et al., 2018). 

1.3. Role of HDAC9 in Other Diseases 

It has been demonstrated that HDAC9 is a desirable target for diabetes, cancer, and several 

other metabolic disorders. It has also been connected to lipid metabolism, the onset of 

atherosclerosis, and macrophage polarisation by modifying histone acetylation at target genes 

(Hu et al., 2020). Moreover, it has been found that HDAC9 significantly increases the risk of 

coronary artery disease, myocardial infarction, and peripheral artery disease. Figure 4 

illustrates the role of HDAC9 and the related pathways in several illnesses. We will go into 

great detail in the following sections regarding HDAC9's role in the etiology of bone diseases 

like osteoporosis and osteonecrosis, cancer, inflammation and immune responses, diabetes 

mellitus (DM), atherosclerosis and cardiovascular disease (CVD), kidney disease, liver 

fibrosis, and obesity. 

 Alzheimer's disease (AD) 

Dementia is the result of a brain disorder called Alzheimer's disease (AD). In the population 

over 65, a prevalence of 10–30% is anticipated. The initial clinical manifestations of AD 

include synaptic impairment and abnormal processing of the amyloid precursor protein (APP) 

(Masters et al., 2015). MiR-138 in APP/PS1 (presenilin-1) mice increased with age, according 

to Lu et al. As per the report, ADAM10, a protein that contains a disintegrin and 

metalloproteinase domain, is not expressed as much when MiR-138, a microRNA precursor 

involved in the pathogenesis of AD, is present. This leads to an accelerated formation of 

amyloid beta (Aβ) and consequent impairments in synaptic and memory functions in APP/PS1 
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mice. This group hypothesized that HDAC9 has a miR-138 binding site. Its expression and 

miR-138 have an inverse relationship (Lu et al., 2019). 

As a miR-138 sponge, HDAC9 reduces miR-138 expression and rectifies increased Aβ 

generation brought on by miR-138. Furthermore, it was discovered that individuals with 

moderate cognitive impairment and AD patients had reduced blood levels of HDAC9. These 

results indicate that HDAC9 regulates synaptic function and APP processing in AD, pointing 

to a potential therapeutic target for the disease's management (Lu et al., 2019). 

 

Figure 4: HDAC9 involvement in different diseases other than cancers 

 

 Atherosclerosis and CVD  

Atherosclerosis, or arterial inflammation, is a basic component of the pathogenesis of CVD. 

Numerous innate and adaptive immune response mediators control the inflammatory disease 

known as atherosclerosis (Asare et al., 2020). HDAC9 is a noteworthy regulator of vascular 

inflammation and has been found to have remarkable associations with atherosclerosis.  

HDAC9 is expressed by vascular cells and tissues. Human vascular HDAC9 expression has 

been associated with aortic and femoral atherosclerosis, large vessel ischaemic stroke, and 

carotid artery disease (Markus et al., 2013). Smooth muscle cells in the human aorta vascular 

system that have high levels of HDAC9 expression show reduced contractility and increased 

vascular calcification. CVD may be mediated by HDAC9's effects on atherosclerotic plaques 

and the genes it controls (Azghandi et al., 2015). 
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According to Asare et al., HDAC9 increases the vasculature's vulnerability to atherosclerotic 

plaque by inducing proinflammatory responses. This can lead to rupture-prone lesions that 

increase the risk of myocardial infarction and ischaemic stroke (Das et al., 2020). Additionally, 

this study found the mechanism by which HDAC9 controls vascular inflammation, which 

might act as a mediator for CVD. The regulation of IKK deacetylation by HDAC9 was shown 

to promote the activation of NF-κB signaling (Cao et al., 2014). Plaque stability and athero 

protection are further benefits of TMP195, a specific inhibitor of this HDAC9-dependent 

mechanism. According to studies on mice and isolated cells, HDAC9 is also implicated in 

human atherosclerosis and may be a target for future interventional research (Zhang et al., 

2002). 

 Diabetes Mellitus (DM) 

A chronic metabolic disease called diabetes mellitus (DM) is identified by insufficiency in 

either the amount of insulin released its mechanism of action, or both. In individuals with type 

2 diabetes mellitus, hepatic gluconeogenesis plays a significant role in the development of 

hyperglycemia (Wong et al., 2009). HDAC9 is important in managing glucose metabolism 

because it controls glucose homeostasis. HDAC9 is responsible for modulating hepatic 

gluconeogenesis (Chen et al., 2017). This is achieved through deacetylating the transcription 

factor forkhead box O1 (FoxO1), which in turn regulates the expression of PGC-1α 

(peroxisome proliferator-activated receptor-γ) and CREB (cyclic AMP-responsive element-

binding protein) (Chatterjee et al., 2014). New FoxO1 regulatory targets have been found, 

including glucocorticoid receptor (GR), PGC-1α, and CREB. Given that HDAC9 knockdown 

raises FOXO1 acetylation, the beneficial effects of HDAC9 on gluconeogenesis may be 

attributed to the FOXO1-HDAC9 axis (Dehghani et al., 2023). The control of blood levels of 

adiponectin, which is released by adipocytes, has been proposed as another mechanism linking 

HDAC9 to diabetes. The control of blood levels of adiponectin, which is released by 

adipocytes, has been proposed as another mechanism linking HDAC9 to diabetes (Damić et 

al., 2022). It has been demonstrated that HDAC9 is specifically down-regulated before 

adipogenic differentiation occurs. The researchers found that HDAC9 and USF1 are recruited 

in preadipocytes near the E-box region of the C/EBPα gene promoter. Here, HDAC9 inhibits 

the transcription of C/EBPα. Additionally, the transcription of ABCG1, a gene involved in 

cholesterol efflux, is inhibited by HDAC9 overexpression. ABCG1 silencing inhibits key genes 

involved in insulin signaling, glucose absorption, and adipocyte development (Zou et al., 

2015). 
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 Kidney Fibrosis 

The most prevalent cause of chronic kidney disease (CKD) is assumed to be renal fibrosis, 

which is brought on by aberrant extracellular matrix (ECM) deposition in the kidney tissue (Li 

et al., 2022). Tubular epithelial cells (TECs) are the main component of the kidney and a major 

target in the development of chronic kidney disease (CKD). It is yet uncertain which HDAC 

isoforms cause renal fibrosis and the underlying mechanism (Liu et al., 2006). Zhang et al. 

reported in 2023 that HDAC9 expression is markedly increased in the kidneys of fibrotic mice, 

especially in the proximal tubules. HDAC9 deacetylates STAT1 and enhances its reactivation, 

which results in TECs being arrested at the G2/M stage and tubulointerstitial fibrosis in the 

end. Thus, by preventing epithelial cell cycle arrest in the G2/M phase, in vitro inhibition of 

HDAC9 may mitigate fibroblast activation and keep TECs from losing their epithelial 

character. HDAC9 may thus be a viable therapeutic target for renal fibrosis, according to this 

research (Zhang et al., 2023). 

 Liver Fibrosis 

The aberrant accumulation of fibrous connective tissue surrounding the liver's damaged region 

is referred to as hepatic fibrosis. There are many different causes of chronic liver disease 

(CLD), such as metabolic abnormalities, viral infections, and alcoholism (Puche et al., 2013). 

They all result in liver fibrosis, which is almost always the case with CLD. Hepatic stellate cell 

stimulation is thought to be the most important mechanism for hepatic fibrogenesis (HSCs). 

HDAC9 is essential for liver fibrosis and HSC stimulation. The main source of myofibroblasts 

that produce ECM is HSCs. These cells control the contraction of the sinusoids and the ECM 

turnover in a healthy liver (Yang et al., 2017). HSCs get activated and undergo trans-

differentiation to become myofibroblasts, which create an extracellular matrix (ECM) when 

the liver is wounded. HDAC9 mRNA and protein levels are elevated in human livers with 

primary biliary cirrhosis, alcoholic cirrhosis, and non-alcoholic liver disease in comparison to 

healthy livers (Claveria-Cabello et al., 2020). According to reports, the expression of genes 

involved in the creation of fibrous tissue is drastically reduced in LX-2 cell lines when HDAC9 

is knocked down. Furthermore, in LX2 cells treated with HDAC9 siRNA, it was shown that 

HDAC9 knockdown suppresses the production of TGFβ-target genes (α-SMA and COL1A1). 

As a result, it may be concluded that HDAC9 is necessary for HSC activation and that blocking 

it may prevent liver fibrosis from progressing. The transdifferentiation of HSCs is associated 

with downregulated HDAC9 expression (Mannaerts et al., 2013). In a different study, it was 

found that fibrosis raises the levels of most HDACs (HDAC1, 2, 4, 5, 6, 8) including HDAC9.  

Primary biliary cirrhosis (PBC) and alcoholic cirrhosis are two examples of human liver 
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illnesses where HDAC9 expression is noticeably higher. Owing to these differences, further 

investigation is required to ascertain the alterations in HDAC9 expression during hepatic 

fibrogenesis (Yang et al., 2021, Rippe et al., 2004). 

 Obesity 

Decreased adipose tissue function, which is brought on by changed gene expression, has a 

major impact on obesity. Research using in vitro and animal models indicates that HDAC9 is 

a novel epigenetic factor in the etiology of obesity (Jannat et al., 2020). It is still unclear, 

nevertheless, what role HDAC9 plays clinically in the study of obesity and insulin resistance. 

The mRNA expression of HDAC9 in the visceral adipose tissue (VAT) of 19 women who were 

normal weight and 20 obese women (Li et al., 2022). Compared to controls, obese individuals 

had significantly decreased VAT mRNA levels of HDAC9. Therefore, obesity may be related 

to the reduced expression of HDAC9 mRNA in adipose tissue. However additional 

investigation is needed to support this theory. HDAC9 has been linked to obesity and insulin 

resistance in recent studies (Chatterjee et al., 2011). Human pre-adipocytes have been shown 

to express less HDAC9 before developing into adipocytes, suggesting that HDAC9 is a 

negative regulator of adipogenic growth. Insulin sensitivity is enhanced by HDAC9 deletion, 

which also lessens the negative effects of a high-fat diet on fatty tissue malfunction, weight 

gain, and hepatic steatosis. Insulin resistance brought on by weight gain activates the 

transcription factor FOXO1, which controls the enzymes phosphoenolpyruvate carboxykinase 

(PEPCK) and glucose 6-phosphatase (G6PC), resulting in the production of glucose. While 

HDAC9 knockdown has the opposite impact on Huh7 cells, overexpression of HDAC9 leads 

to FOXO1 deacetylation, which increases transcriptional activity (Chatterjee et al., 2014). 

 Bone Disease 

The regulation of osteogenic differentiation and autophagic activity by HDAC9 renders it a 

desirable target for the treatment of many bone disorders. Osteocytes and bone marrow 

apoptosis are hallmarks of the progressive, refractory illness osteonecrosis, and mesenchymal 

stem cells (MSCs) from human bone marrow function as osteonecrosis seed cells (Zhang et 

al., 2020). According to research by Wang et al., HDAC9 controls osteogenic differentiation 

in MSCs through the MAPK signaling pathway, which causes osteonecrosis. Human bone 

marrow MSCs that are not differentiated into osteoblasts may produce less phosphorylated 

extracellular signal-regulated kinase 1/2 (pERK1/2) when HDAC9 is inhibited (Wang et al., 

2022). For this reason, HDAC9 could be a target for osteonecrosis therapy. Furthermore, 

HDAC9 has also been linked to osteoporosis. By restricting bone resorption, HDAC9 appears 

to inhibit osteoclast formation, potentially preventing bone loss. There is a connection between 
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HDAC9 activity and PPAR-γ, which is a crucial modulator of osteoclast development. Age-

related bone loss may be less common if HDAC9 stimulates MSC bone marrow growth (Jin et 

al., 2015). Li et al. report that microRNA-188 (miR-188) targets the mRNA of the gene Hdac9 

exclusively. In contrast, miR-188 deletion in mice decreased age-related loss of bone mass, 

increased bone formation in the osteoblast, and reduced the accumulation of fat in the bone 

marrow. MiR-188 overexpression suppresses HDAC9 expression in bone marrow. In general, 

it seems that HDAC9 inhibits osteoclastogenesis and promotes osteogenesis to prevent 

osteoporosis (Li et al.,2015). 

 Inflammation and Immune Responses 

An important part of inflammatory processes is played by HDAC9. It is unclear if and how 

HDAC9 is regulated during inflammation, despite its importance (Li et al., 2018). The 

reduction of many inflammatory chemokines and cytokines, such as IL-12, IFN-γ, MCP1, 

inducer of NOS, etc., is most likely due to PPAR-γ activation. Bacterial materials stimulate the 

production of cytokines and histone acetylation in human sebocytes. In these cells, inhibiting 

HDAC9 increases the synthesis of inflammatory cytokines such as IL1B and CXCL8 (Sanford 

et al., 2016). In human sebocytes, HDAC9 depletion increases the inflammatory response 

overall. HDAC9 thereby opposes the inflammatory response epigenetically. HDAC9 is 

necessary for many different cell types, including regulatory T-cells, to proliferate and 

differentiate. HDAC9's biological significance in T-effector cells remains unclear, though 

(Sanford et al., 2019). The HDAC9 deficiency is the reason for the decrease in 

lymphoproliferation and autoantibody production. Furthermore, reduced BCL6 gene 

expression and increased GATA3 and roquin are linked to HDAC9 deficiency. It also plays a 

unique part in autoimmune diseases and the flexibility of CD4+ T-cells (Yan et al., 2011). 

Histone acetylation, nonhistone acetylation, and protein-protein interaction are some of the 

ways that HDAC9 modifies gene expression; these processes are not necessarily mutually 

exclusive, though. Higher HDAC9 expression in Treg cells reduces their suppressive ability 

(Tao et al., 2007). Treg cells lacking in HDAC9 proliferate more quickly, suppressing the 

immune system more severely. HDAC9 thus functions as a strong immunological enhancer 

(Wakabayashi et al., 2009). 
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2. Literature Review of HDAC9 

 Xu et al., 2007. reports that, in GC tissues and cell lines, miR-383-5p was downregulated 

and functioned as a tumor suppressor by blocking HDAC9 production, hence averting the 

development of gastric cancer. According to our findings, miR-383-5p is a key player in 

the development of gastric cancer and is a key regulator of oncogenic HDAC9 in GC. This 

information may be useful in the creation of new therapeutic approaches for the treatment 

of GC. 

 Guan et al., 2011. reports that the CBR3-AS1-induced cancer-promoting properties in 

NSCLC cells, both in vivo and in vitro. It was discovered that CBR3-AS1 works 

mechanistically as a ceRNA that absorbs miR-509-3p and increases HDAC9 expression. 

These results might have a beneficial effect on the creation of new targeted medications 

and the improvement of NSCLC treatment approaches. 

 Jin et al., 2018. demonstrated that MiR-101-3p is downregulated in retinoblastoma. 

