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1.1 Protein-protein interactions (PPIs) 

The central dogma is the fundamental flow of genetic information from DNA to 

protein involving three key stages: replication, transcription, and translation. Initially, DNA 

replication occurs, where the DNA molecule makes an identical copy of itself, ensuring 

that each daughter cell receives a complete set of genetic information. Following 

replication, transcription occurs in the nucleus, where a specific segment of DNA is used 

as a template to synthesize messenger RNA (mRNA). The mRNA carries the genetic code 

from the DNA to the cytoplasm. In the final stage, translation, the mRNA binds to a 

ribosome, which decodes the mRNA sequence into a specific sequence of amino acids, 

facilitated by transfer RNA (tRNA). These amino acids are linked to form a polypeptide 

chain that folds into a functional protein. Based on the central dogma of molecular biology, 

stated by Francis Crick1 and presented in Figure 1-1, whole-genome sequencing of DNA 

yield information similarly obtained from RNA and/or proteins. Once proteins are 

synthesized, they will interact with other proteins in a highly specific and regulated manner, 

making several networks known as protein-protein interactions (PPIs).2,3 

 

Figure 1-1. The process of protein-protein interaction formation of proteins produced from 

DNA through transcription and translation 

 

PPIs play an important role in all biological processes and cellular functions, 

regulating many biochemical reactions such as signalling transmission and metabolism.4 

For example, the interaction of receptor tyrosine kinases (RTKs) with protein ligands 

(growth factors, cytokines etc.) in tumor cells activates the downstream PI3K/Akt signaling 

pathway, which plays an important role in promoting angiogenesis and recruiting 

inflammatory factors.5,6 Therefore, PPI is a potential target for the regulation of various 

biological processes, and the regulation of PPI is an attractive approach to achieve therapy 

of many diseases in which PPI is deeply involved. 
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1.2 Drug development targeting PPIs 

Targeting PPIs in drug discovery aims to modulate protein interactions to achieve 

therapeutic effects. PPIs can be inhibited or stabilized through directly bind to a few key 

residues at the PPI interface by orthosteric modulators or indirectly bind to active regions 

outside the PPI interface that can induce conformational changes by allosteric modulators 

(Figure 1-2).7–10 

 

 

Figure 1-2. Mechanisms for PPI modulators: allosteric and orthosteric 

 

PPI modulators can be classified into antibodies, peptides, and small molecules 

(Table 1-1). The first category is antibodies. When targeting a large PPI interface, 

antibodies are advantageous as they can cover the extensive interaction surface. However, 

due to their large molecular weight, monoclonal antibodies are primarily limited to 

extracellular targets. Despite this limitation, monoclonal antibodies have been successfully 

applied in clinical treatments for various diseases. Nevertheless, their use may trigger 

adverse reactions, such as immunogenicity and infusion-related immune responses.11,12 

The second category of PPI modulators is peptides. These peptides are designed 

based on structural information of PPI hotspots. Designed peptides mimic key residues at 

the interface of PPIs, enabling them to bind proteins with high specificity and affinity. 

Compared to monoclonal antibodies, peptides have a lower molecular weight, providing 

better tissue penetration. Peptides also exhibit high target specificity and affinity, making 

them promising PPI modulators. However, they are prone to hydrolysis by various 

proteases in the body, leading to a short half-life and requiring modifications to improve 

their stability and pharmacokinetics.13,14 
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The third category of PPI modulators is small molecules. Unlike classic drug targets 

such as enzymes or ion channels, PPI interfaces are generally large, flat, and hydrophobic, 

often lacking well-defined pockets suitable for small molecule binding. Effective small-

molecule modulators must cover significant surface areas and establish numerous 

hydrophobic interactions. While this poses pharmacokinetic challenges, such as poor 

solubility and large molecular weight15, small molecules remain more suitable for targeting 

tight and narrow PPI interfaces.16 

 

Table 1-1. The advantages and disadvantages of the three types of PPI modulators 

Modulators Advantages Disadvantages 

Antibodies High affinity Side effect (immunogenicity) 

Strong target specificity High production cost 

Peptides High affinity Short half-life 

Strong target specificity Poor oral administration 

Poor solubility 

 Unstable physicochemical properties 

Small 

molecules 

Oral administration Low selectivity 

Penetration cell membrane  

 Cost-effective and scalable  

 

The PPIs modulation through small molecules is generally considered difficult and 

PPIs were regarded as “undruggable” targets. Several well-described factors contribute to 

this issue. Firstly, proteins that interact with other proteins typically use relatively large 

contact surfaces (1500–3000 Å2)17 which is larger than that of receptor-ligand contact area 

(300–1000 Å2) and the interface is highly hydrophobic.18 Second, the PPIs interface tends 

to be flat and contains few grooves or pockets, thus making it difficult for the designed 

small molecule compounds to bind. The Arora group reported an interesting study in which 

they analysed PPI structures from the Protein Data Base (PDB), focusing on those PPIs 

involving α-helical interactions. They categorize these PPIs into examples with well-

defined clefts and those with extended, flat interfaces and use this information to suggest 

that PPIs with shallow surfaces are less likely to be readily inhibited.19 Third, the presence 

of noncontiguous binding sites thus results in high-affinity binding between the proteins, 

making it difficult for the small molecular compounds to inhibit such high-affinity 
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interaction.20 Fourth, there is a general lack of natural ligands. Compared with traditional 

drug target enzymes or receptors, PPIs lack endogenous small molecular ligands for 

reference.20 

Despite challenges, small molecules offer significant advantages for PPI-targeted 

drug discovery. Their cell-permeability allows access to intracellular PPIs, crucial in 

diseases like cancer and neurodegenerative disorders. They are cost-effective, chemically 

modifiable for improved potency, and often suitable for oral administration, enhancing 

patient convenience.21,22 By addressing PPI challenges, small molecules offer a versatile, 

accessible approach to drug discovery. 

 

 

Figure 1-3. Small molecule PPI inhibitors 

 

In recent years, some PPIs inhibitors have entered clinical studies, some of which 

have been approved as novel drugs, indicating that the inhibitors targeting PPIs have broad 

prospects (Figure 1-3).10,23 Other PPI inhibitor, such as the B-cell lymphoma (Bcl-2)/ Bcl-

2 associated X (BAX) PPI inhibitor venetoclax (ABT-199, 1), have been clinically tested 

and exhibit efficacy in chronic leukemia treatment.10 Idasanutlin (RG7388, 2) is MDM2-

p53 inhibitor that has been investigated in clinical trials. It has shown activity in several 

cancers, particularly in acute myeloid leukemia (AML) and other hematologic 

malignancies. Idasanutlin has shown promise in phase 1 and phase 2 clinical trials, but it 

has not been Food and Drug Administration (FDA)-approved.24 Hence, the development 

of small molecules targeting PPIs has emerged as one of the most significant obstacles in 

drug discovery. 
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1.3 HIF-1α/p300 interaction 

Hypoxia inducible factor (HIF)-1α is an essential transcription factor that facilitates 

the adaptation of cancer cells to hypoxic conditions. In normoxic environments, HIF-1α 

undergoes degradation through the von Hippel-Lindau (VHL)-mediated ubiquitin-

proteasome pathway.25,26 During hypoxia, HIF-1α becomes stabilized and translocates to 

the nucleus, where it dimerizes with HIF-1β and binds to hypoxia-responsive elements 

(HREs) on the promoters of target genes.27–29 This enhances the transcription of genes 

associated with angiogenesis, glycolysis, and erythropoiesis, facilitating cellular adaptation 

to oxygen deficiency (Figure 1-4).30–33 

 

 

Figure 1-4. Regulation of HIF-1α signal pathway in cells 

 