Additionally, by directly targeting EZH2 and HDAC9, miR-101-3p overexpression inhibits 

the growth of retinoblastoma cells. These findings suggest that miR-101-3p plays a 

significant role in the carcinogenesis of retinoblastoma and might guide the creation of new 

treatment approaches.  

 Freese et al., 2019. confirms the possible advantages of using HDACi alone or in 

conjunction with sorafenib for the treatment of HCC. Crucially, even at subtoxic levels, 

HDACi seem to reduce several aspects of the tumorigenicity of HCC cells in addition to 

encouraging cell death. Although HDAC expression is generally elevated in HCC, 

individual patients and HDAC classes seem to differ from one another. Additionally, 

HDACi demonstrated a variety of inhibitory effects on HCC cells in vitro, both 

qualitatively and quantitatively. All things considered, the cause of these differences as 

well as how they affect the onset and course of HCC require additional research in the 

future and may be used to create more specialized treatment modalities. 

 Zheng et al., 2019. report the regulatory pathway between miR-376a and HDAC9 in HCC 

and propose that epigenetic changes facilitated the silencing of the miR-376 cluster through 

HDAC9, a direct target of miR-376a. 

 Xu et al., 2019. reported that In TNBC cells, there is an inverse relationship between greater 

HDAC9 expression levels and miR-206 expression. Moreover, the selective inhibition of 

HDAC9 specifically blocked TNBC invasion and angiogenesis in addition to modifying 

the expression of miR-206, VEGF, and MAPK3. According to our research, VEGF and 
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MAPK3 by regulating miR-206 enable invasion and angiogenesis in TNBC cells when 

HDAC9 is overexpressed. These findings might help in the development of tailored 

treatments for people with breast cancer and a better knowledge of TNBC regulation. 

 Bera et al., 2020. suggested that Epigenetic regulation plays a crucial function in the 

recurrence of breast cancer and helps to regulate inflammatory processes. The discovered 

proteins may serve as building blocks for the creation of a serum-based test for the detection 

of breast cancer recurrence. An earlier and more precise diagnosis, better information for 

patient-specific treatment, enhanced monitoring of therapeutic responses, and the discovery 

of new therapeutic targets for treatment would all be made possible by the development of 

a more predictive, noninvasive biomarker panel for recurrence-type breast cancer. 

 Wang et al., 2020. reported that MiR-211-5p expression in BCa tumor tissues was 

negatively correlated with HDAC9 expression. Through its inhibition of HDAC9 

production, miR-211-5p, a post-transcriptional regulator, contributed to growth retardation 

and apoptosis in BCa cells. About treating BCa, this mechanism offers a potential treatment 

regimen for precision medicine. 

 Guan et al., 2020. reported that the Cancer Genome Atlas (TCGA) database's CBR3-AS1 

and miR-509-3p expression data in non-small cell lung cancer (NSCLC) were not 

examined. Second, data from the TCGA database was not used to analyze the link between 

CBR3-AS1 and miR-509-3p expression in NSCLC; these limitations will be resolved soon.  

To the best of our knowledge, however, our work is the first to emphasize CBR3-AS1's 

carcinogenic effects in NSCLC cells, both in vitro and in vivo. It was discovered that 

CBR3-AS1 works mechanistically as a ceRNA that absorbs miR-509-3p and increases 

HDAC9 expression. These results might have a beneficial effect on the creation of new 

targeted medications and the improvement of NSCLC treatment approaches. 

 Lee et al., 2021. demonstrate that the HDAC 9 expression levels were greater in PDAC 

patients. HDAC 9 could also be connected to RFS and DSS in PDAC.  

According to the current univariate and multivariate study, DSS in PDAC was 

independently predicted by high HDAC 9 expression level and clinical stage, and poor 

prognosis was associated with both. Consequently, HDAC 9 could be a novel target for 

diagnosis and help with PDAC therapy. 
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3. Rationale behind the Study 

Excess HDACs (Histone Deacetylases) are one of the primary factors contributing to the 

development of cancer. It actively participates in chromatin remodeling through the 

deacetylation of histone protein. It includes the formation of several tiny blood vessels in 

hypoxic cancer cells, increasing the oxygen supply to the rapidly proliferating malignant cells. 

Performs a critical role in the epithelial-mesenchymal transition that triggers cancer cell 

invasion and metastasis. According to recent research, a large number of HDACs are elevated 

in malignant cells and linked to several malignancies, including multiple myeloma, leukemias, 

solid tumors, colon cancer, pancreatic cancer, and cutaneous T-cell lymphoma (CTCL). 

HDACs have been linked to several other illnesses, including liver fibrosis, kidney fibrosis, 

diabetes mellitus, and cardiovascular disease. 

Because of its capacity to alter gene expression and epigenetic regulation, a family of 

medications known as histone deacetylase (HDAC) inhibitors has drawn a lot of interest from 

researchers studying cancer as well as other diseases. A few FDA-approved medications are 

now on the market, including Belinostat, Pacinopstat, Chidamide, Romidepsin, and 

Panobinostat. It is crucial to remember that although preclinical and early clinical trials have 

demonstrated the potential of HDAC inhibitors, research is still needed to determine their 

safety and efficacy in many cancer types. As such, these inhibitors may not be a conventional 

treatment for every sort of malignancy. Their precise function in cancer therapy may vary based 

on the kind of cancer and unique patient characteristics, and they are frequently used in 

conjunction with other cancer therapies. Since most HDAC inhibitors are synthetic or semi-

synthetic, there is a risk of various toxicities that need to be carefully examined and treated. 

The goal of ongoing research is to create HDAC inhibitors that are less harmful and more 

selective.  

Researchers are interested in HDAC9 (Histone Deacetylase 9) because of its important function 

in many biological processes and possible implications in a wide range of disorders. Here are 

some explanations for why HDAC9 is a topic of interest for 

 HDAC9 removes acetyl groups from histones to control the expression of genes. This 

mechanism is essential for gene silencing and chromatin remodeling, which affect 

several biological processes. 

 Because it plays a crucial part in epigenetic regulation, HDAC9 regulates the expression 

of genes related to cell division, proliferation, and apoptosis. 
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 HDAC9 has been linked to gliomas, leukaemia, and breast cancer, among other cancers. 

It may be a target for cancer treatment as it may modify gene expression patterns, which 

can promote oncogenesis. 

 Because HDAC9 is involved in synaptic plasticity and neuronal survival, it has been 

connected to neurodegenerative illnesses including Alzheimer's and Huntington's. 

 One of the main areas of study is the development of HDAC inhibitors as possible 

medications. It may be possible to treat neurological problems, cardiovascular ailments, 

and cancer by inhibiting HDAC9. 

 Knowing the unique functions that HDAC9 plays in various illnesses may help develop 

more individualised treatment plans, wherein HDAC9 inhibition is customised to meet 

the needs of each patient. 

 HDAC9 may have an effect on immune cell activity and differentiation in the immune 

system, according to recent research. This might be relevant for immunotherapy and 

autoimmune illnesses. 

 HDAC9 affects a number of physiological functions through interactions with different 

proteins and signalling pathways. This positions it as a key node in cellular networks, 

providing a wide range of research opportunities. 

 

Consequently, a collection of 406 HDAC9 inhibitors has been the subject of a Classification-

based quantitative structure-activity relationship (QSAR) analysis in this work. Important 

signatures for strong HDAC9 inhibitory activity have been identified via the use of Machine 

learning (ML), Bayesian classification, recursive partitioning, SARpy analysis, Docking 

studies, and Molecular dynamics analysis (MD). The current investigation identified the 

necessary amino acids for HDAC9 inhibitor binding. The study of the chosen inhibitors' 

molecular docking will benefit from this research. Some of the lead compounds are then chosen 

for molecular dynamics after these phases. Molecular dynamics is used to assess the chemicals' 

stability within the receptor. 

 

 

 

 

 

 



35 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

4. Materials and Method 

 

 

 

 

 

 

  



36 | P a g e  
 

4. Materials and method 

4.1 Dataset Preparation and Dataset Division 

A set of 705 unique compounds with a broad spectrum of HDAC9 inhibitory activity in nM 

concentration have been found using Binding DB (https://www.bindingdb.org/). Using the 

program Discovery Studio 3.0 (DS 3.0) (Discovery Studio 3.0 DS 3.0, 2015)., 216 duplicate 

molecules were eliminated as the first step in the creation of the dataset. For the remaining 489 

compounds, the Lipinski rule and Veber's rule were applied to filter them. Using this method, 

only 406 drug-like molecules that meet Lipinski and Veber's criteria were chosen for the final 

data set. To do the classification-based QSAR modeling, the HDAC9 inhibitory potency (IC50) 

values of these drugs were also converted into a binary format. The chemicals were separated 

into two classes: 1 (active) and 0 (inactive). The 406 chemicals that comprised the whole 

dataset were used to produce the training set and the test set (Moinul et al., 2022). The dataset 

was split using the "Random splitting" method. The molecules were divided in a 3:1 ratio to 

create the training sets (NTrain = 284) and the test sets (NTest = 122). The training sets were 

used to generate the QSAR models, and the corresponding test sets were used to confirm them. 

 

4.2 Development of other machine learning models 

4.2.1 Calculation of descriptors and data pre-treatment 

Utilizing the training set of 284 and the test set of 122 HDAC9 inhibitors, further machine-

learning models were created and examined. Several classes of 2D descriptors were built using 

PaDEL-Descriptor. The data pre-treatment tool used Data Pre-TreatmentGUI 1.2 from the 

DTC laboratory, Jadavpur University, deleted the intercorrelated descriptors (intercorrelation 

cut off >0.90) and the descriptors with a modest level of value variability (variance cut off 

<0.0001) (Ambure et al., 2015). 

4.2.2 Feature selection 

Finding the bare minimum of significant features or variables in the descriptor form is an 

important step in evaluating an ML model. The present study employed the most discriminating 

features (MDF) selection technique, which can be accessed at 

https://dtclab.webs.com/software-tools, to ascertain the minimum number of features required 

for the classification of HDAC9 enzyme inhibitors as either active or inactive (Banerjee et al., 

2023). 

4.2.3 ML model development and analysis 

Three classification-based machine learning models—logistic regression (LR), random forest 

classifier (RFC), linear discriminant analysis (LDA) were created for this work (Pandey et al., 

https://www.bindingdb.org/
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2023). These models were made using the Scikit Learn module, which was written in Python 

and has optimized hyperparameters. The ML models were created using the ML classifier tool 

(https://sites.google.com/jadavpuruniversity.in/dtc-lab-software/home/machine-learning-

model-development-guis). For the application domain study, the leverages of the training and 

test set compounds were calculated.  

Bayesian classification study 

Bayesian modeling is a well-known molecular modeling approach that heavily relies on the 

classical probability function and the naïve Bayes' theorem in classification-based analysis. 

The numerous HDAC9 inhibitors were classed as active or inactive based on the excellent and 

bad Bayesian fingerprints found during the molecular modeling investigation. The following 

molecular properties (MPs) were calculated using the Discovery Studio version 3.0 (DS 3.0) 

(Discovery Studio 3.0 DS 3.0, 2015) software: lipophilicity (AlogP), molecular weight (MW), 

number of hydrogen bond donors (nHBD), number of hydrogen bond acceptors (nHBA), 

number of rings (nR), molecular fractional polar surface area (MFPSA), and number of 

aromatic rings (nAR) (Sardar et al., 2024). Furthermore, the extended connectivity fingerprint 

of diameter 6 (ECFP_6) was created as a fingerprint descriptor. The training set molecules 

were used to create the model in Discovery Studio version 3.0 (DS 3.0), and the test set 

molecules were utilized to validate the model (Rogers et al., 2010). The statistical properties 

of the proposed model were evaluated using fivefold cross-validation (5-CV) techniques. 

Furthermore, different true positives (TP), true negatives (TN), false positives (FP), and false 

negatives (FN) were computed. Additionally, statistical validation metrics such as sensitivity 

(Sen), specificity (Spe), and concordance (Conc) were employed to assess the models' 

robustness and dependability (Khatun et al., 2023). 

4.3 Recursive partitioning study 

The Recursive partitioning (RP) modeling technique creates the final decision tree by using the 

dataset compounds' most relevant chemical features. It's a quantitative statistical approach 

(Ramani et al., 2022). It is frequently used to categorize individual molecules as active or 

inactive in a variety of molecular populations. The RP models were created using Discovery 

Studio (DS) Version 3.0 and verified with cross-validation procedures (Amin et al., 2022). 

Based on the model's capacity to differentiate between several kinds of inhibitors, the most 

effective RP model for HDAC9 inhibitors was determined. The following parameters were 

provided for the addition model construction: The minimum number of samples per node is ten 

(absolute), the maximum tree depth is twenty, Gini is the splitting algorithm, and there is only 
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one tree. Bagging is the ensemble voting method; Euclidean is the numerical distance function; 

and FCFP_2 is the model domain fingerprint (Yang et al., 2023). 

 

Table 1: Brief description of the selected descriptors for model development (Das et al.,2024) 

S. No. Descriptors Type Definition 

1. Number of hydrogen 

bond acceptors (nHBA) 

Functional group 

counts 

The hydrogen acceptor is an electronegative 

atom of a neighboring molecule or ion that 

contains a lone pair that participates in the 

hydrogen bond. 

2. Number of hydrogen 

bond donors (nHBD) 

Functional group 

counts 

It is a fundamental descriptor to predict the 

oral bioavailability of small molecules. Based 

on Lipinski's rule of five, the majority of orally 

active drugs have not more than five hydrogen 

bond donors and fewer than ten hydrogen bond 

acceptors. 

3. Molecular weight (MW) Constitutional indices The molecular weight of a substance is the 

weight in atomic mas units of all the atoms. 

4. Lipophilicity (ALogP) Molecular properties Ghose-Crippen octanol-water partition 

coefficient (logP). 

5. Number of rotatable 

bonds (nRB) 

Constitutional indices A rotatable bond is defined as any single non-

ring bond, attached to a non-terminal, non-

hydrogen atom. 

6. Number of aromatic 

rings (nAR) 

Constitutional indices Aromatic rings (also known as aromatic 

compounds or arenes) are hydrocarbons that 

contain benzene, or some other related ring 

structure. 

7. Molecular fractional 

polar surface area 

(MFPSA) 

Molecular properties The sum of surface contributions of polar 

atoms (usually oxygens, nitrogen and attached 

hydrogens) in a molecule. 

8. centric circular 

fingerprint descriptor, 

ECFP_6 

Molecular fingerprint 

descriptor 

Extended connectivity fingerprint with a bond 

diameter of 6. 

9. Molecular function 

class fingerprints of 

maximum 

diameter 6 (FCFP_6) 

Molecular Fingerprint 

descriptors 

sometimes referred to as circular or Morgan 

fingerprints. the chemical structure is 

evaluated for all subgraphs with a diameter of 

up to size of 6. 
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4.4 Statistical analysis and model evaluation of Bayesian and RP study  

The efficacy and quality of the QSAR models developed were evaluated using Receiver 

Operating Characteristics (ROC) statistical analysis. Equations 2–5 generated the statistical 

parameters that were used to validate the model's performance (Marzo et al., 2016). These 

measures comprised prediction accuracy (Acc), sensitivity (Se), specificity (Sp), and accuracy 

(Acc) for both the training and test sets of chemicals. Equations 6-11 were utilized to yield 

measures such as the F1-measure (F1), area under the balanced accuracy ROC curve (AUCb), 

Matthew's correlation coefficient (MCC), Youden's index (γ), positive (ρ+), and negative 

probability (ρ-) for both the training and test set compounds. 

 

4.5 SARpy 

SARpy, a Python-based program, employs the likelihood ratio (LR) of structural fingerprints 

(structural alarms) to assess if they are present and contribute to a certain biological feature or 

activity (Banerjee et al., 2022). The model is built by fragmenting the training set chemicals 

based on their SMILES strings and experimental activity in binary labels (Activity: 0-1). It 

creates rules in various stages, including ruleset extraction, evaluation, and ruleset 

fragmentation, utilizing a recursive algorithm approach for substructures. The test set may be 

used to verify the resultant model based on the ruleset generated by the training set chemicals 

(Chen et al., 2018). 

 

4.6 Molecular Docking Study 

The human X-ray crystallographic structure of HDAC9 remains unknown. In our investigation, 

we used MODELLER version 10.2 (https://salilab.org/modeller/) to create a homology-

modeled structure of HDAC9 (Elmezayen et al., 2021). For the homology modeling, the 

hydroxamate-bound human crystal structure of HDAC4 (PDB ID: 2VQM_A), which has 72% 

sequence similarity to the FASTA sequence of HDAC9, was used. The MODELLER 

software's "model-single.py" module produced five distinct homology structures (Soltani et al., 

2024; Valanciute, et al., 2023). ChemDraw version 3.0 was used to create the 2D structure of 

the bioactive compounds for the molecular docking investigation. Chem3D version 3.0 was 

then used to transform the 2D structure to an energy-minimized (MMF94 type) 3D structure. 

The selected compounds from the recursive partitioning and Bayesian classification 

experiments were used in a LeDock molecular docking investigation utilizing the constructed 

homology model of HDAC9 (Liu et al., 2023). LeDock is a GUI-based docking program that 

is accurate, user-friendly, and semi-flexible (meaning that ligand complexes attach flexibly 
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towards the active site whereas proteins are thought to be stiff). The homology protein for 

HDAC9 was chosen from the LeDock "LePro" module. The grid box parameters were then 

automatically selected by covering the geometric pattern in the PDB crystal structure that the 

prototype in-bound ligand occupied, 2VQM_A (where xmin = 13.023, xmax = 25.023, ymin 

= -16.358, ymax = -0.909, zmin = -15.194, zmax = 7.16; with an RMSD cut-off range of 0.5 

to reduce the redundancy of docking poses). The docking process was then initiated. 

PyMOL provided the final docking data with a docking score expressed in terms of binding 

affinity (kcal/mol), and Discovery Studio Visualiser version 3.0 produced 2D binding 

interaction graphs based on the compounds' docked postures (Discovery Studio 3.0 DS 3.0, 

2015).  

 

4.7 Molecular Dynamics Simulation 

By evaluating the stability of the ligand inside the binding site under simulated human body 

conditions using GROMACS 2020.3 (Abraham et al., 2015) the compound that had the highest 

docking score was taken into consideration for the MD simulation investigation. The charm-

gui web server's "Solution Builder" function (https://www.charmm-gui.org/) was used to 

prepare the input parameters files. A rectangular TIP3P water box covered the protein-ligand 

combination (Lee et al., 2016). To prevent steric overlapping situations, each system was 

subjected to 5000 steps of steepest descent energy minimization after being sufficiently 

neutralized with sodium chloride ions using the Monte-Carlo technique. NVT equilibration was 

carried out at a constant coupling of 1 picosecond at 310.15 K (for 125000 steps using the V-

rescale temperature coupling technique) (Hess et al., 2006). Using a CHARMM36m forcefield, 

the MD simulation of the best-docked complex was run for 100 ns Root mean square deviation 

(RMSD), root mean square fluctuation (RMSF), and radius of gyration (Rg) trajectory analysis 

were used to assess the results of the MD simulation. 
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5. Result and Discussion 

In the current work, 406 HDAC9 inhibitors were used as a dataset for developing the 

classification-based model. The dataset was split into a training (nTrain = 284) and test set (nTest 

= 122) using the "Random splitting" method for the Bayesian and RP analysis. Before the 

model (Bayesian and RP) was generated, eight different types of molecular descriptors were 

computed, including lipophilicity, nR, nAR, nRB, AlogP, MW, nHBA, nHBD, M_FPSA, 

ECFP_6, and FCFP_6. Figure 5 displays bin plots for physicochemical parameters for both 

the active and inactive molecules, including AlogP, molecular weight, and molecular fractional 

polar surface area (M_FPSA). Plotting AlogP against molecular weight further illustrates the 

chemical diversity study. 

 

 

Figure 5: Distribution of HDAC9 inhibitory activity, (A) AlogP, (B) molecular weight, (C) 

molecular fractional polar surface area along with (D) the chemical diversity analysis of 

AlogP vs molecular weight 

 

5.1 Machine Learning Models 

A further three classification-based machine learning models (LR, LDA, and RFC) have been 

developed for the 406 HDAC9 inhibitors. Several statistical parameters were utilised to choose 
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the best machine learning (ML) model, such as accuracy, precision, recall, F1 score, Matthews 

correlation coefficient (MCC), Cohen's kappa coefficient, and so on. In terms of various 

classification-based validation measures Table 2, it was observed that the Linear Discriminant 

Analysis (LDA) model is the best model for the HDAC9 inhibitors. The best model (LDA) has 

a 5-fold cross-validated ROC of 0.927 for the training set and 0.861 for the test set. The detailed 

statistical analysis is presented in Table 2.  

Table 2: Validation parameters of the classification-based ML models for HDAC9 

Model 

Type 

Set  Accuracy Precision  Recall  F1 

score 

MCC Cohen’s 

k 

AUC-

ROC 

Hyperparameters 

RFC  Train 0.828 0.826 0.481 0.608 0.538 0.507 0.876 {'criterion': 'gini', 

'max_depth': 2, 

'min_samples_leaf': 

4, 
'min_samples_split': 

2, 'n_estimators': 

150} 

Test  0.819 0.867 0.394 0.542 0.503 0.448 0.758 

LDA Train  0.849 0.743 0.696 0.719 0.616 0.616 0.927 {'solver': 'svd'} 

Test  0.828 0.714 0.606 0.656 0.545 0.542 0.861 

LR Train  0.849 0.773 0.646 0.703 0.607 0.603 0.899 {'C': 1.0, 'penalty': 
'l1', 'solver': 

'liblinear'} 
Test  0.836 0.783 0.546 0.643 0.556 0.541 0.912 

 

5.2 Interpretation of The Descriptor of the best ML-based classification Models 

Providing a mechanical understanding of the descriptors that significantly impact the model 

output is crucial, as per OECD Principle 5. The best-identified models were used in the current 

study's SHAP (SHapley Additive exPlanations) analysis on the HDAC9 inhibitor training 

datasets. This is done to comprehend how significant descriptors contribute to the model's final 

output. The most significant descriptors in the SHAP summary plot are indicated by an elevated 

value with a larger spreading from the mean. 

From the SHAP plot, we can infer that features that contribute most to the prediction of the 

model output include VPC-4, VC-3, ATSC0e, nssssC, VC-4, SCH-7, GATS2v, ATSC0i, 

MATS4s, SpMint4_Bhs, ATS4s, ATSC4s, and AlogP descriptors. Among the highest-ranked 

descriptors, VPC-4 contributes positively to the model output whereas VC-3 contributes 

negatively as observed from the SHAP plot (shown in Figure 6). The VPC-4 descriptor stands 

for Valence Path Cluster of order 4. It is a topological descriptor used in cheminformatics and 

molecular modeling to capture information about the connectivity and valence of atoms in a 

molecule. 
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Figure 6. SHAP summary plot for the ML-based RFC model (training set) of HDAC9 

inhibitor 

This above observation can be justified by examining compounds 241 and 267 where an 

increase in the value of the descriptor VPC-4 causes the active inhibition of HDAC 9. The next 

negatively contributing VC-3 descriptor is the Valence Cluster of order 3. It is also a topological 

descriptor used in cheminformatics to describe the connectivity and valence of atoms within a 

molecule, focusing on clusters of atoms connected in a specific way. The above observation 

can be justified by compound 22, where it is noted that the low value of the VC-3 descriptor 

contributes to its activity as an HDAC-9 inhibitor. The third positively contributing ATSC0e 

descriptor is Centered Broto-Moreau Autocorrelation - lag 0, weighted by Sanderson 

electronegativities. It is a descriptor used in cheminformatics to capture information about the 

distribution of atomic properties (in this case, electronegativities) within a molecule.  
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Table 3: The details of different descriptors used in this study along with their contributions 

Descriptor Java Class Descriptor      Description 

Chi Cluster Descriptor VC-3 Valence cluster, order 3 

VC-4 Valence cluster, order 4 

VC-5 Valence cluster, order 5 

SC-5 Simple cluster, order 5 

Chi Chain Descriptor SCH-7 Simple chain, order 7 

VCH-6 Valence chain, order 6 

Chi Path Cluster 

Descriptor 

VPC-4 Valence path cluster, order 4 

Autocorrelation 

Descriptor 

ATSC0e Centered Broto-Moreau autocorrelation - lag 0 / 

weighted by Sanderson electronegativities 

GATS2v Geary autocorrelation - lag 2 / weighted by van 

der Waals volumes 

ATSC0i Centered Broto-Moreau autocorrelation - lag 0 / 

weighted by first ionization potential 

MATS4s Moran autocorrelation - lag 4 / weighted by I-

state 

ATS4s Broto-Moreau autocorrelation - lag 4 / weighted 

by I-state 

ATSC4s Centered Broto-Moreau autocorrelation - lag 4 / 

weighted by I-state 

GATS2i Geary autocorrelation - lag 2 / weighted by first 

ionization potential 

GATS2m Geary autocorrelation - lag 2 / weighted by mass 

Burden Modified 

Eigenvalues Descriptor 

SpMin4_Bhs Smallest absolute eigenvalue of Burden modified 

matrix - n 4 / weighted by relative I-state 

ALOGP Descriptor ALogP Ghose-Crippen LogKow 

PaDEL Carbon Types 

Descriptor 

C4SP3 Singly bound carbon bound to four other carbons 

Electrotopological State 

Atom Type Descriptor 

nssssC Count of atom-type E-State: >C< 
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Autocorrelation refers to the correlation of a property with itself across the molecular structure. 

The Broto-Moreau autocorrelation specifically measures how a certain atomic property (here, 

electronegativity) is distributed relative to the positions of atoms in the molecule. The 

descriptor is weighted by Sanderson electronegativities, a specific scale of electronegativity 

values assigned to atoms. Electronegativity refers to an atom's ability to attract and hold 

electrons. By weighting the autocorrelation by electronegativity, the descriptor gives more 

importance to atoms with higher or lower electronegativity values, depending on their 

contribution to the overall molecular property. The positive contribution of the ATSC0e 

descriptor is further confirmed by examining compounds 12, 16, and 225, where an increase in 

the value of this descriptor actively contributes to the inhibition of HDAC9. The next 

negatively contributing descriptor is nssssC which denotes the number of tetrahedral carbon 

atoms present in a molecule. The above observation can be justified by examining compounds 

214 and 249, where it is noted that the absence of tetrahedral carbon atoms in their structure 

contributes to their activity as HDAC9 inhibitors. From the SHAP summary plot, the next 

positively contributing descriptor is VC-4 which stands for Valence cluster of order 4. The 

positive contribution of the VC-4 descriptor is confirmed by observing compounds 6, 16, and 

206, where a high value of this descriptor is associated with active HDAC9 inhibition. The 

next positively contributing descriptor is SCH-7 which stands for Simple chain of order 7. In 

the case of compounds 223,252 and 254, the value of the descriptor is high and they actively 

contribute to the HDAC9 inhibition. The next positively contributing descriptor GATS2v is 

Geary autocorrelation - lag 2, weighted by van der Waals volumes. The above observation can 

be justified with the help of the following compounds 22 and 234 where it is observed that an 

increase in the descriptor value causes active inhibition of the HDAC9. From the SHAP 

summary plot, the next negatively contributing descriptor is ATSC0i which denotes Centered 

Broto-Moreau autocorrelation - lag 0, weighted by the first ionization potential. The above 

observation can be verified with the help of compound 263 where it is observed that a decrease 

in the descriptor value causes active inhibition of the HDAC9. The next positively contributing 

descriptor is MATS4s which denotes Moran autocorrelation - lag 4, weighted by ionization 

state. The above observation can be further validated by examining compounds 222 and 227, 

where an increase in the descriptor value is associated with a more significant contribution to 

HDAC9 inhibition. The next positively contributing descriptor is SpMin4_Bhs which stands 

for the Smallest Absolute Eigenvalue of the Burden Modified Matrix - Order 4, weighted by 

Relative I-State. It is a molecular descriptor used to quantify aspects of a molecule's structure 

based on its graph representation. The positive contribution of this descriptor can be confirmed 
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by examining compounds 255 and 280. It is evident that an increase in this descriptor's value 

correlates with enhanced activity as an HDAC9 inhibitors. 

5.3 Bayesian classification study 

By using the molecular descriptors and ECFP_6 fingerprint on the compounds in the training 

set, the Bayesian classification model was developed. Table 4. provides the statistical 

parameters of the developed Bayesian model. Figure 7. provides the receiver operating 

characteristic curves (ROC curves) for the compounds in the training and test sets. The 

developed Bayesian model has a 5-fold cross-validated ROC of 0.879, which indicates the 

accuracy of the model that was built. The test set's ROC score is 0.837, which indicates a strong 

external validation result. 

 

Figure 7. ROC curve for the Bayesian model of (A) training and (B) test set of compounds 

Table 4: Statistical parameters of the generated Bayesian model 

Set  ROC 

score 

ROC 

rating 

TP FP TN FN Se Sp Acc Pr F1 AUCb 𝜸 

Traininga 0.879 Good  71 30 175 8 0.899 0.854 0.866 0.703 0.789 0.876 0.753 

Test  0.840 Good  24 14 75 9 0.727 0.849 0.811 0.676 0.676 0.785 0.576 

Note: afive fold cross-validation result. 