The transcriptional activity of HIF-1α depends on its interaction with coactivators, 

such as p300/CBP (CREB-binding protein). HIF-1α possesses two transactivation domains, 

namely the N-terminal activation domain (NTAD) and the C-terminal activation domain 

(CTAD), facilitating transcriptional activation in hypoxic conditions.34–37 Only the HIF-

1α782-826 (CTAD) has been shown to interact directly with coactivator proteins, such as 

CBP, via the cysteine/histidine-rich region 1 (CH1).38,39 CH1 is triangular, consisting of 

four α-helices and three Zn2+-coordinating centers. CH1 serves as a scaffold for folding the 

CTAD, which forms a vice-like clamp on the CH1 domain that is stabilized by extensive 
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hydrophobic and polar interactions. Structural studies provide a molecular basis for this 

interaction and identify two short α-helical domains, αA and αB, from HIF-1α as key 

determinants for its recognition by p300 (Figure 1-5).39 High-resolution structures and 

computational alanine scan of the HIF-1α/p300 complex reveal that four helical residues 

from the HIF-1α αB
816–824 (Leu818, Leu822, Asp823, and Gln824) contribute to the binding 

energy as opposed to Leu819.40,41 

 

 

Figure 1-5. Ribbon model of CH1 p300/CTAD HIF-1α structure (PDB: 1L3E) 

 

The p300 CH1 domain consists of four alpha helices and three zinc(II) coordination 

sites created by HCCC sequence motifs. The three elongated helices (labeled α1, α2, and 

α3) interlace to create an approximately triangular configuration. The three Zn2+ sites are 

positioned at the triangle's vertices, while the coordinating histidine and cysteine residues 

constituting the HCCC motif are located near the ends of the helices and between loops. 

The short C-terminal helix, α4, finalizes the third Zn2+ coordination site and aligns parallel 

to α1. The binding of Zn2+ contributes to the stabilization of the CH1 domain conformation. 

The CH1 fold is similarly stabilized by a singular hydrophobic core formed by all four 

helices. The unique open-packing arrangement of helices α1, α2, and α3 exposes substantial 

areas of the hydrophobic core. The exposed hydrophobic regions are situated on both sides 

of the domain and function as the principal recognition surface for the associated HIF-1α-

CTAD. Thus, CTAD envelops the CH1 domain in a clamping manner. The CH1 and CTAD 

residue possess a common hydrophobic core, forming a unified structural domain.39 
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1.4 Drug development targeting HIF-1α/p300 interaction 

Drug development targeting the HIF-1α/p300 interaction holds significant potential 

for regulating HIF target gene expression, especially tumor growth.40–43 Disrupting the 

HIF-1α/p300 interaction using small molecules, peptides, or allosteric inhibitors could 

inhibit the pathological activation of hypoxia-driven genes, potentially limiting tumor 

progression.44 However, targeting this pathway comes with challenges, such as ensuring 

specificity to avoid broad disruptions in other vital processes regulated by p300.45 

 

 

Figure 1-6. Small molecule HIF-1α/p300 PPI inhibitors 

 

Currently, several small compounds have been identified as HIF-1α/p300 inhibitors 

(Figure 1-6), including chetomin (3) and lificiguat (YC-1, 4).46,47 Nonetheless, chetomin 

has local toxicity, and the specificity of YC-1 for HIF-1α is insufficient, constraining its 

therapeutic utility.47,48 Oxopiperazine helix mimetic 1 (OHM 1, 5), an analogue of HIF-1α 

CTAD, is reported to inhibit its interaction with p300/CBP. In vivo studies indicate that the 

compound can diminish the median tumor volume by around 50% relative to the untreated 

group.40  
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LW6 (6), an (aryloxyacetylamino)benzoic acid derivative, has activity to inhibit 

HIF-1α/p300 PPI with IC50 of 4.4 μM but has an issue in low oral bioavailability.49 

Streptonigrin (7) is a quinone-based antibiotic that has also been reported to inhibit HIF-

1α/p300 PPI with IC50 of 3 μM by using an enzyme-linked immunosorbent assay (ELISA) 

competition assay.50 Despite the HIF-1α/p300 interaction being a promising 

pharmacological target, there are currently no approved inhibitors for HIF-1α/p300. 

 

1.5 Screening assay system for PPIs detection  

The substrate binding pocket of proteins, which is the target of many drugs, is a 

distinct area where small molecules interact with the protein. A well-defined ligand-binding 

spot on these proteins lets small molecules attach and interact with them. The traditional 

approach to studying protein-ligand complex structures focuses on the structural or 

physico-chemical properties that are assumed to be unique to that particular pocket. 

Conversely, the PPI interface is often planar, and traditional medicinal chemistry 

techniques are less efficacious for designing and identifying PPI inhibitors.10,21 Hence, 

developing more efficient methodologies for screening PPI inhibitors is essential. 

Regarding HIF-1α/p300 PPI, several attempts have been made to develop screening 

assay systems for the discovery of HIF-1α inhibitors, such as cell-based luciferase reporter 

assay51–53, ELISA54, amplified luminescent proximity homogeneous assay screen (Alpha 

screen) assay55, time-resolved fluorescence resonance energy transfer (TR-FRET) assay56, 

Förster resonance energy transfer (FRET) assay57, and fluorescence polarization 

(FP)/anisotropy(FA)-based assay43,58. Among these systems, FP/FA assays offer significant 

advantages in sensitivity, real-time monitoring, and direct measurement of HIF-1α PPIs, 

particularly compared to traditional screening methods like luciferase reporter assays or 

ELISA. These attributes make FP/FA suitable for drug screening and quantitative analysis 

of HIF-1α inhibitors, especially when targeting the HIF-1α/p300. 

 

1.6 Fluorescence anisotropy (FA) assay system 

In the 1950s, Weber developed the first instrument to measure FP and applied it to 

studying proteins.59–61 To measure FP in the laboratory, a fluorescent sample is excited by 

polarized light and emission intensities are collected from channels that are parallel (I||) and 

perpendicular (I⊥) to the electric vector of the excitation light (Figure 1-7).  
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Figure 1-7. Schematic diagram of a fluorescence polarization instrument 

 

These measurements can be used to calculate either FP or FA, which are both 

widely used. Equation (1) shows the calculation of FP or P, which is quantified as the 

difference between the parallel (I||) and perpendicular (I⊥) emission intensities normalized 

by the total fluorescence intensity of the emission beam. 

 

𝑃 =
𝐼∥−𝐼⊥  

𝐼∥+𝐼⊥ 
   (1) 

 

Equation (2) defined FA or r as the difference between the parallel (I||) and perpendicular 

(I⊥) emission intensities normalized by the total fluorescence intensity from the sample. 

 

𝑟 =
𝐼∥−𝐼⊥  

𝐼∥+2𝐼⊥ 
   (2) 

 

FA does not provide any additional information over polarization, and both 

functions are commonly utilized. Although FP is referenced more frequently in the 

PubChem BioAssay database compared to FA, anisotropy is preferred because the 

deconvolution of anisotropy into its component values appears simpler than that of 

polarization, although the differences are minor.62,63 

FP or FA is frequently employed in biological research to investigate interactions 

between proteins and peptides or proteins and nucleic acids. The fluorophore labeled on 
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the substrate is excited by the linearly polarized light through a polarization filter. When 

the substrate binds with a protein, the rotation of the fluorophore becomes slow, leading to 

polarized light emission. When a compound competes with the fluorophore-labeled 

substrate in binding to the protein, the fluorophore is released from the binding site, leading 

to depolarized light emission. FP is then measured as the difference of the emission light 

intensity parallel (I||) and perpendicular (I⊥) to the excitation light plane normalized by the 

total fluorescence emission intensity (Figure 1-8).64 

 

 

Figure 1-8. Principle of fluorescence polarization assay for PPI detection. The figure was 

created by Biorender.com. 

 

FP/FA assay application in drug discovery targeting PPIs has been widely 

developed.65–68 Due to its versatility to low volumes and simple procedure without 

separation or washing steps, FP/FA is particularly suitable for screening assay systems.64 

Recently, Zhou et al. developed a FP assay to screen cathepsin L (CTSL) inhibitor, which 

plays a role in the processing of the severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) spike protein, providing a potential avenue to block coronavirus host cell 

entry and thereby inhibit SARS-CoV-2 infection in humans. The optimized assay 

demonstrated its appropriateness for high-throughput screening (HTS) with a Z′-factor of 

0.9 in a 96-well format. Upon screening over 2000 small molecules, they identified the 

anti-CTSL properties of a benzothiazole derivative named IMB 8015.69 
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Previous reports of FA assays for detecting HIF-1α/p300 inhibitors have focused 

on the interaction between the p300 CH1 domain (~12 kDa) and a CTAD peptide labeled 

with the fluorescein isothiocyanate (FITC).41,43 However, these FA assays have not yet 

been applied for screening compound libraries targeting HIF-1α/p300 interactions. 

 

1.7 Compound library for drug discovery 

A compound library in drug discovery refers to a curated collection of diverse 

chemical compounds utilized for screening in the early stages of drug development. 

Compound libraries can be classified into several types, including targeted libraries70, 

fragment-based libraries71, natural product-derived libraries72, and virtual libraries73, each 

catering to specific chemical or pharmacological considerations. These libraries are often 

sourced from commercial providers, academic institutions, or custom synthesis efforts, 

emphasizing favorable drug-like properties, such as appropriate lipophilicity, solubility, 

and minimal toxicity. 

The compound library used in this research is an in-house collection that includes 

carborane (dicarba-closo-dodecaborane) and a peptidomimetic compound with a 

(di)azatricyclododecene scaffold, both of which possess three-dimensional (3D) 

hydrophobic properties. Compound libraries based on 3D natural product scaffolds have 

demonstrated a wide range of biological activities.78 Due to its unique 3D hydrophobic 

characteristics, carborane has attracted significant attention over the past two decades as a 

hydrophobic pharmacophore for drug discovery.74–77 Additionally, the 

(di)azatricyclododecene scaffold, a sp³ carbon-rich tricyclic 3D peptidomimetic structure, 

has been reported to inhibit HIF transcription activity, where α-helix peptide-mediated 

interactions play a pivotal role.78,79 

In addition to the in-house compound library, an authentic curated collection of 80 

compounds from the Natural Products Depository (NPDepo) at RIKEN, featuring 

extensively documented biological activities, was also used. This library included 

antibiotics, anticancer and anti-inflammatory drugs, as well as compounds with protein 

synthesis inhibitory and corticosteroid-like activities. The highly active compound library 

was utilized for efficient compound screening. 
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1.8 Purpose of study 

 

Figure 1-9. Overview of this study 

This thesis is titled “Discovery of inhibitors targeting p300/transcription factors 

protein-protein interactions” and consists of the following six chapters. 

In chapter 1, the significance of HIF-1α/p300 PPI as a cancer drug target is 

highlighted, along with drug development efforts targeting this interaction. It covers the 

HIF-1α/p300 PPI detection screening assay, the FA assay system, and the role of compound 

libraries in drug discovery. The chapter also discusses modifying the FA-based screening 

system and screening compound libraries to identify HIF-1α/p300 PPI inhibitors. 

In chapter 2, “Construction of FA screening assay system for the discovery of HIF-

1α/p300 PPI inhibitors,” this study aimed to construct and validate the FA screening assay 

system using several parameters such as binding affinity measurements, competition assay 

using unlabeled peptide and positive control and determination of Z′-factor value. 

In chapter 3, “Screening of compound library using constructed assay system and 

validation of lead compounds as HIF-1α/p300 PPI inhibitors,” this study aimed to screen 

the compound library using the established FA assay and validate the lead compound using 

cell-based assay system. 

In chapter 4, “Identification of the binding site of niclosamide using photoaffinity 

labeling,” this study aimed to identify binding site of the lead compound using photoaffinity 

labeling and molecular docking. 
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In chapter 5, “Investigation of the effect of niclosamide in other p300/transcription 

factor protein-protein interaction,” this study aimed to further investigate lead compound 

as inhibitor targeting p300/transcription factors PPIs. 

Chapter 6 summarizes the thesis. 
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2.1 Introduction  

As mentioned in chapter 1, the HIF-1α/p300 interaction is one of many PPIs that 

represent a promising drug target. The identification of small molecules that can selectively 

disrupt this interaction holds immense promise for cancer therapy. To date, there are several 

small molecules reported as HIF-1α/p300 inhibitors, such as chetomin and YC-1.1,2 

However, chetomin has been found to have local toxicity, and the specificity of YC-1 for 

HIF-1α is not high, limiting its clinical application.2,3 OHM 1, an analogue of HIF-1α 

CTAD, is reported to inhibit its binding with p300/CBP, and the in vivo study shows that 

the compound can reduce the median tumor volume by roughly 50% compared to the 

untreated group.4 Although the HIF-1α/p300 interaction is a promising drug target, there 

are no approved HIF-1α/p300 inhibitors to date. 

FA-based assay systems are excellent methods for measuring interactions between 

proteins and peptides. The concept asserts that a fluorophore stimulated by polarised light 

produces partially polarised emission.5 Kushal et al. reported FA-based assays for detecting 

HIF-1α/p300 inhibitors using p300 CH1 protein (~12 kDa) with fluorescein-labeled CTAD 

(41 amino acid residues) and identified protein domain mimetic peptides.6 Although this 

method could detect the HIF-1α/p300 interaction, the fluorophore is limited by its high 

photobleaching rate and noise background. 

In this study, the FA-based screening system using a dansyl group as a fluorophore 

were designed to improve photostability7,8 and reduce interference from the excitation 

source and background autofluorescence.9 The peptides based on the CTAD (45 amino acid 

residues) and HIF-1α αB (15 amino acid residues) regions of HIF-1α were synthesized using 

Fmoc solid-phase synthesis. CTAD and HIF-1α αB's N-terminus were labeled with a dansyl 

fluorophore. The screening assay system was validated using competitive binding to the 

p300 CH1 protein with an unlabeled peptide, reported HIF-1α/p300 inhibitors, and the 

determination of statistical criteria Z′ factor. 

 

2.2 Vector construction for overexpression of human p300 CH1 protein 

Protein expression was achieved by a recombinant expression system in E. coli. In 

this research, human p300 CH1 domain (amino acid residues 323-423) gene was amplified 

from the HeLa cell cDNA library by PCR (Figure 2-1, Lane 3). The p300 CH1 gene and 

pGEX-6p-1 vectors were treated with restriction enzymes (XhoI and EcoRI) (Figure 2-1, 

Lane 2 and 3). The pGEX-6p-1 vector was treated with CIAP (Calf-intestinal alkaline 

phosphatase) to dephosphorylate it and prevent self-ligation prior to ligation. 
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Figure 2-1. Electrophoresis result of amplified p300 CH1 gene and pGEX-6p-1 vector with 

restriction enzymes treatment. (4% agarose gel, 100 V, 45 min, stained by EtBr). Lane 1: 

DNA ladder; Lane 2: restriction enzyme treated pGEX-6p-1 vector; Lane 3: amplified p300 

CH1 gene. 