The top twenty good fingerprints (G1-G20) and the top twenty bad fingerprints (B1-B20) are 

presented in Figure 8. And Figure 10. respectively, based on this Bayesian score. It is evident 

from Figure 9. and Figure 11. that the good and bad fingerprints may be combined into fewer 

structural feature groups, as described below. 
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For G3, G4, and G12 good fingerprints, N-hydroxy-3,4-dimethyl-1-(4-methylpenta-1,3-dien-

3-yl) cyclopentene with carboxamide group is very important for HDAC9 inhibitory activity. 

Compound A015 having the G3, G4, and G12 fingerprint possess good HDAC9 inhibition 

(IC50 = 15nM). Similarly, G1 and G13 fingerprints contain 1-(3-fluoro-2-methylphenyl)-N-

hydroxy-3,4-dimethylcyclopentene with carboxamide group and 5-isopropyl-1-methyl-5-

(prop-1-en-2-yl)-1,4,5,6-tetrahydrocyclopenta[b]pyrrole group containing G2 fingerprint 

responsible for higher potency in the compound A210 with IC50 value of 39nM. The structural 

similarities are observed in G6, G16 and G20 fingerprints having 1,5,5-tri(prop-1-en-2-yl)-

1,4,5,6-tetrahydrocyclopenta[b]pyrrole group that present in the compound A217(IC50 = 

44nM). 

 

Figure 8. Top twenty good (G1–G20) fingerprints for HDAC9 generated by Bayesian 

classification study. 
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The fingerprints G11, G15 and G17 contain 1,4,5,6-tetrahydrocyclopenta[c]pyrazole ring. This 

is an important ring for showing better HDAC9 inhibitory activity to the compound A026 (IC50 

= 27nM). Similarly, for G9 and G10 fingerprints 5,5-dimethyl-1,4,5,6-

tetrahydrocyclopenta[c]pyrazole is the most important scaffold for better activity present in 

compound A013(IC50 = 12nM). 

 

Figure 9.  Some common inhibitors as HDAC9 interacting agents contain good fingerprints 

in their structure 

The developed Bayesian model of HDAC9 inhibitors also exports twenty bad (B1-B20) sub-

structural fragments, as seen in Figure 10. Bad fingerprint B16 indicates that the 1,2-diamine 

benzene ring is responsible for lower HDAC9 inhibitory activity of the compound A118 (IC50 

> 3.33e+4nM). 

Similarly, fingerprints B2 and B10 represent carbon chains with amine groups also responsible 

for bad HDAC9 inhibition. For fingerprints B14, B18 and B20 having the pyrimidine-4 (3H)-

one scaffold (for example compound A051 with IC50 >100000nM) that promotes the lower 

inhibition against HDAC9 enzyme. Some fingerprints containing aromatic rings with multiple 

substitutions in meta, para and ortho positions (like fingerprints B12, B15 and B19) are 

responsible for bad inhibitory activity against the HDAC9 enzyme. 
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Figure 10. Top twenty bad (B1–B20) fingerprints for HDAC9 generated by Bayesian 

classification study 

Compound A152(IC50 = 74100nM) consists of such type of fingerprints and shows lower 

activity. Similarly, some bad fingerprints (B4 and B5) containing carbon chains with the 

Sulphur group are also responsible for bad HDAC9 inhibition. B1 fingerprint contains an 

aromatic ring with an amine group attached in the para position. This type of fingerprint is 

showing poor activity against HDAC9(for example compound A119 with IC50 > 3.33e+4nM). 
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Figure 11. Some common inhibitors contain bad Bayesian fingerprints which are inactive 

toward the HDAC9 interaction 

5.4 Recursive partitioning study 

Using several MPs and combinations of MPs and fingerprint characteristics (FCFP_6) in DS 

3.0, the default configuration of the RP model was developed. Before the RP model was 

generated, eight different types of molecular descriptors were computed, including 

lipophilicity, nR, nAR, nRB, AlogP, MW, nHBA, nHBD, M_FPSA, ECFP_6, and FCFP_6. 

The same training set was used to build the RP model with six trees. The best tree is Tree 1 

with an ROC score of 0.8666, accuracy (Acc) was 0.809, sensitivity (Se) of 0.612, specificity 

(Sp) of 0.936, precision (Pr) of 0.860, F1 score of 0.715, and AUCb of 0.774.  and a 5-fold 

cross-validation (ROC5-CV) of 0.784. However, the test dataset showed an accuracy of 0.809, 

along with values for precision (Pr) at 0.757, sensitivity (Se) at 0.675, specificity (Sp) at 0.905, 

F1 score at 0.714, and AUCb of 0.790 (Table 6). 

Based on FCFP_6, the most effective decision tree with eight leaves exported five structural 

fragments (FP-1 to FP-5). As a result, these fingerprint features are critical in distinguishing 

between active and inactive HDAC9 inhibitors. 
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Leaf #1 has an FP-1 fingerprint containing 1-(3-fluoro-2-methylphenyl)-N-hydroxy-3,4-

dimethylcyclopentene with carboxamide moiety is a most important structure to find some 

potent molecule like compound A210(IC50 = 39nM). Leaf No. #5 contains FP-2 fingerprint 

which is in charge of adding potency to numerous molecules like compound A015 

(IC50=15nM), compound A217 (IC50 =44nM), and compound A027(IC50 =27nM) 

respectively. Leaf #12, #15, and #16 contain FP-12 which includes an amide linker. 

Hydrophobicity (AlogP) and  

Table 5: Results of the RP model as obtained from the training set of HDAC9 inhibitor 

 

Tree 

No: 

Depth: 

Leaves 

ROC 

Rating 
ROC 

Score 
TP FP TN FN Acc Pr Se Sp F1 AUCb 𝜸 

1:5:8 0.784 0.866 68 11 162 43 0.809 0.860 0.612 0.936 0.715 0.774 0.548 

2:5:6 0.776 0.856 69 10 153 52 0.781 0.873 0.570 0.938 0.69 0.754 0.508 

3:4:5 0.777 0.835 64 15 161 44 0.792 0.810 0.592 0.914 0.684 0.753 0.506 

4:3:4 0.712 0807 58 21 169 36 0.799 0.734 0.617 0.889 0.670 0.753 0.506 

5:2:3 0.691 0.753 45 34 191 14 0.830 0.569 0.762 0.848 0.652 0.805 0.610 

6:1:2 0.691 0.705 36 43 196 9 0.816 0.455 0.8 0.820 0.580 0.810 0.620 

 

Table 6: Results of the RP model as obtained from the test set of HDAC9 inhibitor 

 

Tree 

No: 

Depth: 

Leaves 

ROC 

Rating 

ROC 

Score 

TP FP TN FN ACC Se Sp Pr F1 AUCb 𝜸 

1:5:8 0.816 0.816 25 8 77 12 0.836 0.675 0.905 0.757 0.714 0.790 0.580 

2:5:6 0.813 0.812 25 8 73 16 0.803 0.609 0.901 0.757 0.675 0.755 0.510 

3:4:5 0.805 0.805 24 9 75 14 0.811 0.631 0.892 0.727 0.676 0.762 0.523 

4:3:4 0.813 0.813 24 9 77 12 0.827 0.666 0.895 0.727 0.695 0.781 0.622 

5:2:3 0.732 0.732 17 16 84 5 0.827 0.772 0.84 0.515 0.618 0.806 0.355 

6:1:2 0.640 0.640 10 23 87 2 0.795 0.833 0.790 0.303 0.444 0.812 0.623 

 

number of rotatable bonds(nRB) plays a significant role in HDAC9 inhibition. This type of 

fingerprint was identified in compound A051(IC50 >100000nM) and showed very poor 

HDAC9 inhibitory activity. Leaf #13 contains an FP-4 fingerprint, that is critical for improving 

the potency of compounds A013 (IC50 = 12nM) and A217 (IC50 = 44 nM) (shown in Figure 
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12). Leaf #18 has an FP-5 fingerprint containing an aromatic ring with multiple substitutions 

which influences the bad HDAC9 inhibitory activity (compound A051, A152, and A119 with 

IC50 > 100000nM, > 3.33e+4nM and > 3.33e+4nM respectively). We may gain a better 

understanding of the fingerprints that are responsible for a compound's increased activity by 

using this form of classification-based model development.   

 

 

Figure 12. The decision tree generated from the recursive partitioning study, along with the 

important fingerprints are shown below 

5.5 SARpy analysis 

To identify the crucial structural signals causing powerful HDAC9 inhibition, the dataset 

molecules' structural analysis using SARpy was performed. The active ruleset, which has eight 

substructures, was created using adjustable structural alert variables such as minimum atom 

count: 2; maximum atom count: 18; and minimum occurrences: 3. Here, we solely took into 

account the training set's active classes to achieve the best possible sensitivity and specificity 
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results. Additionally, we used the active ruleset to confirm the outcome using a test set of 

chemicals. All the information is provided on the validation outcomes. The seven 

substructures/fingerprints i.c c1c2c(n(n1)c1ccccc1)CC(C2)(C(=O)NO), 

c12CC(Cc1n(nc2))C(=O)NO, N(c1ncc(cn1)C(=O)NO)C, c12c(sc(n1))C(CC2), 

c2ccc(c(c2)c2ccccc2)C with some of their representative training set (active) of compounds 

are given in Table 7. 

Table 7: Seven substructures (SMARTS) with their representative molecular structure   

obtained from the SARpy training model 

Structural 

alert No. 

SMARTS LR Fragment 

1 c1c2c(n(n1)c1ccccc1)CC(C2)(C(=O)NO) 41.52 

 
2 c12CC(Cc1n(nc2))C(=O)NO 35.03 

 

3 N(c1ncc(cn1)C(=O)NO)C 10.38 

 

4 c12c(sc(n1))C(CC2) 6.92 

 

5 c2ccc(c(c2)c2ccccc2)C 5.19 

 

6 c1(ccc(cc1))c1ncc(cn1)C 3.89 

 

7 CCc1c[nH]c2c1cccc2 3.89 

 
 

Regarding the structural warnings, it was identified that a few pieces were essential for 

effectively inhibiting HDAC9. The structure containing N-hydroxy-1-phenyl-1,4,5,6-

tetrahydrocyclopenta[c]pyrazole-5-carboxamide moiety having an LR value of 41.52 shows 
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good HDAC9 inhibitory activity. The importance of N-hydroxy-3,4,5,6-

tetrahydrocyclopenta[c]pyrazole-5-carboxamide fragment (LR value 35.03) for imparting 

effective HDAC9 inhibition. Similarly, N-hydroxy-2-(methylamino)-2,5-dihydropyrimidine-

5-carboxamide (LR value 10.38), 5,6-dihydro-4H-cyclopenta[d]thiazole (LR value 6.92), 2-

methyl-1,1'-biphenyl (LR value 5.19), 5-methyl-2-phenyl-2,5-dihydropyrimidine (LR value 

3.89), 3-ethyl-1H-indole (LR value 3.89), for the imparting potent HDAC9 activity.  

5.6 Molecular Docking Studies 

The methods section explains how the homology-modeled structure of HDAC9 is produced.  

The structural alignment between the created model and template structure (shown in Figure 

13A) demonstrates low RMSD values (<1 Å). a Z-score of -8.2, (as seen in Figure 13B).  

 

Figure 13: (A) Structural alignment of HDAC4 shown in brown color (PDB: 2VQM) with 

generated homology shown in Siam color. (B) Homology modeling validations. (C) ProSA 

analysis (D) Ramachandran plot 

The Z-score value of a model indicates its quality, calculated by comparing the structure's total 

energy to the energy distribution of random conformations. This indicates that the model is of 
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acceptable quality. The molecular docking analysis of HDAC9's homology structure with four 

actively anticipated compounds from the Bayesian classification and RP models using LeDock 

yielded satisfactory results. 

The molecular docking was performed for one compound (compound A240) with important 

fingerprints for HDAC9 inhibition, as identified by the modeling studies.  Figure 14. depicts 

the docking poses of the one compound A240. Docking analysis confirmed that the compounds 

can bind in the same binding pocket where the inbound ligand binds. There are several 

interactions found to be important for the binding interactions in the case of compound A240.  

 

Figure 14: Protein-ligand interaction plot for compounds A210, A223 and A240 

 

In compound A210, the amino acids F795 and P783 are involved in alkyl and π-alkyl 

interaction with hexahydrocyclopenta[c]pyrazole. Additionally, P783 also interacts with 

fluorobenzene via π-alkyl interaction. A π-anion interaction takes place between amino residue 

D823 and fluorobenzene. There is a π-π T-shaped interaction is formed between the methyl 

benzene and amino acid H922. For compound A223, the amino residue A914 interacts with 

the fluorine of fluorobenzene via halogen interaction whereas amino acid D823 interacts with 

the benzene ring through π-anion bond formation. Amino residues L926 and H922 interact 

with the cyclopropane ring via alkyl and π-alkyl interaction. Amino residue P783 The amino 

acid R663 is involved in π-cation interaction with the fluorobenzene moiety of compound 

A240. This moiety also interacts with L926 through alkyl and π-alkyl interaction. The zinc-
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binding group is engaged in conventional hydrogen bond interactions with the amino acid 

G794. Amino acid H785 has participated in π-π stacked interactions with the ligand. 

Additionally, amino residues G784, C796, H786, F795, K659, P658, H922, F916 and S913 

interact through Weaks van der Waals interaction with the ligand (compound 240). 

 

Table 8: Three best active compounds with corresponding binding affinity with HDAC9 

homology protein. 

SL no Name Binding affinity (kcal/ mol-1) 

1 A210 -5.13 

2 A223 -5.42 

3 A240 -4.22 

 

 

 

 

Figure 15: RMSD, RMSF, and Rg for the MD analysis of the apo form of HDAC9 

and its complex with compound A240 
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5.7 Molecular Dynamics Simulation 

MD simulation was performed for up to 100 ns to assess the stability of the complexes with 

compound 240 (shown in Figure 15). The average RMSD of the apo and its complex are found 

to be 0.37 (apo), and 0.45 (compound 240). The average RMSD values reflect that the complex 

of A 240 is slightly higher than the apo form. The corresponding average RMSF values of 

amino acid residues are found to be 0.16 (apo form), and 0.21 (compound 240).  

The compactness of HDAC9 alone (apo form) and after complex with the compound 240 was 

determined by doing a comparative analysis of Rg data. The mean Rg values of 2.14 nm (apo 

form), and 0.35 nm (compound 240) were computed for the apo form and the complexes with 

compound 240. This result highlights that the compactness of the ligand-bound form of the 

complexes is lower than the apo form, indicating the decreased stability of the ligand-bound 

form of HDAC9. 
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6. Conclusion and Future Perspective 
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6. Conclusion and Future Perspective 

The purpose of this work was to find the significant fingerprints needed for the HDAC9 protein 

inhibitors. This molecular modeling investigation found good and poor molecular fingerprints 

using machine learning (ML), Bayesian classification, and RP (single) tree approaches, with 

strong statistical validation metrics. The Bayesian classification and SARpy analysis provide 

insights into important directions and suggest that the 1,4,5,6-tetrahydrocyclopenta[c]pyrazole 

ring with various substitutes is important for the design of HDAC9 selective inhibitors. In 

addition to ligand-based drug design, this study also finds a suitable binding site where the 

ligand actively binds with the HDAC9 protein. Therefore, using a variety of molecular 

modeling approaches like molecular docking enables us to identify distinct structural 

fingerprints associated with HDAC9 inhibition. At last, the Molecular dynamics analysis was 

performed to analyze the stability of the protein along with the potent ligand. Overall, this work 

provides important details on the fundamental structural characteristics of HDAC9 inhibitors 

for medicinal research. 
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7. Annexture-1 

 SMILE format of the whole dataset of HDAC9 inhibitors 

molecul

e_no 

smiles bin

ary 

IC50 

(nM) 

A001* N(Cc1ccc(cc1)C(=O)Nc1ccccc1N)C(=O)OCc1cccnc1 1 0.5 

A002* C(CCCCNC(=O)C=C1c2c(cccc2)c2c1cccc2)C(=O)NO 1 2.3 

A003* c1(ccc2c(c1)nccc2)/C=C/C(=O)NCCCCCC(=O)NO 1 2.8 

A004* c1(ccc(cc1F)Cl)/C=C/C(=O)NCCCCCC(=O)NO 1 3.9 

A005 C(CCCCNC(=O)/C=C(/C=C/c1ccccc1)\C)C(=O)NO 1 4.2 

A006 [C@@H]1(CNC(=O)c2cc3C(CC(=O)Nc3cc2)(C)C)CC[C@H](CC1)/C=C/C(=O)
NO 

1 5.2 

A007 O=C(NO)/C=C/c1ccc(CNCCc2c3c([nH]c2C)cccc3)cc1 1 5.7 

A008 c1cc2n(cc(c2cc1)CNCC1CCN(CC1)c1ncc(cn1)C(=O)NO)C 1 6.7 

A009 c1cc(ccc1/C=C/C(=O)NO)CN(CCO)CCc1c[nH]c2c1cccc2 1 8.2 

A010* c1cc(ccc1c1noc(n1)C(F)(F)F)C(=O)N[C@@H](CN(CCC)CCC)C 1 10 

A011 C1(CCOCC1)(CNC(=O)c1cccc(c2nc(on2)C(F)(F)F)c1)c1nc(cs1)c1ccccc1 1 10 

A012 c1c(c(c(cc1)F)n1ncc2c1C[C@](C2)(C(=O)NO)c1cccc(c1C)F)F 1 12 

A013 n1cc2c(n1c1c(cccc1)Cl)C[C@@](C2)(c1c(c(ccc1)F)C)C(=O)NO 1 15 

A014 c1c2c(n(n1)c1c(cccc1F)Cl)C[C@@](C2)(c1c(c(ccc1)F)C)C(=O)NO 1 15 

A015 C(C)(C)(CNC(=O)c1cccc(c1)c1noc(C(F)(F)F)n1)c1nc(oc1)c1ccccc1 1 16 

A016 c1c2c(n(n1)c1c(cccc1)F)C[C@](C2)(C(=O)NO)c1c(c(ccc1)F)C 1 17 

A017* c1(n2ncc3c2C[C@](C3)(C(=O)NO)c2c(c(ccc2)F)C)c(c(ccc1)Cl)F 1 17 

A018* c12C[C@@](Cc1cnn2c1c(cccc1C)F)(c1c(c(ccc1)F)C)C(=O)NO 1 19 

A019* N1(Cc2ccc(c(c2)c2ccccc2)C(=O)NO)C(=O)c2c(C1=O)cccc2 1 20 

A020 c1cc(ccc1C(=O)/C(=C/[C@@H](C)/C=C/C(=O)NO)/C)N(C)C 1 20 

A021* c1ccccc1NC(=O)CCCCCCC(=O)NO 1 20 

A022 c1c2c(n(n1)c1cc(ccc1C)C)C[C@@](C2)(c1cccc(c1C)F)C(=O)NO 1 21 

A023 c1c2c(n(n1)c1c(cccc1)C)C[C@](C2)(C(=O)NO)c1c(c(ccc1)F)C 1 23 

A024 C(=O)(CCCCCCC(=O)Nc1cc2CCC(=O)Nc2cc1)NO 1 25 

A025* c1(cccc([C@@]2(C(=O)NO)c3c(CC2)n(nc3)Cc2ccccc2)c1C)F 1 27 

A026* c12C[C@@](Cc1cnn2c1c(cccc1C)C)(c1cccc(c1C)F)C(=O)NO 1 27 

A027 c1c2c(n(n1)c1ccccc1)C[C@](C2)(C(=O)NO)c1c(c(ccc1)F)C 1 28 

A028 c1(cccc(c1C)F)[C@@]1(Cc2cnn(c2C1)c1cc(ccc1)C)C(=O)NO 1 28 

A029 c1cc2c(cc1S(=O)(=O)N1CCN(CC1)c1ncc(cn1)C(=O)NO)cccc2 1 28 

A030 C[C@H](/C=C/C(=O)NO)/C=C(\C)/C(=O)c1ccc(cc1)N(C)C 0 8861 

A031 N1(Cc2ccc(cc2)C(=O)NO)c2c(CC[C@H]3[C@H]1CCCC3)cccc2 0 8900 

A032* c1ccc2c(c1)c(c([nH]2)C)/C=C/c1c(cccc1)c1ccc(cc1)/C=C/C(=O)NO 0 8900 

A033 c1(ccc(cc1)/C=C/C(=O)NO)c1ccc(cc1)O 0 8920 

A034* C1(=O)N([C@@H](C(=O)N1c1ccc(cc1)Cl)CCC(=O)Nc1ccc(cc1)C(=O)NO)Cc1

ccc(cc1)Br 

0 9100 

A035* c1(ccc2c3c1cccc3c(=O)n(c2=O)CCCCCC(=O)NO)NCc1ccccc1 0 9300 

A036 c1c(cccc1)c1c2c(sn1)C[C@@](C2)(c1c(c(ccc1)F)C)C(=O)NO 0 9700 

A037 c1(ccc(s1)Cc1cc(c(cc1)OCC)c1nc2c(c(=O)[nH]1)n(nc2CCC)C)C(=O)NO 0 >1000

0 

A038* c1(c(cc2c(c1)oc(n2)Nc1cc(ccc1)C(=O)NO)Cl)Cl 0 >1000

0 
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A039 O=C(NO)c1c2c(C(C)(C)N(c3[nH]c4cc(ccc4n3)C(F)(F)F)C2)ccc1 0 >1000

0 

A040 c1c(c(ccc1)c1[nH]c2c(n1)cc(cc2)C(=O)NO)C(F)(F)F 0 >1000

0 

A041 OCCN(C(=O)Cc1ccc(C(=O)NO)cc1)c1ccccc1 0 >1000

0 

A042 c1c(ccc(c1)/C=C/C(=O)NNCCC)CNCCc1c([nH]c2c1cccc2)C 0 >1000

0 

A043* c1(ccc2c3c1cccc3c(=O)n(c2=O)CCCCCC(=O)NO)NCCC 0 >1000

0 

A044 c1(ccc(cc1)C(=O)Nc1cc(ccc1N)c1cccs1)NC(=O)C 0 >1.0e
+4 

A045 C12(C(=O)NC1)CCN(c1ccc(C(=O)Nc3cc(ccc3N)c3cccs3)cn1)CC2 0 >1.0e

+4 

A046 SCC/C=C/[C@@H]1CC(=O)N[C@@H](c2scc(C(=O)N/C(=C\C)/C(=O)N[C@H]

(C(=O)O1)C(C)C)n2)C(C)C 

0 >1000

0 

A047 SCC/C=C/[C@@H]1CC(=O)NCc2scc(C(=O)N/C(=C\C)/C(=O)N[C@H](C(=O)

O1)C(C)C)n2 

0 >1000

0 

A048 S(CC/C=C/[C@@H]1CC(=O)NCc2scc(C(=O)N/C(=C\C)/C(=O)N[C@H](C(=O)

O1)C(C)C)n2)C(=O)C 

0 >1000

0 

A049* c1ccc2c(c1)c(nc(n2)C)N(c1cc(c(cc1)OC)OCCCC(=O)NO)C 0 >1000

0 

A050 n1c([nH]c(=O)c2c1sc1c2CCN(C1)C)c1cc(c(c(c1)C)OCCCCCC(=O)NO)C 0 >1000

0 

A051 c1(cc(cc(c1)C(F)(F)F)C(=O)N(c1ccc(cc1)C(=O)NO)C(C)C)C(F)(F)F 0 >1000

0 

A052 c1c(cc2c(c1)ccn2Cc1ccc(cc1)OC)C(=O)NO 0 >1000

0 

A053 O=S(=O)(c1ccc(cc1)c1cn(nc1)C)n1ccc(c1)/C=C/C(=O)Nc1ccccc1N 0 >1000

0 

A054 c1ncccc1/C=C/C(=O)NCc1ccc(cc1)C(=O)Nc1ccc(cc1N)F 0 >1000

0 

A055 n1c(nc2c(c1N1CCOCC1)ncn2CCCCCCC(=O)NO)c1ccc(nc1)N 0 >1000
0 

A056 n1c(nc2c(c1N1CCOCC1)ccn2CCCCCCC(=O)NO)c1cnc(nc1)N 0 >1000

0 

A057* C(=O)(/C=C/c1cc2nc(n(c2cc1)CCN(CC)CC)CCCC)NO 0 >1000

0 

A058 c1(nc2n(c1)cccc2)c1cc(ccc1)c1nc2c([nH]1)cc(cc2)C(=N)NO 0 >1000

0 

A059 FC(F)(c1nc(c2cc3nc(c4cc(c5nc6n(c5NC(C)(C)C)ccnc6)ccc4)[nH]c3cc2)no1)F 0 >1000

0 

A060* [C@@H](Oc1cc(N(c2c3ccccc3nc(n2)C)C)ccc1OC)(C(=O)NO)C(C)C 0 >1000

0 

A061 n1c2c(c3n(c1N)nc(n3)c1occc1)cnn2CCc1ccc(cc1)C(=O)Nc1ccccc1N 0 >1000

0 

A062 N(c1c(N)cccc1)C(=O)CCCCCCC(=O)Nc1ccccc1 0 >1000

0 

A063 c1ccc(cc1S(=O)(=O)N(c1ccccc1)C)/C=C/C(=O)NO 0 >1000

0 

A064 c1ccc(cc1S(=O)(=O)N(CCc1ccccc1)C)/C=C/C(=O)NO 0 >1000

0 

A065 c1c(ccc(c1)/C=C/C(=O)NO)CNC[C@]12C[C@H]3C[C@H](C[C@@H](C1)C3)

C2 

0 >1000

0 

A066 c1c(cc2c(c1)C=C(CC2)C(=O)NO)CN(C[C@]12C[C@H]3C[C@H](C[C@@H](C
1)C3)C2)C 

0 >1000
0 

A067 c1(/C=C/C(=O)NO)ccc(cc1)CNCC1CCCCC1 0 >1000

0 
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A068 O=C(N)c1c2c(C(C)(C)N(C2)c2cnc(cn2)C(F)(F)F)ccc1 0 >1000

0 

A069 O=C(NO)c1c2c(C(C)(C)N(C2)c2cnc(cn2)C(F)(F)F)ccc1 0 >1000

0 

A070 c1ccc(c(c1)CN1C[C@H](CC1)O)NC(=O)CCCCCCC(=O)NO 0 >1000

0 

A071 C(=O)(/C=C/c1ccc(cn1)NC(=O)[C@H](Cc1ccccc1)c1ccccc1)NO 0 10600 

A072* c1(cc(on1)CN1CCOCC1)c1ccc(cc1)/C=C/C(=O)NO 0 11200 

A073 c1c(ccc(c1)C(=O)COc1nc(cc(=O)[nH]1)C)NC(=O)C 0 11700 

A074* c1c(ccc(c1)/C=C/C(=O)NO)/C=N/OCc1c(c(c(c(c1F)F)F)F)F 0 12000 

A075 c1ccc2c(c1)c(c1c(n2)cccc1)Nc1cccc(c1)C(=O)NO 0 12180 

A076* O=S1(=O)C[C@@H]2[C@H](N(c3c1cccc3)Cc1ccc(cc1)C(=O)NO)CCCC2 0 13000 

A077 C1Cc2c(N(Cc3ccc(cc3)C(=O)NO)[C@H]3[C@H](C1)CCCC3)cccc2 0 13000 

A078 c1([C@@H]2CN(C[C@H]2C(=O)Nc2ccc(cc2)Cl)C)ccc(/C=C/C(=O)Nc2c(cccc2)

N)cc1 

0 13000 

A079* c1c(ccc(c1)/C=C/C(=O)NO)/C=N/OCCN1CCOCC1 0 13100 

A080* c1ccc2c(c1)c(Nc1ccc(cc1)C(=O)NO)ccn2 0 13230 

A081* c1ccc2c(c1)n(cc2C)Cc1ccc(cc1)C(=O)NO 0 14500 

A082 C1CC[C@H]2[C@H](C1)[C@H](C[C@@H]2C)c1ccc(cc1)C(=O)NO 0 14500 

A083 c1c(ccc(c1)/C=C/C(=O)NO)CN(C[C@]12C[C@H]3C[C@H](C[C@@H](C1)C3)

C2)C 

0 >1500

0 

A084 C1(=O)N([C@@H](C(=O)N1c1ccc(cc1)Cl)CCC(=O)Nc1ccc(cc1)C(=O)NO)Cc1

ccccc1 

0 15200 

A085* c1ccc2c(c1)CC(C2)(c1ccccc1)C(=O)NO 0 15300 

A086 c1([C@H]2CN(C[C@@H]2C(=O)Nc2ccc(cc2)Cl)C)ccc(/C=C/C(=O)Nc2c(cccc2)