 

After vector preparation, the pGEX-6p-1 vector and the p300 CH1 gene were 

ligated and transformed into E. coli JM 109 strain. The recombinant vector was re-

transformed into E. coli (SHuffle T7 Express) competent cell and verified by performing 

EcoRI and XhoI restriction enzymes (Figure 2-2). It is shown that the band intensity of the 

pGEX-6p-1 vector has high intensity while the p300 CH1 gene showed a low-intensity 

band. The recombinant vector was confirmed by DNA sequence analysis. 

 

 

Figure 2-2. Electrophoresis result of digestion of pGEX-6P-1 plasmid (4,984 bp) 

containing p300 CH1 gene (303 bp) by EcoRI and XhoI restriction enzymes (4% agarose 

gel, 100 V, 45 min, stained by EtBr). Lane 1: DNA ladder; Lane 2-6: Cut check 1-5 

(recombinant vector with enzyme, pGEX-6p-1 vector (4,984 bp) and p300 CH1 gene (303 

bp)). 

 



23 
 

2.3 Protein expression and purification of human p300 CH1 protein from E. coli 

Protein expression and purification of recombinant human p300 CH1 protein from 

E coli were performed according to previous report.10 The p300 CH1 protein contains three 

zinc finger structures and nine total cysteine residues, presenting many challenges for 

recombinant protein purification. The p300 CH1 has been reported to be structurally 

compromised without a 3:1 stoichiometric ratio of Zn.11 Without Zn ion, cysteine residues 

typically found at Zn fingers can form unwanted disulfide linkages that are 

thermodynamically more stable than cysteine-Zn ion interactions, resulting in unwanted 

protein conformations and aggregation.10 Thus, protein expression and purification of 

recombinant human p300 CH1 protein from E. coli was conducted in the presence of Zn 

ion. 

In this work, as much as 0.394 mg of purified recombinant p300 CH1 protein was 

successfully produced from a 200 mL bacterial culture. This work was confirmed by SDS-

PAGE, as shown in Figure 2-3. The purified protein was shown in lanes 10 and 11 at 11 

kDa. The protein was stored in a solution of 50 mM Tris-HCl (pH = 8.0), 150 mM NaCl, 

and 25% glycerol at -80 °C. 

 

 

Figure 2-3. Purification of recombinant human p300 CH1 protein from E. coli and 

coomassie staining of purified recombinant human p300 CH1 protein after SDS-PAGE. 

Lane 1: E. coli total protein  (No stimulation with IPTG); Lane 2: E. coli total protein 

(Stimulation with IPTG before lysis); Lane 3: E. coli lysate (Stimulation with IPTG after 
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lysis); Lane 4: Clarified bacterial lysate after capture; Lane 5: Beads fraction (GST-proteins 

including GST-conjugated p300 CH1 protein = 36 kDa); Lane 6-7: Beads wash fraction; 

Lane 8: Protease-treated fractions for GST cleavage (p300 CH1 protein and free GST); 

Lane 9: Bead fraction with p300 CH1 protein released (GST=25 kDa and Protease= ~40 

kDa); 10-11: Purified p300 CH1 protein (11 kDa); 12: Bead fractions with captured free 

GST. Recombinant human p300 CH1 protein is shown with an asterisk. 

 

2.4 Synthesis of dansyl-labeled peptides using Fmoc solid-phase peptide synthesis 

Based on the CTAD and HIF-1α αB regions, the peptides were synthesized using 

the Fmoc solid-phase synthesis (Schemes 2-1 – 2-4). The N-terminus of both CTAD and 

HIF-1α αB were labeled with a dansyl fluorophore. The synthesized peptides were 

characterized by MALDI-TOF MS (Table 2-1). 

 

 

Scheme 2-1. Synthesis of dansyl-labeled HIF-1α αB peptide 
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Scheme 2-2. Synthesis of HIF-1α αB peptide 

 

 

Scheme 2-3. Synthesis of dansyl-labeled CTAD peptide 
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Scheme 2-4. Synthesis of CTAD peptide 

 

Table 2-1. Sequence and MALDI-TOF MS analysis of the synthesized peptides 

Peptide Sequence Calcd. for 

[M+H]+/found 

CTAD H
2
N-LLGQSMDESGLPQLTSYDCEVNAPIQGSRN 

LLQGEELLRALDQVN-CONH
2
 

4915.40/4915.923 

Dansyl-labeled 

CTAD 

Dan-LLGQSMDESGLPQLTSYDCEVNAPIQGSRN 

LLQGEELLRALDQVN-CONH
2
 

5149.69/5149.906 

HIF-1α α
B
 H

2
N-LLQGEELLRALDQVN-CONH

2
 1710.93/1710.442 

Dansyl-labeled 

HIF-1α α
B
 

Dan-LLQGEELLRALDQVN-CONH
2
 1944.22/1944.093 

 

2.5 Synthesis of OHM 1 as HIF-1α/p300 interaction inhibitor 

OHMs are assembled from naturally occurring amino acids with the nitrogen atoms 

of neighboring backbone amides constrained with ethylene bridges to afford a nonpeptidic 

chiral scaffold displaying protein-like functionality. The strategy of Arora’s group is to 

mimic the α-helix structure important for the HIF-1α/p300 interaction on a small molecule 

oxopiperazine scaffold and deploy it as a novel PPI inhibitor.4 OHM 1 mimics three amino 
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acid residues (Leu818, Leu822, and Gln824) in the α-helical structure of HIF-1α that are 

important for interaction with p300. OHM 1 was synthesized using standard Fmoc amino 

acids and coupling reagents on Rink amide resin. The oxopiperazine ring is obtained via 

the application of the Fukuyama–Mitsunobu strategy, which involves activating the amine 

functionality by reaction with o-nitrobenzenesulfonyl chloride followed by N-alkylation 

with 2-bromoethanol. The synthesis scheme of OHM 1 is shown in Scheme 2-5. This 

compound will be used in this research as a positive control for the FA assay. 

 

 

Scheme 2-5. Synthesis of OHM 1 

 

2.6 Evaluation of the binding affinity of each synthesized peptide for p300 CH1 

protein 

The binding affinity of dansyl-labeled CTAD and HIF-1α αB peptides to human 

p300 CH1 protein was determined (Figure 2-4). The binding affinity of HIF-1α αB to p300 

CH1 protein in this assay was found to have a Kd value of 55.85 ± 3.19 nM. The binding 

affinity of CTAD to p300 CH1 protein in this assay was consistent with previous results 

obtained using fluorescein-labeled CTAD and isothermal titration microcalorimetry with 

Kd value of 29.54 ± 1.73 nM.5,6,12 Comparing the binding affinity of the dansyl-labeled 

peptides to the p300 CH1 protein, the CTAD peptide showed more than twice as strong 

binding affinity as HIF-1α αB peptide. 
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Figure 2-4. Evaluation of the binding affinity of each synthesized peptide for human p300 

CH1 protein. p300 CH1 protein was incubated with dansyl-labeled CTAD (A) and HIF-1α 

αB (B). Fluorescence anisotropy measured using SpectraMax iD5 Multi-Mode Microplate 

Reader (Molecular Devices, USA) with 330 nm of excitation wavelength and 510 nm of 

emission wavelength. All assays were performed in 125 nM dansyl-labeled CTAD or HIF-

1α αB peptide, 0-10 µM recombinant p300 CH1 protein, 20 mM Tris-HCl (pH = 8.0), 60 

mM NaCl, 2 mM DTT, 1.5 μM ZnCl2, and 0.5% DMSO in phosphate buffered saline 

(PBS). Kd values of CTAD and HIF-1α αB on p300 CH1 protein was calculated 29.54 ± 

1.73 nM and 55.85 ± 3.19 nM, respectively. Data are presented as means ± S.D. of three 

separate experiments. Error bars, S.D. 