N)cc1 

0 16000 

A087 C(/C=C/[C@@H]1CC(=O)NCc2scc(n2)c2n(CC(=O)N[C@H](C(=O)O1)C(C)C)n

nn2)CS 

0 16200 

A088 C(=O)(c1ccc(cc1)CN(C(=O)Nc1ccc(cc1)CN)CCCC)NO 0 17300 

A089 c12CC[C@@](Cc1cnn2c1ccccc1)(c1c(c(ccc1)F)C)C(=O)NO 0 17300 

A090 C(=O)(CCCCc1nn(cc1)Cc1ccc(cc1)Nc1ccccc1)NO 0 18300 

A091* C1CC[C@@H]2[C@H](C1)[C@H]([C@@H](C2)C)c1ccc(cc1)C(=O)NO 0 18300 

A092 c1ccc2c(c1)n(c(c2)C)Cc1ccc(cc1)C(=O)NO 0 18300 

A093 C1(c2ncc3c(n2)CC[C@]3(C(=O)NO)c2cccc(c2C)F)CC1 0 19400 

A094 c12CC[C@@](Cc1cn(n2)c1ccccc1F)(c1c(c(ccc1)F)C)C(=O)NO 0 19800 

A095 C(=O)([C@H](Cc1ccccc1)n1nnc(c1C#Cc1ccccc1)c1ccccc1)NO 0 >2000

0 

A096 C(=O)([C@H](Cc1ccccc1)n1nnc(c1C#CC1CC1)c1ccccc1)NO 0 >2000

0 

A097 n1c(sc(c1C(=O)N[C@H](c1ccc(cc1)C(=O)NO)C)C1CC1)c1ncc(s1)c1ccccc1 0 >2000
0 

A098 c1(CN[C@]23C[C@H]4C[C@H](C[C@@H](C2)C4)C3)cccc(c1)/C=C/C(=O)N

O 

0 >2000

0 

A099* C1(=O)N(c2c(S(=O)(=O)c3c1cc(cc3)OC)cccc2)CCCCCC(=O)NO 0 >2000

0 

A100* N1CCN(CC1)c1ccc2c(n1)ccc(c2)C(=O)Nc1cc(ccc1N)c1cccs1 0 >2000

0 

A101 C1[C@H]2[C@H](N(Cc3ccc(cc3)C(=O)NO)c3c1cccc3)CCCC2 0 25000 

A102* N1(Cc2ccc(cc2)C(=O)NO)c2c(S(=O)c3c1cccc3)cccc2 0 27570 

A103* C(=C\CCC(=O)O)/C[C@H]1NC(=O)[C@H](NC(=O)[C@@H](C)NC(=O)[C@

@H](C(C)C)NC(=O)[C@H]1C)Cc1ccccc1 

0 28000 

A104* c1ccc2c(c1)c(c1c(n2)cccc1)Nc1ccc(cc1)CCC(=O)NO 0 28960 
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A105 S1c2c(N(Cc3ccc(cc3)C(=O)NO)c3c1ccc(c3)OC)cccc2 0 29700 

A106 c1c(ccc(c1)C(=O)NO)CN(CCCCO)C(=O)Nc1ccccc1 0 29700 

A107 c1ccc2c(c1)n(c1c2CN(CC1)C)Cc1ccc(cc1)C(=O)NO 0 >3000

0 

A108* c1cc(ccc1C(=O)Nc1ccc(cc1N)F)NC(=O)C 0 >3000

0 

A109* C1c2c(N(Cc3ccc(cc3)C(=O)NO)[C@H]3[C@H]1CCCCC3)cccc2 0 >3000

0 

A110 C1Cc2c(N(Cc3ccc(cc3)C(=O)NO)[C@H]3[C@H](C1)CCCC3)cc(cc2)C(F)(F)F 0 >3000

0 

A111 C(=O)(c1ccc(cc1)CCn1c(=O)c2c3c(c1=O)ccc(c3ccc2)N1CCOCC1)NO 0 >3000

0 

A112 c1ccc(c(c1)C(=O)N)Nc1cccc(c1)OCCc1ccccc1 0 >3000
0 

A113 c1(C(=O)N[C@H](C(=O)NO)C(N)(C)C)ccc(cc1)OCC#CC 0 >3000

0 

A114 c1cccc(c1)NC(=O)CCCCCC[C@@H](C(=O)NC)N=O 0 30700 

A115 c1(ccc2c(c1)c(c1c(n2)cccc1)Nc1ccc(cc1)C(=O)NO)OC(F)(F)F 0 31100 

A116* C(/C=C/[C@@H]1CC(=O)NCc2scc(n2)c2nnn(c2)CC(=O)N[C@H](C(=O)O1)C(

C)C)CS 

0 32000 

A117 c1(ccc(cc1)C(=O)Nc1ccccc1N)NC(=O)C 0 >3.33

e+4 

A118 c1cc(ccc1C(=O)Nc1cc(ccc1N)c1ccncc1)NC(=O)C 0 >3.33

e+4 

A119 c1ccc(cc1)C(=O)NO 0 >3333

0 

A120 C(=O)(NO)C1=CCCC1 0 >3333

0 

A121 [C@@H]1(C(=O)Nc2c(ccc(c2)c2ccc(cc2)F)N)C[C@H]2CC[C@@H](C1)O2 0 >3333

0 

A122 C(=O)(N[C@@H](C(=O)O)c1ccccc1)c1cccc(=S)n1O 0 34000 

A123* C(/C=C/[C@@H]1CC(=O)NCc2scc(n2)c2nnn(n2)CC(=O)N[C@H](C(=O)O1)C(

C)C)CS 

0 34600 

A124 c1(ccc2c(c1)C[C@@H](CC2)Nc1nccc(n1)c1cccnc1)C(=O)NO 0 35000 

A125* N1(Cc2ccc(cc2)C(=O)NO)c2c(Sc3c1cccc3)cccc2 0 36470 

A126 o1c(cc(n1)C(=O)NO)CCNC(=O)c1cc(c(cc1)Cl)Cl 0 38200 

A127 c1(ccc(cc1)/C=C/C(=O)NO)c1ccc(cc1)OC 0 39000 

A128* c1c(cc2c(c1)c(c1c(n2)ccc(n1)OC)Nc1ccc(cc1)C(=O)NO)Cl 0 >4000

0 

A129 c1ccc2c(c1)c(Nc1ccc(cc1)C(=O)NO)c1c(n2)CCCC1 0 >4000

0 

A130 c1ccc2c(c1)N(c1c([S@@]2=O)ccc(c1)/C(=N/O)/C)Cc1ccc(cc1)C(=O)NO 0 >4000

0 

A131 c1c(ccc(c1)/C=C/C(=O)NO)CN(C[C@]12C[C@H]3C[C@H](C[C@@H](C1)C3)

C2)CCF 

0 >4000

0 

A132 c1(c(ccc(c1)c1ccc(cc1)/C=C/C(=O)NO)O)[C@]12C[C@@H]3C[C@H](C1)C[C

@@H](C3)C2 

0 41000 

A133 c1(cc(ccc1CC#N)c1c(cc(cc1)/C=C/C(=O)NO)Cl)[C@]12C[C@@H]3C[C@H](C

1)C[C@@H](C3)C2 

0 42000 

A134 CN1C[C@H](c2c(cc(/C=C/C(=O)Nc3c(cccc3)N)cc2)F)[C@H](C1)C(=O)Nc1ccc

(cc1)Cl 

0 43000 

A135* c1c(=S)n(c(cc1)C(=O)O)O 0 47000 

A136* C(=O)(CCCCc1nn(cc1)Cc1ccc(cc1)c1ccccc1)NO 0 47200 

A137 C(=O)(CCCCc1nn(cc1)Cc1cc(ccc1)c1ccccc1)NO 0 48900 

A138* c1ccc2c(c1)CC[C@]2(c1ccccc1)C(=O)NO 0 >5000

0 
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A139* C(=O)(/C=C/c1ccccc1)NO 0 >5000

0 

A140 C(=O)(/C=C/c1cc2nc(n(c2cc1)CCN(C)C)CCCC)NO 0 >5000

0 

A141 c1(c(ccc(c1)/C=C/C(=O)NO)CNC[C@]12C[C@H]3C[C@H](C[C@@H](C1)C3)

C2)F 

0 >5000

0 

A142 c1(c(ccc(c1)/C=C/C(=O)NO)CN(C[C@]12C[C@H]3C[C@H](C[C@@H](C1)C3

)C2)C)F 

0 >5000

0 

A143 [C@@H]12CC(=O)N[C@@H](C(=O)N[C@@H](C(=O)N[C@@H]([C@H](CC(

=O)O1)O)[C@H](CC)C)CSSCC/C=C/2)CCCC 

0 >5000

0 

A144* C(=O)(CCCCSc1nc(cc(=O)[nH]1)c1ccc(cc1)c1ccccc1)NO 0 >5000
0 

A145* C(=O)(CCCCCC(c1c[nH]c2c1cccc2)c1c[nH]c2c1cccc2)Nc1ccccc1N 0 50000 

A146* C(=O)(CCCCc1nn(cc1)c1ccccc1)NO 0 55800 

A147* Ic1c(O)c2ncccc2c(Cl)c1 0 57000 

A148* C(=O)(N[C@@H](C(=O)O)C)c1cccc(=S)n1O 0 58000 

A149* c1(ccc2c(c1)CN(CC2)Cc1ccc(o1)c1cccc(c1)[N+](=O)[O-])C(=O)NO 0 65800 

A150* c1cc(ccc1/C=C/C(=O)NO)OC 0 >7000

0 

A151 c1c(ccc(c1)C(=O)CSc1[nH]c(=O)cc(n1)C)NC(=O)C 0 74100 

A152 C(=O)(NO)C(CCC)CCC 0 91000 

A153 c1ccc2c(c1)C(=O)c1c(C2=O)ccc(c1)/C=C/C(=O)NO 0 >1000

00 

A154 C1(NC(=O)CCCCCC[C@@H](C(=O)NC)N=O)c2c(cccc2)c2c1cccc2 0 >1000

00 

A155 c1cc(ccc1C(=O)NNCCCC)Br 0 >1000

00 

A156 C1(=O)N([C@@H](C(=O)N1c1ccc(cc1)Cl)CCC(=O)Nc1ccc(cc1)C(=O)NO)Cc1
ccc(cc1)C 

0 >1000
00 

A157 c1cc(cc(c1)NC(=O)CCCCCC[C@@H](C(=O)NC)N=O)Br 0 >1000

00 

A158 c1c(ccc(c1)C(=O)CSc1nc(ccn1)C)NC(=O)C 0 >1000

00 

A159 c1c(ccc(c1)C(=O)CSc1nc(cc(n1)OC)C)NC(=O)C 0 >1000

00 

A160 c1c(ccc(c1)C(=O)CSc1nc(cc(n1)C)C)NC(=O)C 0 >1000

00 

A161 c1c(ccc(c1)C(=O)CSc1cc(ccc1)O)NC(=O)C 0 >1000

00 

A162 c1c(ccc(c1)C(=O)COc1cc(cc(=O)[nH]1)C)NC(=O)C 0 >1000

00 

A163* c1(nc(cc(=O)[nH]1)C)SCc1ccc(cc1)NC(=O)C 0 >1000

00 

A164 c1(nc(cc(=O)[nH]1)C)SC[C@@H](c1ccc(cc1)NC(=O)C)O 0 >1000

00 

A165 c1(nc(cc(=O)[nH]1)C)SCC(=O)c1ccccc1 0 >1000

00 

A166 c1(nc(cc(=O)[nH]1)C)SCC(=O)c1ccc(cc1)N(C(=O)C)C 0 >1000

00 

A167* c1(nc(cc(=O)[nH]1)C)SCC(=O)c1ccc(cc1)NC(=O)c1ccccc1 0 >1000
00 

A168 S(c1[nH]c(=O)cc(n1)C)CC(=O)c1ccc(OC)cc1 0 >1000

00 

A169* c1(nc(cc(=O)[nH]1)C)SCC(=O)c1ccc(cc1)C(C)(C)C 0 >1000

00 

A170 c1(nc(cc(=O)[nH]1)C)SCC(=O)c1ccc(cc1)Cl 0 >1000

00 
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A171 c1(nc(cc(=O)[nH]1)C)SCC(=O)c1ccc(cc1)O 0 >1000

00 

A172 S(CC(=O)c1cc(O)c(O)cc1)c1nc(cc(=O)[nH]1)C 0 >1000

00 

A173* c1(nc(cc(=O)[nH]1)C)SCC(=O)c1cc2c(cc1)OCCO2 0 >1000

00 

A174* c1(nc(cc(=O)[nH]1)C)SCC(=O)c1sccc1 0 >1000

00 

A175* c1(nc(cc(=O)[nH]1)C)SCC(=O)OC 0 >1000

00 

A176* c1(nc(cc(=O)[nH]1)C)SCC(=O)C 0 >1000
00 

A177 c1(nc(cc(=O)[nH]1)C)SCC(=O)C(C)(C)C 0 >1000

00 

A178 c1(nc(cc(=O)[nH]1)C)SCC(=O)CC(=O)OCC 0 >1000

00 

A179 c1(nc(cc(=O)[nH]1)C)SCC(=O)NCCCCc1ccccc1 0 >1000

00 

A180* S(CC(=O)NCCc1ccccc1)c1nc(cc(=O)[nH]1)C 0 >1000

00 

A181 c1(nc(cc(=O)[nH]1)C)SCC(=O)NCCCCCCc1ccccc1 0 >1000

00 

A182 c1(nc(cc(=O)[nH]1)C)SCC(=O)c1cc2c(cc1)CC(=O)N2 0 >1000

00 

A183 C(CCC(=O)Nc1ccccc1N)CCC(=O)Nc1ccc(cc1)C 0 >1000

00 

A184 c1c(ccc(c1)/C=C/C=C/C(=O)NO)c1ccc(cc1)OC 0 >1000

00 

A185 C(=O)(NO)/C=C/C=C/c1ccc(c2ccc(c(c2)[C@]23C[C@@H]4C[C@H](C2)C[C@

@H](C4)C3)OC)cc1 

0 >1000

00 

A186 N(Cc1ccc(cc1)C(=O)Nc1ccccc1N)C1=N[C@@H]([C@@H](O1)c1ccccc1)c1ccc

cc1 

0 >1000

00 

A187 C(=O)(/C=C/c1ccc(cc1)C(F)(F)F)NO 0 >1000
00 

A188* c1cc(cc2c1cccc2)NC(=O)CCCCCC[C@@H](C(=O)NC)N=O 0 >1000

00 

A189* n1cc(cc2c1cccc2)NC(=O)CCCCCC[C@@H](C(=O)NC)N=O 0 >1000

00 

A190 c12cc(oc1cccc2)c1nc2c(cccc2)c(c1)C(=O)NC(c1ccccc1)c1ccccc1 0 >2000

00 

A191 [O-][N+](=O)c1c(N)cc(N2CCN(CC2)C)cc1 0 >2000

00 

A192* C(=O)(NO)CCCc1ccccc1 0 43000

0 

A193 C(C)CC(=O)O 0 >2000

000 

A194 C(CC(CCC)C(=O)O)C 0 >2000

000 

A195* [O-]C(=O)CCCc1ccccc1 0 >2000

000 

A196 CCCC(=O)NO 0 >2000

000 

A197* c12C[C@](Cc1cnn2c1c(cc(cc1)F)F)(C(=O)NO)c1cccc(c1C)F 1 29 

A198 c1c(ccc(c1)C(=O)N[C@@H](CN1[C@H](CCC1)C)C)c1noc(n1)C(F)(F)F 1 30 

A199* c1(ccc(cc1)[C@@H](c1ccccc1F)C(=O)NO)c1cnc(nc1)C 1 30 

A200 c1c2c(n(n1)c1ncc(cc1)F)C[C@](C2)(C(=O)NO)c1c(c(ccc1)F)C 1 31 

A201 C(=O)(CCCCCCNC(=O)c1cc2ccc(nc2cc1)OC)NO 1 34 
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A202* C(=O)(CCCCCCNC(=O)c1cc2CCC(=O)Nc2cc1)NO 1 35 