 

The screening assay system was developed using the dansyl-labeled HIF-1α αB 

peptide with the purified p300 CH1 protein. Because HIF-1α αB plays a crucial role in the 

CTAD/CH1 domain interactions in the HIF-1α/p300 complex, FA is well-suited for 

studying the binding between molecules with significantly different masses.13 To validate 

the screening assay system, a competition assay was conducted using unlabeled peptides 

and reported HIF-1α/p300 inhibitors. 

 

2.7 Validation of screening assay system 

A competition assay using unlabeled HIF-1α peptides and known HIF-1α/p300 

inhibitors was conducted to validate the established screening assay system. First, a 

competition assay was performed using unlabeled HIF-1α αB and CTAD peptides. The 

decreases in anisotropy associated with disruption of the interaction upon titration with the 

unlabeled peptides were observed. In the FA assay, the IC50 value of the unlabeled HIF-1α 

αB peptide was 57.2 ± 4.55 nM, while the IC50 value of the unlabeled CTAD peptide was 
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42.3 ± 5.10 nM (Figure 2-5). These results indicated that the unlabeled CTAD peptide 

disrupts the interaction more effectively than the unlabeled HIF-1α αB peptide. 

 

Figure 2-5. Competition assay of each synthesized unlabeled peptide for p300 CH1 

protein. p300 CH1 protein was incubated with dansyl-labeled HIF-1α αB and addition of 

unlabeled peptide HIF-1α αB (A) and CTAD (B). Fluorescence anisotropy was measured 

using SpectraMax iD5 Multi-Mode Microplate Reader (Molecular Devices, USA) with 330 

nm of excitation wavelength and 510 nm of emission wavelength. All assays were 

performed in 125 nM dansyl-labeled HIF-1α αB peptide, 200 nM recombinant p300 CH1 

protein, 20 mM Tris-HCl (pH = 8.0), 60 mM NaCl, 2 mM DTT, 1.5 μM ZnCl2, and 0.5% 

DMSO in PBS. IC50 values competition assay of HIF-1α αB and CTAD on p300 CH1 

protein and N-Dan-HIF-1α αB PPI was calculated 57.2 ± 4.55 nM and 42.3 ± 5.10 nM, 

respectively. Data are presented as means ± S.D. of three separate experiments. Error bars, 

S.D. 

 

Next, a competition assay with known HIF-1α/p300 PPI inhibitors, OHM 1, and 

streptonigrin was performed to validate the screening assay system. As shown in Figure 2-

6, a decrease in anisotropy associated with the interaction disruption was observed upon 

the addition of OHM 1 and streptonigrin. OHM 1 exhibited an IC50 value of 51.3 nM, while 

streptonigrin had an IC50 value of 1.38 μM. The previous reports showed that a known 

inhibitor for HIF-1α/p300, OHM 1, has an IC50 value of 530 nM as determined by 

tryptophan fluorescence spectroscopy, while streptonigrin has an IC50 value of 3 μM 

through an ELISA competition assay.4,14  These results are consistent with the IC50 values 

of the HIF-1α/p300 PPI inhibitors and confirm that the established assay system has been 

validated as an effective screening assay for HIF-1α/p300 PPI inhibitors. 



30 
 

 

Figure 2-6. Competition assay of reported HIF-1α/p300 inhibitors for p300 CH1 protein. 

p300 CH1 protein was incubated with dansyl-labeled HIF-1α αB and addition of OHM 1 

(A) and streptonigrin (B). Fluorescence anisotropy was measured using SpectraMax iD5 

Multi-Mode Microplate Reader (Molecular Devices, USA) with 330 nm excitation 

wavelength and 510 nm emission wavelength. All assays were performed in 125 nM 

dansyl-labeled HIF-1α αB peptide, 200 nM recombinant p300 CH1 protein, 20 mM Tris-

HCl (pH = 8.0), 60 mM NaCl, 2 mM DTT, 1.5 μM ZnCl2, and 0.5% DMSO in PBS. Data 

are presented as means ± S.D. of three separate experiments. Error bars, S.D. 

 

In order to evaluate the quality of screening assays, Zhang et al. introduced a 

statistical criteria “Z′ factor”, which is calculated from the mean signals of the positive and 

negative controls (μc+ and μc-) and their standard deviations (σc+ and σc-) using the equation 

(3).15 

 

𝑍′ = 1 −
3(σ𝐶++ σ𝐶−)

|μ𝐶++ μ𝐶−|
   (3) 

 

As the signal range increases and the variations decrease, Z′ tends to the ideal limit of 1, 

while Z′ values above 0.5 are considered “excellent” which means the assay system is 

statically robust and reliable.15 In the established FA assay system, the Z′-factor is 

calculated as 0.54 from four independent measurements of the positive (p300 CH1/N-Dan-

HIF-1α αB with addition of OHM 1) and negative (p300 CH1/N-Dan-HIF-1α αB with 0.5% 

of DMSO) controls (Figure 2-7). These results demonstrated that the FA competitive 

measurement is robust and suitable for screening assay. 
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Figure 2-7. Z′-factor determination of four independent measurements of the negative 

(p300 CH1/N-Dan-HIF-1α αB with 0.5% of DMSO) and positive (p300 CH1/N-Dan-HIF-

1α αB with addition of OHM 1 (10 µM)) controls. 

 

2.8 Summary 

 

Figure 2-8. Summary of chapter 2 

 

In chapter 2, the p300 CH1 protein was produced from E. coli. Labeled and 

unlabeled CTAD and HIF-1α αB peptides were synthesized. The FA screening system was 

established for HIF-1α/p300 PPI inhibitor discovery using the p300 CH1 protein and 

dansyl-labeled HIF-1α αB. This system was validated using an unlabeled peptide and a 

known inhibitor, demonstrating its effectiveness for screening. The Z′-factor value showed 

that the FA competitive assay is robust and suitable for screening assay.  
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2.10 Experimental section 

Biology  

 

Vector construction for overexpression of human p300 CH1 domain protein 

Human p300 CH1 domain (amino acid residues 323-423) cDNA was amplified 

from the HeLa cell cDNA library by PCR. The primer sequences used to amplify the p300 

CH1 domain cDNA were as follows: 5′-

TTTTGAATTCATGGGTTCTGGAGCACATACAGCT-3′ (forward) and 5′-

TTTTCTCGAGCTTATCACCAGCATTTTTGAGGGGG-3′ (reverse). The PCR obtained 

product was subcloned into EcoRI/XhoI sites of the pGEX-6P-1 vector (Thermo Fisher 

Scientific, Inc., USA). The constructed vector (pGEX-6P-1-p300/CH1 vector) was 

transformed into SHuffle® T7 Express Competent E. coli (New England Biolabs, MA, 

USA). 