A203* c1(c(cccc1[C@@]1(C(=O)NO)Cc2c(C1)cnn2c1c(cc(cc1)F)Cl)F)C 1 36 

A204* C1(n2ncc3c2C[C@](C3)(C(=O)NO)c2cccc(c2C)F)CCCC1 1 37 

A205* C(=C\C(=O)NO)/c1ccc(CNC(=O)c2cc3C(CC(=O)Nc3cc2)(C)C)cc1 1 37 

A206 c1c2c(n(n1)c1nccnc1)C[C@](C2)(C(=O)NO)c1cccc(c1C)F 1 38 

A207* S1(=O)(=O)N(Cc2ccc(c(c2)c2ccccc2)C(=O)NO)C(=O)c2c1cccc2 1 38 

A208 ONC(=O)/C=C/C(=C/[C@H](C(=O)c1ccc(N(C)C)cc1)C)/C 1 38 

A209* c1(n2ncc3c2C[C@@](C3)(c2c(c(ccc2)F)C)C(=O)NO)ccc(cc1)C 1 39 

A210 C(=O)(CCCCCCNC(=O)c1cc2C(CC(=O)Nc2cc1)(C)C)NO 1 39 

A211* [C@H](N1CCN(CC1)c1ncc(cn1)C(=O)NO)(/C=C/c1ccc(cc1)F)CO 1 41 

A212 C(=O)(CCCCCCNC(=O)c1cc2ccc(=O)n(c2cc1)C)NO 1 41 

A213 N(C(=O)CCCCCCS)c1nc(cs1)c1ccc(cc1)C 1 42 

A214 c1(cccc(c1C)[C@]1(C(=O)NO)Cc2c(C1)nc(s2)c1ccnn1C)F 1 44 

A215* c1c2c(n(n1)c1cc(ccc1)F)C[C@](C2)(C(=O)NO)c1c(c(ccc1)F)C 1 44 

A216 c1c2c(n(n1)c1ccc(cc1C)F)C[C@@](C2)(c1c(c(ccc1)F)C)C(=O)NO 1 44 

A217 C(=O)(CCCCCCC(=O)Nc1cc2C(CC(=O)Nc2cc1)(C)C)NO 1 45 

A218* C(=O)(CCCCCCNC(=O)[C@H]1C[C@@H]2CCC(=O)N[C@@H]2CC1)NO 1 46 

A219* N1(Cc2ccc(c(c2)c2ccccc2)C(=O)NO)C(=O)c2c(C1=O)c(ccc2)F 1 46 

A220 c1(cccc([C@@]2(C(=O)NO)Cc3c(C2)cnn3Cc2ccccc2)c1C)F 1 48 

A221 FC(F)(c1nc(c2ccc(cc2)C(=O)N[C@@H]2CN(CC2)Cc2ccccc2)no1)F 1 48 

A222 c12C[C@](Cc1n(nc2)C1CC1)(c1c(c(ccc1)F)C)C(=O)NO 1 48 

A223 [C@@H]1(CNC(=O)c2cc3C(CC(=O)Nc3cc2)(C)C)CC[C@@H](CC1)CCC(=O)

NO 

1 50 

A224 c1(ccc(cc1)[C@H](c1ccccc1F)C(=O)NO)c1ncc(cn1)C(F)(F)F 1 50 

A225 c12c(C[C@@](C1)(c1cccc(c1C)F)C(=O)NO)nc(s2)c1ccc(cn1)F 1 51 

A226 C1[C@H]2C[C@@H]3C[C@@H](C[C@]1(C3)N(c1ncc(cn1)C(=O)NO)C)C2 1 52 

A227 c1cc(c(c(c1)[C@]1(C(=O)NO)Cc2c(C1)c(n(n2)C)c1ccc(cc1)F)C)F 1 53 

A228 c1c2c(n(n1)c1ccc(cc1)F)C[C@](C2)(C(=O)NO)c1c(c(ccc1)F)C 1 53 

A229 C1c2c(C[C@]1(c1c(c(ccc1)F)C)C(=O)NO)cn(n2)c1ccncc1C 1 53 

A230 [C@@H]1(CNC(=O)c2cc3C(CC(=O)Nc3cc2)(C)C)CC[C@H](CC1)CCC(=O)NO 1 57 

A231 N(C(=O)CCCCCCS)c1nc(cs1)c1ccc(cc1)F 1 57 

A232 c1cc(c(cn1)C)n1ncc2c1C[C@](C2)(C(=O)NO)c1c(c(ccc1)F)C 1 57 

A233 C(=O)(CCCCCCC(=O)N[C@H]1C[C@@H]2CCC(=O)N[C@@H]2CC1)NO 1 58 

A234 [nH]1c(c(cc1c1ccc(cc1)O)c1cocc1)C(=O)NCc1ccc(cc1)C(=O)NO 1 59 

A235 c1c2c(n(n1)c1cc(ccc1)Cl)C[C@](C2)(C(=O)NO)c1c(c(ccc1)F)C 1 61 

A236 c1(cc2cc(c1)/C=C\CO[C@H](C(=O)Nc1c(OC2)cccc1)CCCCCC(=O)NO)OC 1 61 

A237 N(C(=O)CCCCCCS)c1nc(cs1)c1cc(c(cc1)C)F 1 62 

A238 C1c2c(C[C@]1(c1c(c(ccc1)F)C)C(=O)NO)cn(n2)c1c(cccn1)Cl 1 65 

A239 c12n(ncc1C[C@@](C2)(C(=O)NO)c1c(c(ccc1)F)C)C(C)C 1 67 

A240 c1(c2sc3c(n2)C[C@](C3)(c2c(c(ccc2)F)C)C(=O)NO)cnn(c1C)C 1 68 

A241 c1c(ccc(c1)C(=O)NCCN1CCCC1)c1noc(n1)C(F)(F)F 1 70 

A242* c1c(c(cc(c1)C(=O)NO)F)Cn1c(nc2c1cccc2)C 1 70 

A243* c12c([C@@](CC1)(c1c(c(ccc1)F)C)C(=O)NO)cnn2c1ccccc1 1 72 

A244* c1c2c(nn1c1cc(ccc1)C)C[C@@](C2)(c1c(c(ccc1)F)C)C(=O)NO 1 76 

A245 N(C(=O)CCCCCCS)c1nc(cs1)c1cc(ccc1)F 1 78 

A246* c1c(cccc1)c1c2c(sn1)C[C@](C2)(c1c(c(ccc1)F)C)C(=O)NO 1 79 
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A247* c12c(C[C@@](C1)(C(=O)NO)c1c(c(ccc1)F)C)sc(n2)c1ccc(cc1)F 1 81 

A248* C(CCCCCS)C(=O)Nc1nc(cs1)c1ccccc1 1 82 

A249 c12ccc(nc1cccc2)N(CCCCCCC(=O)NO)c1ccccn1 1 90 

A250 [C@@H]1(CNC(=O)c2cc3C(CC(=O)Nc3cc2)(C)C)CC[C@@H](CC1)/C=C/C(=

O)NO 

1 91 

A251 c12c(sc(n1)C1CC1)[C@@](CC2)(c1c(c(ccc1)F)C)C(=O)NO 1 94 

A252 c12c(C[C@](C1)(C(=O)NO)c1cccc(c1C)F)nc(s2)c1ccc(cn1)OC 1 95 

A253 C1C[C@](c2c1n(nc2)C1CC1)(c1c(c(ccc1)F)C)C(=O)NO 1 100 

A254 O=S1(=O)c2c3c(n(Cc4ccc(cc4)C(=O)NO)c2CC1)cccc3 1 100 

A255 c1(cc2cc(c1)/C=C\CO[C@@H](C(=O)Nc1c(OC2)cccc1)CCCCCC(=O)NO)OC 1 100 

A256 c12c([C@@](CC1)(c1c(c(ccc1)F)C)C(=O)NO)cnc(n2)c1c(cccc1)Cl 1 102 

A257 C1c2c(C[C@]1(c1c(c(ccc1)F)C)C(=O)NO)cn(n2)c1c(cccn1)F 1 104 

A258* c12C[C@@](Cc1cnn2c1ccc(cc1)OC(F)F)(c1cccc(c1C)F)C(=O)NO 1 109 

A259 c12c(cccc1)CC(C2)(c1c(c(ccc1)F)C)C(=O)NO 1 110 

A260 n1cc2c(n1c1ccc(cc1)Cl)C[C@](C2)(C(=O)NO)c1c(c(ccc1)F)C 1 112 

A261 C1C[C@](c2c1nc(s2)c1ccc(cc1)F)(c1cccc(c1C)F)C(=O)NO 1 120 

A262* c1ccc2c(c1)C(c1c2cccc1)C(=O)NO 1 120 

A263 C(=O)(CCCCCCNC(=O)c1cc2C(CC(=O)N(c2cc1)C)(C)C)NO 1 120 

A264* c12c(C[C@@](C1)(C(=O)NO)c1c(c(ccc1)F)C)sc(n2)c1cc(nn1C)C 1 122 

A265 c1(cc2cc(c1)CCCO[C@H](C(=O)Nc1c(OC2)cccc1)CCCCCC(=O)NO)OC 1 123 

A266 C1c2c([C@@](C1)(c1c(c(ccc1)F)C)C(=O)NO)sc(n2)c1c(cccc1)C 1 143 

A267 c12c(cc(nc1)N(CCCCCCC(=O)NO)c1ccccn1)cccc2 1 145 

A268 c12C[C@@](Cc1cn(n2)c1ccc(cc1)OC(F)F)(c1c(c(ccc1)F)C)C(=O)NO 1 147 

A269 C(=O)(CCCCCC(c1c[nH]c2c1cc(cc2)[N+](=O)[O-

])c1c[nH]c2c1cc(cc2)[N+](=O)[O-])NO 

1 150 

A270 C1c2c(C[C@@]1(C(=O)NO)c1cccc(c1C)F)cnc(n2)c1c(cccc1)Cl 1 156 

A271 c1c(c([nH]c1c1ccc(cc1)OC)C(=O)NCc1ccc(cc1)C(=O)NO)c1ccoc1 1 160 

A272* c12c(C[C@](C1)(c1c(c(ccc1)F)C)C(=O)NO)cnc(n2)C1CC1 1 160 

A273 C(=O)(NCCOc1ccc(cc1)C(=O)NO)c1c(c2c(cccc2)o1)CN(C)C 1 168 

A274* c12CC[C@](Cc1sc(n2)NS(=O)(=O)c1ccccc1)(c1c(c(ccc1)F)C)C(=O)NO 1 190 

A275 c1(c2sc3c(n2)C[C@](C3)(c2c(c(ccc2)F)C)C(=O)NO)ccccc1F 1 193 

A276 c12c(C[C@](C1)(C(=O)NO)c1c(c(ccc1)F)C)sc(n2)c1ccc(cc1)F 1 193 

A277 C1c2c(C[C@]1(c1c(c(ccc1)F)C)C(=O)NO)cn(n2)c1ccc(cc1C)F 1 197 

A278 c1(C(=O)N[C@H](C(=O)Nc2ccccc2)CSCCCC(=O)NO)ccccc1 0 >200 

A279* O=S1(=O)[C@H]2c3c(N(Cc4ccc(cc4)C(=O)NO)[C@@H]2CC1)cccc3 1 200 

A280 c12c(C[C@@](C1)(c1c(c(ccc1)F)C)C(=O)NO)sc(n2)c1cc(ccc1)F 0 210 

A281 c12C[C@](Cc1nc(nc2)c1cnccc1)(c1cccc(c1C)F)C(=O)NO 0 220 

A282 c1(c(cccc1F)[C@]1(Cc2c(C1)nc(nc2)C1CC1)C(=O)NO)C 0 220 

A283 n1c(sc2c1C[C@@](C2)(C(=O)NO)c1c(c(ccc1)F)C)c1n(ncc1)C 0 240 

A284 c12CC[C@](c1ccc(n2)C1CC1)(C(=O)NO)c1cccc(c1C)F 0 270 

A285* c1cc(c(cc1F)C)c1sc2c(n1)C[C@](C2)(c1c(c(ccc1)F)C)C(=O)NO 0 270 

A286* c1c(c([nH]c1c1ccc(cc1)O)C(=O)NCc1ccc(cc1)C(=O)NO)c1ccsc1 0 277 

A287* c1(c(cccc1[C@@]1(C(=O)NO)Cc2c(C1)cn(n2)c1nc(cc(n1)C)C)F)C 0 280 

A288 c12C[C@@](Cc1cnc(n2)c1ccc(cc1)F)(c1c(c(ccc1)F)C)C(=O)NO 0 290 

A289 O=S1(=O)Cc2c(CC1)n(c1c2cccc1)Cc1ccc(cc1)C(=O)NO 0 300 

A290 c1(cc2cc(c1)/C=C\CO[C@@H](C(=O)Nc1c(OC2)cccc1)CCCCCC(=O)NO)OC 0 302 

A291* c1(cc2cc(c1)CCCO[C@@H](C(=O)Nc1c(OC2)cccc1)CCCCCC(=O)NO)OC 0 322 
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A292 c1(cc2cc(c1)CCCO[C@H](C(=O)Nc1c(OC2)cccc1)CCCCCC(=O)NO)OC 0 336 