 

Protein expression and purification of p300 CH1 domain protein 

The pGEX-6P-1-p300/CH1 vector was transformed into SHuffle® T7 Express 

Competent E. coli (New England Biolabs, MA, USA) and incubated at 37 °C with aeration 

to an OD600 of 0.6-0.8. Protein expression was induced by the addition of 1 mM isopropyl 

β-D-thiogalactopyranoside (IPTG) and incubated for 16-20 h at 16 °C in the presence of 

100 µM zinc chloride (ZnCl2). The E. coli was collected by centrifuging at 4,000 x g for 

15 min at 4 °C, and the obtained pellets were resuspended in BugBuster® protein extraction 

reagent (Merck Millipore, MA, USA) containing Lysonase™ bioprocessing reagent 

(Merck Millipore, MA, USA) and protease inhibitor cocktail (Promega, Madison, WI, 

USA) and shaken at 4 °C for 1 h. The lysate was collected by centrifugation (10,000 x g, 4 

°C, 15 min) and then incubated with GSH-agarose beads (Thermo Fisher Scientific, Inc., 

MA, USA) for 3-4 h at 4 °C. The recombinant GST-p300/CH1 protein bound beads were 

washed five times with prechilled acidic resuspension buffer (50 mM Tris-HCl (pH = 6.3) 

and 150 mM NaCl) and prechilled alkaline resuspension buffer (50 mM Tris-HCl (pH = 

8.0) and 150 mM NaCl), respectively. Recombinant GST-p300/CH1 was eluted with 

elution buffer (50 mM Tris-HCl (pH = 8.0), 150 mM NaCl, and 10 mM reduced gluthatione 

(FUJIFILM Wako Pure Chemical Corporation, Japan)). Recombinant p300/CH1 was 

eluted by incubation with cleavage buffer (50 mM Tris-HCl (pH = 8.0), 150 mM NaCl, 1 

mM ethylenediaminetetraacetic acid (EDTA), and 1 mM dithiothreitol (DTT)) for 16-18 h 
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at 4 °C and purified by incubating the resulting eluate with GSH-agarose beads for 3-4 h at 

4 °C. Each protein was confirmed with sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis (SDS-PAGE). 

 

FA measurement 

The FA assay was performed with reference to previously reported literature82. 

Protein was serially diluted into a solution of labeled peptide (125 nM) and the plates were 

incubated for 30 min at room temperature. Each experiment was run in triplicate and the 

anisotropy was measured using SpectraMax iD5 Multi-Mode Microplate Reader 

(Molecular Devices, USA) with 330 nm of excitation wavelength and 510 nm of emission 

wavelength. All assays were performed in 20 mM Tris-HCl (pH = 8.0), 60 mM NaCl, 2 

mM DTT, 1.5 μM ZnCl2, and 0.5% dimethyl sulfoxide (DMSO) in PBS. The anisotropy 

data from this measurement were corrected by subtracting the corresponding control wells 

and were used to calculate the amount of bound labeled peptide using equation 4. This data 

was then fitted using equation 5 in OriginPro 2023 to determine the dissociation constant, 

Kd. 

𝐿𝑏 =
𝑟−𝑟𝑚𝑖𝑛

λ(𝑟𝑚𝑎𝑥−𝑟)+𝑟−𝑟𝑚𝑖𝑛
    (4) 

𝑦 =
(𝐾𝑑+𝑥+[FL])−√[{(𝐾𝑑+𝑥+[FL])]2−4𝑥[𝐹𝐿]}

2
   (5) 

 

where r = anisotropy, Lb = fraction ligand bound, λ = Ibound/Iunbound = 1, [FL] = concentration 

of fluorescent peptide, Kd = dissociation constant, y = Lb multiplied by [FL], x = protein 

concentration. The competitive inhibition assay was performed using solution of 200 nM 

p300 CH1 protein and 125 nM labeled peptide which was incubated at 25 °C. After 1 h, 

unlabeled peptides, OHM1 or streptonigrin were added with final concentrations ranging 

from 0 to 200 nM, 1 µM, or 5 µM, respectively. After 1 h, the amount of dissociated 

fluorescent probe was determined. The IC50 values were determined for each peptide by 

fitting the averages of three individual measurements to a sigmoidal dose-response curve 

using a nonlinear regression model with OriginPro 2023. 
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DNA Sequence Analysis of pGEX-6P-1-p300/CH1 Vector 

 

p300 CH1  
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p300 CH1  
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Chemistry 

 

General Information 

NMR spectra were recorded on a Bruker biospin AVANCE II (400 MHz for 1H) 

instrument in the indicated solvent. Chemical shifts are reported in parts per million (ppm) 

relative to DMSO-d6 (2.50 ppm for 1H NMR) of the standard. Multiplicities are reported 

using the following abbreviations: s, singlet; d, doublet; dd, doublet of doublets; t, triplet; 

q, quartet; m, multiplet; brs, broad; J, coupling constants in Hertz. High-resolution mass 

spectra (HRMS) were recorded on a Bruker electrospray ionization (ESI)–time of flight 

(TOF)–mass spectrometer (micrOTOF II). Analytical thin-layer chromatography (TLC) 

was performed on a glass plate of silica gel 60 GF254 (Merck). All chemicals and reagents 

for biological experiments were obtained from commercial sources and used without 

further purification. The purity of all assayed compounds was determined by a reverse-

phase HPLC system (JASCO Corporation, Japan) equipped with a C18 column (Finepak 

SIL C18S (4.6 x 75 mm), JASCO Corporation, Japan). All synthesized compounds were 

detected using a UV detector at 215 nm with 0.1% formic acid in H2O: 0.1% formic acid 

in MeCN from 0-100% of solvent B for 20 min; flow rate 1.0 mL/min). All organic 

synthesis experiments encountered no unexpected or unusually high safety hazards. 

 

Synthesis of dansyl-labeled HIF-1α C-terminal fragment 

Peptides synthesis was performed according to previously reported literature16. 

Peptides were manually synthesized using a standard Fmoc solid-phase synthesis on Rink 

Amide MBHA resin LL (0.30–0.45 mmol/g). The resin (100 mg, 0.03 mmol) was swelled 

overnight in N,N-dimethylformamide (DMF). DMF was removed and followed by addition 

of 7 mL of 20% piperidine in DMF to deprotect a Fmoc group. The solution was removed 

20 min after shaking at room temperature. The deprotected Fmoc groups were quantified 

by measuring the absorbance of the solution at 301 nm using ε301 nm = 7800 M−1 cm−1 to 

determine the loading number of amino acids. The resin was washed by DMF five times 

and 2,4,6-trinitrobenzene sulfonic acid (TNBS) test was conducted to confirm the 

deprotection. To the filtrated resin was added 1 mL of DMF, 1 mL of DMF solution 

containing Fmoc-amino acid (0.09 mmol), 1H-Benzotriazole-1-yloxytris(pyrrolidine-1-

yl)phosphonium hexafluorophosphate (PyBOP; 47.8 mg, 0.09 mmol) and 1-

hydroxybenzotriazole monohydrate (HOBt·H2O; 13.8 mg, 0.09 mmol) and 1 mL of DMF 

solution containing N-methylmorpholine (NMM; 15 μL, 0.14 mmol). The mixture was 
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shaken for 1 h at room temperature and washed by DMF. After confirming the amino acid 

coupling by TNBS test, the peptide chain was deprotected and elongated in the same way. 

For the synthesis of N-Dan, the dansyl chloride was directly conjugated to the N-terminal 

amine after Fmoc deprotection. The peptides were cleaved from the resin in cold 

trifluoroacetic acid: triisopropylsilane: 1,2-ethanedithiol : H2O = 94 : 1 : 2.5 : 2.5 for 2 h 

and 5 h for short and long peptides, respectively. The crude peptide was precipitated by 

adding cold diethyl ether (Et2O), collected by centrifuge, and washed by Et2O three times. 

The purity of all peptides was determined by a reverse-phase HPLC system (JASCO 

Corporation, Japan) equipped with a C18 column (Finepak SIL C18S (4.6 x 75 mm), 

JASCO Corporation, Japan). All synthesized compounds were detected using a UV 

detector at 215 nm with 0.1% formic acid in H2O: 0.1% formic acid in MeCN from 0-100% 

of solvent B for 20 min; flow rate 1.0 mL/min). The characterization of the peptides was 

confirmed by matrix-assisted laser desorption ionization-time of flight mass spectrometry 

(MALDI-TOF-MS; ultrafleXtreme, Bruker, Billerica, USA). 

 

Synthesis of OHM 1  

Synthesis of OHM 1 was performed according to previous reported literature4. 

Peptides were manually synthesized using a standard Fmoc solid-phase synthesis on Rink 

Amide MBHA resin LL. The resin (200 mg, 0.06 mmol) was swelled overnight in DMF. 

DMF was removed and followed by adding 7 mL of 20% piperidine in DMF to deprotect 

a Fmoc group. The solution was removed 20 min after shaking at room temperature. The 

deprotected Fmoc groups were quantified by measuring the absorbance of the solution at 

301 nm using ε301 nm = 7800 M−1 cm−1 to determine the loading number of amino acids. 

The resin was washed by DMF five times and TNBS test was conducted to confirm the 

deprotection. To the filtrated resin was added 1 mL of DMF, 1 mL of DMF solution 

containing Fmoc-Gln(Trt)-OH (54.9 mg, 0.09 mmol), 1H-Benzotriazole-1-

yloxytris(pyrrolidine-1-yl)phosphonium hexafluorophosphate (PyBOP; 47.8 mg, 0.09 

mmol) and 1-hydroxybenzotriazole monohydrate (HOBt·H2O; 13.8 mg, 0.09 mmol) and 1 

mL of DMF solution containing N-methylmorpholine (NMM; 15 μL, 0.14 mmol). The 

mixture was shaken for 2 h at room temperature and washed by DMF. After confirming the 

amino acid coupling by TNBS test, the peptide chain was deprotected and elongated in the 

same way using Fmoc-Ala-OH (28.1 mg, 0.09 mmol). The resultant Fmoc-Ala-Gln-resin 

was deprotected with 20% piperidine/DMF and resin was washed sequentially with DMF, 

dichloromethane (DCM), methanol (MeOH), and Et2O and dried in vacuo. O-
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Nitrobenzenesulfonyl chloride (o-Ns-Cl, 10 eq) and collidine (10 eq) were dissolved in dry 

DCM and added to the reaction vessel. After stirring for 2 h at 23 °C, the resin was washed 

with sequentially with DMF, DCM, MeOH, and Et2O and dried for 12 h in vacuo to obtain 

compound 9. The compound 9 bound resin was transferred to a glass microwave tube (CEM 

Corporation, USA). Triphenylphosphine (PPh3, 10 eq) was added and the tube was flushed 

with nitrogen gas for 30 min. Tetrahydrofuran (THF; 5 mL), diisopropyl azodicarboxylate 

(DIAD, 10 eq), and 2-bromoethanol (10 eq) were added and the reaction mixture was 

subjected to microwave irradiation (200 watts) for 10 min at 100 °C. The resin was washed 

sequentially with THF, DMF, and DCM, then transferred to a solid phase vessel and 5 mL 

of a THF solution of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 5 eq) was added. After 

stirring for 2 h at room temperature, the resin was washed with THF, DMF, DCM, and 

Et2O, allowed to dry for 30 min in vacuo, and then treated with DBU (5 eq) and 2-

mercaptoethanol (10 eq) in 2 mL of DMF for 2 h. The obtained resin was washed with 

DMF, DCM, MeOH and Et2O and for 12 h in vacuo to obtain compound 10. To the filtrated 

resin was added 1 mL of DMF, 1 mL of DMF solution containing Fmoc-Leu-OH (31.8 mg, 

0.09 mmol), 1-Hydroxy-7-aza-1H-benzotriazole (HOAt, 12.3 mg, 0.09 mmol), 

diisopropylcarbodiimide (DIC, 14 μL, 0.09 mmol) and the mixture was shaken at 23 °C for 

12 h affording 11. Nosyl protection and the ring formation steps were repeated to obtain 

oxopiperazine dimers OHM 1 (5; 24.7 mg, 0.05 mmol, 83% yield) after cleavage from the 

resin with 95% trifluoroacetic acid (TFA), 2.5% water, and 2.5% triisopropylsilane (TIPS). 

1H-NMR (400 MHz, DMSO-d6, 100 °C) δ 6.95 (br, 2H), 6.66 (br, 2H), 5.36 (t, J = 7.47 

Hz, 1H), 4.90-4.85 (m, 1H), 4.67 (q, J = 6.88 Hz, 1H), 3.96 (br, 2H), 3.63-3.41 (m, 8H), 

2.12-2.03 (m, 3H), 1.92-1.85 (m, 3H), 1.67-1.61 (m, 3H), 1.57-1.51 (m, 1H), 1.39 (s, 3H), 

0.99-0.91 (m, 12H); HRMS (ESI, positive) calcd for C24H42N6O5 [M+H]+ 495.3289, found 

495.3292.  
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HPLC analysis of HIF-1α αB peptide 

H2N-LLQGEELLRALDQVN-CONH2 

 
 

 

 

HPLC analysis of N-Dan-HIF-1α αB peptide 

Dan-LLQGEELLRALDQVN-CONH2 

 
Peak Area (%) Retention time (min) 

1 98.544 9.975 

2 0.975 16.683 

3 0.481 17.200 

  

Peak Area (%) Retention time (min) 

1 96.892 15.442 

2 3.108 16.500 
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HPLC analysis of CTAD peptide 

H2N-LLGQSMDESGLPQLTSYDCEVNAPIQGSRNLLQGEELLRALDQVN-CONH2 

 
Peak Area (%) Retention time (min) 

1 2.246 6.108 

2 2.179 9.183 

3 95.574 9.658 

 

 

HPLC analysis of N-Dan-CTAD peptide 

Dan-LLGQSMDESGLPQLTSYDCEVNAPIQGSRNLLQGEELLRALDQVN-CONH2 

 
Peak Area (%) Retention time (min) 

1 0.655 12.750 

2 95.237 13.408 

3 0.809 16.058 

4 3.299 16.250 
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HPLC analysis of OHM 1 

 

 
Peak Area (%) Retention time (min) 

1 1.338 10.783 

2 96.718 12.192 

3 1.944 18.392 
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NMR spectra  

OHM 1 

1H NMR (400 MHz, DMSO, 100 °C) 

 

 

 

 

 



 

 

 

 

 

 

Chapter 3 

Screening of Compound Library using 

Constructed Assay System and Validation of Lead 

Compounds as HIF-1α/p300 PPI Inhibitors 
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3.1 Introduction 

HIF-1α/p300 interaction is a promising drug target. However, there are no approved 

HIF-1α/p300 inhibitors to date (see chapter 2.1). Despite its significance, the inhibition of 

HIF-1α/p300 interaction remains challenging, primarily due to the complex and dynamic 

nature of PPIs. PPIs are considered challenging targets for small-molecule ligands, given 

that the target surfaces for competitive inhibition are typically large and less well-defined 

than conventional small-molecule binding pockets.1,2 

Drug development targeting PPIs is a challenging study in conventional drug 

discovery research and requires further research and development. Compound libraries 

containing diverse chemical entities serve as valuable tools in screening for potential 

inhibitors of protein interactions.3 Coupled with well-designed assay systems, compound 

libraries can identify promising lead compounds for further development.4 

 

 

Figure 3-1. Screening of HIF-1α/p300 PPI inhibitors from compound library using 

constructed assay system and validation of candidate compounds. 