A293 C(=O)(CCCCCC(c1c[nH]c2c1cccc2OC)c1c[nH]c2c1cccc2OC)NO 0 340 

A294 S1c2c(N(Cc3ccc(cc3)C(=O)NO)c3c1ccc(c3)Cl)cccc2 0 350 

A295 n1(cc(c2c1ccc(c2)OC)CCNC(=O)C)Cc1ccc(cc1)C(=O)NO 0 362 

A296 c1(c(c(cc(c1)/C=C\c1ccc(c(c1)/C=C/C(=O)Nc1ccccc1N)OC)OC)OC)OC 0 370 

A297 C(=O)(NO)c1cnc(N(Cc2onc(n2)C2CCN(CC2)Cc2ccc(cc2)C)C)nc1 0 441 

A298 c1c(c([nH]c1c1ccc(cc1)OC)C(=O)NCc1ccc(cc1)C(=O)NO)c1ccsc1 0 478 

A299* n1c2c(cn1CC(F)(F)F)CC[C@@](CC2)(c1c(c(ccc1)F)C)C(=O)NO 0 480 

A300 c1(c(cc(cc1F)C(=O)NO)F)Cn1nc(nn1)c1ncccn1 0 480 

A301* c12c(C[C@](C1)(c1cccc(c1C)F)C(=O)NO)nc(s2)Cc1cccc(c1)C(F)(F)F 0 490 

A302 c1c(cc2c(c1)n(c1c2C[S@](=O)CC1)Cc1ccc(cc1)C(=O)NO)F 0 500 

A303 O=S1(=O)Cc2c(CC1)n(c1c2cc(cc1)F)Cc1ccc(cc1)C(=O)NO 0 500 

A304* c1ccc(cc1)C(C(=O)NO)c1ccccc1 0 510 

A305 C(=O)(Nc1ccc(C(=O)NO)cc1)OCc1cc2c(cc(CN(CC)CC)cc2)cc1 0 512 

A306 c1(ccc2c(c1)c(c1c(n2)cccc1)Nc1ccc(cc1)C(=O)NO)F 0 520 

A307 c1(CNC(=O)c2cc3C(CC(=O)Nc3cc2)(C)C)cc(ccc1)/C=C/C(=O)NO 0 570 

A308 c1ccc2c(c1)c(c1c(n2)cccc1)Nc1ccc(cc1)C(=O)NO 0 570 

A309* c1ccc2c(c1)N(c1c(S2)ccc(c1)C(=O)N)Cc1ccc(cc1)C(=O)NO 0 590 

A310 [C@@]1(Cc2c(CC1)n(nc2)Cc1ccc(cc1)F)(C(=O)NO)c1cccc(c1C)F 0 600 

A311 c12CC[C@](Cc1cn(n2)Cc1ccc(cc1)F)(c1c(c(ccc1)F)C)C(=O)NO 0 600 

A312* C(=O)(CCCCCC(c1c[nH]c2c1cccc2)c1c[nH]c2c1cccc2)NO 0 640 

A313 C1c2cc(ccc2N(CC1)Cc1ccc(cc1)C(=O)NO)C(=O)N 0 650 

A314 c1(cc(cc(c1Cn1c(nnn1)c1sccc1)F)C(=O)NO)F 0 658 

A315 c1cccc2c1OCCCCCCO[C@@H](C(=O)N2)CCCCCC(=O)NO 0 687 

A316 ONC(=O)CCCCCn1c(=O)c2cccc3cccc(c1=O)c23 0 700 

A317 [C@]1(c2c(CC1)nn(c2)Cc1c(cccc1)F)(c1c(c(ccc1)F)C)C(=O)NO 0 710 

A318 c1ccc2c(c1)N(c1c([S@@]2=O)ccc(c1)SC)Cc1ccc(cc1)C(=O)NO 0 720 

A319 c1ccc2c(c1)N(c1c(S2)ccc(c1)C(=O)Nc1ncccc1)Cc1ccc(cc1)C(=O)NO 0 730 

A320* c1ccc(nc1)N(CCCCCCC(=O)NO)c1ccc(cn1)OC 0 759 

A321* c1(ccc(nc1)N(CCCCCCC(=O)NO)c1ccccn1)C 0 759 

A322 c1(c(cccc1F)[C@]1(CCc2c(C1)sc(n2)C1CC1)C(=O)NO)C 0 770 

A323 S1Cc2c(CC1)n(c1c2cc(cc1)F)Cc1ccc(cc1)C(=O)NO 0 800 

A324* c12CC[C@](c1cn(n2)Cc1ccccc1)(c1c(c(ccc1)F)C)C(=O)NO 0 820 

A325 c1c2c(nc(n1)C(F)(F)F)C[C@@](C2)(c1c(c(ccc1)F)C)C(=O)NO 0 880 

A326* c1ccc2c(c1)N(c1c(S2)ccc(c1)C(=O)Nc1ncc(cc1)C)Cc1ccc(cc1)C(=O)NO 0 900 

A327* C(/C(=C/c1ccc(cc1)/C=C/C(=O)NO)/c1ccc(cc1)F)NC1CC1 0 927 

A328* C1(=O)[C@@H](C(C)C)NC(=O)C[C@H]2OC(=O)[C@H](C(C)C)NC(=O)/C(=

C/C)/NC(=O)[C@@H](CSSCC/C=C/2)N1 

0 >1000 

A329 C1c2c(C[C@@]1(c1cccc(c1C)F)C(=O)NO)cnn2c1ccccc1 0 1000 

A330 C(=O)(c1c(c(c(c(c1F)F)F)F)F)NCc1ccc(cc1)C(=O)NO 0 >1000 

A331* c12c(c(ccc1)C(=O)OC)CN(C2(C)C)c1ncc(nc1)C(F)(F)F 0 >1000 

A332 c1cc(ccc1NC(=O)c1ccc(cc1)C(C)(C)C)C(=O)NO 0 >1000 

A333 c12CC[C@@](Cc1scn2)(c1c(c(ccc1)F)C)C(=O)NO 0 1000 

A334 c1cccc2c1OCCCCCCCO[C@H](C(=O)N2)CCCCCC(=O)NO 0 1040 

A335 c12CC[C@@](Cc1cnn2c1ccccc1C)(C(=O)NO)c1c(c(ccc1)F)C 0 1100 

A336* c1c(cccc1)COc1ccc2c(c1)c(c1c(n2)cccc1)Nc1ccc(cc1)C(=O)NO 0 1250 
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A337 n1c(nc2c(c1N1CCOCC1)ncn2CCCCCCC(=O)NO)c1cc(ccc1)CO 0 1282 

A338* CC(C)(Nc1n2ccccc2nc1c1cc(ccc1)C(=O)Nc1c(cc(cc1)F)N)C 0 1300 

A339 C1[C@@](CCc2c(C1)cnc(n2)C1CC1)(C(=O)NO)c1cccc(c1C)F 0 1300 

A340 c1(ccc(cc1)C(=O)NO)Cn1c(nnn1)c1cccs1 0 1439 

A341 C1(=O)N(c2c(Sc3c1cc(cc3)OC)cccc2)CCCCCC(=O)NO 0 1470 

A342 C(=O)(c1ccc(cc1)CNc1cccc2cccnc12)NO 0 1530 

A343 [C@]1(C(=O)NO)(c2c(c(ccc2)F)C)Cc2c(CC1)nc(cn2)C1CC1 0 1600 

A344* [C@@H]12CC[C@](C[C@@H]1C(=O)N[C@@H](N2)C1CC1)(c1c(c(ccc1)F)C)

C(=O)NO 

0 1600 

A345* c1(nc2c(cn1)C[C@@](CC2)(C(=O)NO)c1c(c(ccc1)F)C)C1CC1 0 1600 

A346 c1c(cc2c(c1)c(cn2Cc1ccc(cc1)C(=O)NO)C(=O)c1cc(c(c(c1)OC)OC)OC)OC 1 1.7 

A347 [C@@]1(Cc2c(CC1)n(nc2)CC(F)(F)F)(C(=O)NO)c1cccc(c1C)F 0 1700 

A348 c1(c(cccc1[C@@]1(CCc2c(C1)cn(n2)CC(F)(F)F)C(=O)NO)F)C 0 1700 

A349 c1(ccc(cc1)C(=O)NO)Cn1nc(nn1)c1ncccn1 0 1705 

A350 Clc1cc([C@H](N2CCN(CC2)CC)c2cccnc2)c(O)c2ncccc12 0 1880 

A351* c1(c(cccc1F)[C@]1(CCc2c(C1)sc(n2)c1cncnc1)C(=O)NO)C 0 1900 

A352* c1cccc2c1OCCCCCO[C@@H](C(=O)N2)CCCCCC(=O)NO 0 1900 

A353 C(=O)(c1ccc(cc1)CNc1c2cccnc2ccc1)NO 0 1915 

A354 c1ccc2c(c1)N(c1c([S@@]2=O)ccc(c1)Cl)Cc1ccc(cc1)C(=O)NO 0 1960 

A355 C(=O)(c1ccc(cc1)CN(C(=O)Nc1ccccc1)CCCC)NO 0 2000 

A356 FC(F)(c1nc(c2ccc(c3nc4n(c3NC(C)(C)C)cccc4)cc2)no1)F 0 2311 

A357* c1c(ccc(c1)/C=C/C(=O)NO)/C=N/OCc1ccc(cc1)[N+](=O)[O-] 0 2470 

A358 N1(Cc2ccc(cc2)C(=O)NO)c2c(Sc3c1cc(cc3)C(F)(F)F)cccc2 0 2580 

A359 S(=O)(=O)(c1c(c(c(c(c1)F)F)F)F)N(Cc1ccc(cc1)C(=O)NO)Cc1cnccc1 0 2750 

A360 c1(cc(ccc1Cl)C(=O)NCc1ccc(cc1)C(=O)NO)Cl 0 3070 

A361* [C@]1(C(=O)NO)(c2c(c(ccc2)F)C)Cc2c(CC1)nc(cn2)c1ccccc1 0 3200 

A362 c1(ccccc1)c1ncc2c(n1)CC[C@@](C2)(c1c(c(ccc1)F)C)C(=O)NO 0 3200 

A363 c1ccc2c(c1)N(c1c(S2)ccc(c1)SC)Cc1ccc(cc1)C(=O)NO 0 3260 

A364 C(c1c[nH]c2c1cccc2)(c1c[nH]c2c1cccc2)c1ccc(cc1)/C=C/C(=O)NO 0 3300 

A365* C1c2c(N(CC1)Cc1ccc(cc1)C(=O)NO)ccc(c2)Cl 0 3400 

A366* c1cccc(c1)[C@@H]1[C@H](C1)NCC1CCN(CCCc2ccc(cc2)C(=O)NO)CC1 0 3430 

A367 [se]1n(c(=O)c2c1cccc2)c1ccccc1 0 3700 

A368* c1(c(cccc1[C@]1(CCc2c(C1)cncn2)C(=O)NO)F)C 0 3700 

A369 c1ccc(cc1)NC(=O)CCCCCC(=O)NO 0 3800 

A370 n1(Cc2ccc(cc2)C(=O)NO)sc2c(c1=O)cccc2 0 3800 

A371* c1ccc2c(c1)N(c1c([S@@]2=O)ccc(c1)C(F)(F)F)Cc1ccc(cc1)C(=O)NO 0 3820 

A372 c1ccc2c(c1)N(c1c([S@@]2=O)ccc(c1)C(=O)N)Cc1ccc(cc1)C(=O)NO 0 4200 

A373* O=c1c2cc(NCc3ccc(cc3)/C=C/C(=O)NO)ccc2nc2n1CCCCC2 0 4320 

A374 c1ccc2c(c1)N(c1c(S2)ccc(c1)/C(=N/O)/C)Cc1ccc(cc1)C(=O)NO 0 4340 

A375 c12CC[C@](Cc1c(n(n2)CC(F)(F)F)C1CC1)(c1c(c(ccc1)F)C)C(=O)NO 0 4400 

A376 C[C@@H](/C=C/C(=O)NO)/C=C(\C)/C(=O)c1ccc(cc1)N(C)C 0 4824 

A377* c12n(cc(c1cccc2)CCNCc1ccc(cc1)/C=C/C(=O)NO)C 0 4849 

A378 c1(c(cc2c(c1OC)c(c1c(n2)cccc1)Nc1ccc(cc1)C(=O)NO)OC)OC 0 4950 

A379* c1c(c([nH]c1c1ccc(cc1)O)C(=O)NCc1ccc(cc1)C(=O)Nc1c(cccc1)N)c1ccoc1 0 >5000 

A380 c1ccc(CCNC(=O)CCCNC(=O)OCC)cc1 0 5000 

A381 N(C(=O)CCCC(=O)NCCc1ccccc1)O 0 5000 
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A382 C\1(=C\2/C(=O)Nc3c2cccc3)/C(=N/OCCCC(=O)NO)/c2c(N1)cccc2 0 >5000 

A383 C\1(=C\2/C(=O)Nc3c2cccc3)/C(=N/OCCCC(=O)O)/c2c(N1)cccc2 0 >5000 

A384* c1c(ccc(c1)C(=O)NNCCC)CNC(=O)c1cc2c([nH]1)cccc2 0 >5000 

A385 C(=O)(NCc1ccc(cc1)C(=O)NNCCC)/C=C/c1ccccc1 0 >5000 

A386 O=C(NNCC)c1ccc(cc1)CN1c2ccccc2C=Cc2c1cncc2 0 >5000 

A387 C(=O)([C@H](/C=C(/C=C/C(=O)NO)\C)C)c1ccc(N(C)C)cc1 0 5100 

A388 C1[C@@H]2C[C@@H]3C[C@H]1C[C@](C2)(C3)CN(Cc1c(cc(cc1)C(=O)NO)

F)C 

0 5200 

A389* c1ccc(cc1)CC(=O)N(CCO)Cc1ccc(cc1)C(=O)NO 0 5300 

A390 C(=O)(Cc1ccccc1)N(CCO)C(=O)Cc1ccc(cc1)C(=O)NO 0 5334 

A391 C(=O)(/C=C/c1cc(ccc1)S(=O)(=O)n1c2c(cccn2)cc1)NO 0 5340 

A392 c1(ccc2c(c1)c(c1c(n2)cccc1)Nc1ccc(cc1)C(=O)NO)Br 0 5510 

A393* C(=O)(/C=C/c1c(=O)n(ccc1)CCCc1cc2c(cc1)cccc2)NO 0 5580 

A394 c1ccc2c(c1)CC[C@@]2(c1ccccc1)C(=O)NO 0 5670 

A395* C(=O)(c1ccc(cc1)CN(C(=O)Nc1ccc(cc1)CN)CCCCO)NO 0 6270 

A396 c1ccc2c(c1)c(c1c(n2)cccc1)Nc1ccc(cc1)CC(=O)NO 0 6420 

A397 c1c(ccc(c1)/C=C/C(=O)NO)/C=N/OCc1ccc(cc1)C(=O)OC 0 6430 

A398* c1ccc2c(c1)N(c1c([S@@]2=O)ccc(c1)OC)Cc1ccc(cc1)C(=O)NO 0 6560 

A399 c1c(c(c(cc1O)C)c1[nH]c2c(n1)cc(cc2)C(=O)NO)C 0 6900 

A400 c1ccc2c(c1)C(=O)c1c(C2=O)ccc(c1)C(=O)NO 0 7782 

A401 O=S1(=O)c2ccccc2N([C@@H]2[C@H](C1)CCCC2)Cc1ccc(cc1)C(=O)NO 0 >8000 

A402 c1ccc2c(c1)n(cc2)Cc1ccc(cc1)C(=O)NO 0 8160 

A403* C1CC[C@@H]2[C@H](C1)[C@H](CC2)c1ccc(cc1)C(=O)NO 0 8160 

A404 n1(cc2c(n1)CC[C@](CC2)(c1ccccc1)C(=O)NO)CC(F)(F)F 0 8200 

A405 c1ccc2c(c1)N(c1c(S2)ccc(c1)C(=O)N)Cc1ccc(cc1)/C=C/C(=O)NO 0 8270 

A406 C(=O)(CCCCC[C@H](C)n1ncc(c1)c1c2c(ncn1)[nH]cc2)NO 0 8500 

*Denotes the Test molecule.                                                                                         
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