 

This study focuses on screening HIF-1α/p300 PPI inhibitors from a compound 

library using a constructed assay system (see chapter 2) to identify novel lead compounds 

(Figure 3-1). Following the identification of lead compounds, the compounds are validated 

for their ability to inhibit the HIF-1α/p300 PPI using a cell-based assay to confirm their 

inhibitory activity. 
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3.2 NPDepo compound library 

The natural product-based library offers a unique advantage due to its structural 

diversity, providing opportunities to uncover novel chemical scaffolds with the potential 

for high specificity and efficacy in targeting this important PPIs. The NPDepo authentic 

compound libraries are derived from natural products and drug-like synthetic compounds, 

resulting in a comprehensive and diverse library of bioactive molecules. The NPDepo 

compound library serves as a valuable resource for drug discovery and biomedical research, 

providing researchers worldwide with a unique tool for screening and identifying bioactive 

compounds. Based in Japan and managed by RIKEN, NPDepo compound library is 

accessible to researchers globally, facilitating advancements in pharmacology, oncology, 

and infectious disease research. The NPDepo compound library profile is provided in 

Appendix A. 

 

3.3 Screening of HIF-1α/p300 PPI inhibitors from in-house and NPDepo 

compound library 

Some of the in-house library compounds were screened using the established 

screening assay system. First, the peptidomimetic compounds (di)azatricyclododecene 

scaffold were screened (Figure 3-2). The reported peptidomimetics showed inhibition of 

HIF transcription activity which α-helix peptide mediated interaction play a pivotal role.5 

As shown in Figure 3-3, the inhibition activity of peptidomimetic compounds did not show 

better than that of the positive control, OHM1. Compared with the reported HIF 

transcriptional activity of peptidomimetic compounds in Table 3-1, compound U-21a is the 

most potent compared with other tested compounds. This result also strengthens the 

validation of the screening assay system. 

 

 

Figure 3-2. In-house library compounds: (di)azatricyclododecene scaffold 
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Figure 3-3. Screening of HIF-1α/p300 PPI inhibitors from in-house compound library by 

the established FA-assay system. p300 CH1 protein and dansyl-labeled HIF-1α αB were 

incubated with compounds tested: 25 μM of peptidomimetic compounds and 10 μM of 

OHM1. Anisotropy was measured using SpectraMax iD5 Multi-Mode Microplate Reader 

(Molecular Devices, USA) with 330 nm excitation wavelength and 510 nm emission 

wavelength. All assays were performed in 125 nM dansyl-labeled HIF-1α αB peptide, 200 

nM recombinant p300 CH1 protein, 20 mM Tris-HCl (pH = 8.0), 60 mM NaCl, 2 mM 

DTT, 1.5 μM ZnCl2, and 0.5% DMSO in PBS. Data are presented as means ± S.D. of three 

separate experiments. Error bars, S.D. 

 

Table 3-1. Inhibition of HIF transcriptional activity of peptidomimetic compounds 

Entry Compounds HIF-1[a, b, c] [μM] 

1 U-21a 4.1 ± 0.8 

2 U-21b 11.0 ± 0.1 

3 U-21c 9.1 ± 1.8 

4 U-21d 21.2 ± 2.2 

5 U-21f 18.9 ± 6.0 

6 U-21g 11.7 ± 4.2 

[a] Indicated half maximal inhibitory concentration (IC50) are mean ± SD of a single 

experiment conducted in triplicate. 

[b] HRE-Luc expression was measured by luciferase reporter gene assay using HRE-

dependent luciferase expression in HeLa cells (O2 1%, CO2 5%, 37 °C, 12 h). 

[c] Measured by Umedera et al. (2021).5 
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The other in-house library compound, carborane compounds, were also screened 

(Figure 3-4). Using our assay system, some carborane compounds exhibited stronger 

inhibitory activity compared to the positive control, specifically compounds A-Vi and A-

Vj (Figure 3-5). Compared with the reported HIF transcriptional activity of carborane 

compounds in Table 3-2, compounds A-Vi and A-Vj displayed similar activity to the 

screening results. Additionally, inactive compounds in HIF transcriptional activity, such as 

A-Ia, A-IIIe, and A-Vn, showed similar activity in inhibiting HIF-1α/p300 in vitro.  

 

 

Figure 3-4. In-house library compounds: carborane compounds 
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Figure 3-5. Screening of HIF-1α/p300 PPI inhibitors from in-house compound library by 

the established FA-assay system. p300 CH1 protein and dansyl-labeled HIF-1α αB were 

incubated with compounds tested: 25 μM of carborane compounds and 10 μM of OHM1. 

Anisotropy was measured using SpectraMax iD5 Multi-Mode Microplate Reader 

(Molecular Devices, USA) with 330 nm excitation wavelength and 510 nm emission 

wavelength. All assays were performed in 125 nM dansyl-labeled HIF-1α αB peptide, 200 

nM recombinant p300 CH1 protein, 20 mM Tris-HCl (pH = 8.0), 60 mM NaCl, 2 mM 

DTT, 1.5 μM ZnCl2, and 0.5% DMSO in PBS. Data are presented as means ± S.D. of three 

separate experiments. Error bars, S.D. 

 

Table 3-2. Inhibition of HIF transcriptional activity of carborane compounds 

Entry Compound 
HIF-1[a, b, c] 

[μM)[6] 
Entry Compound 

HIF-1[a, b, c]
  

[μM) [6] 

1 A-Ia > 30 11 A-Vj 3,24 

2 A-Ib > 30 12 A-Vk 3,64 

3 A-IIa > 30 13 A-Vl 18,1 

4 A-IIb > 30 14 A-Vm 23,2 

5 A-IIIb 26,3 15 A-Vn > 30 

6 A-IIId 23,0 16 A-Vo 9,21 

7 A-IIIe > 30 17 A-Vq 5,59 

8 A-IVa > 30 18 A-Vs 3,24 

9 A-IVb 17,4 19 A-Vt 1,34 

10 A-Vi 5,46    
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[a] Indicated half maximal inhibitory concentration (IC50) are mean ± SD of a single 

experiment conducted in triplicate. 

[b] HRE-Luc expression was measured by luciferase reporter gene assay using HRE-

dependent luciferase expression in HeLa cells (O2 1%, CO2 5%, 37 °C, 12 h). 

[c] Measured by Asawa et al. (2021).6 

 

After screening the in-house library compounds, no compound exhibited significant 

in vitro HIF-1α/p300 inhibitory activity compared to OHM1. To discover a novel inhibitor 

for this target PPI, 80 compounds from the authentic compound library NPDepo, RIKEN, 

Japan, were screened using the established screening assay system. (Figure 3-6A). Each 

compound was tested at a concentration of 10 µM for the initial screening with OHM 1 as 

a positive control. Several lead compound candidates that showed better activity than OHM 

1 were identified. Consequently, a second screening for the lead compound candidates at a 

lower concentration of 0.2 μM was conducted (Figure 3-6B). In this screening, several lead 

compound candidates that show HIF-1α/p300 inhibition activity better than OHM-1, e.g., 

ibuprofen (S4), naloxone (S8), cantharidin (12), flunarizine hydrochloride (13), 

perphenazine (14), and niclosamide (15) were discovered (Figure 3-7).  
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Figure 3-6. Screening of HIF-1α/p300 PPI inhibitors from NPDepo compound library by the established FA-assay system. p300 CH1 protein 

and dansyl-labeled HIF-1α αB were incubated with 10 μM (A) or 0.2 μM (B) of NPDepo library compounds. Number of compounds S1, S2, 

S3, S4, …. S76 are corresponding to compounds in wells A2, A3, A4, A5, …. H11 as listed in http://www.cbrg.riken.jp/auth80/list.php except 

for lead compound. Anisotropy was measured using SpectraMax iD5 Multi-Mode Microplate Reader (Molecular Devices, USA) with 330 nm 

excitation wavelength and 510 nm emission wavelength. All assays were performed in 125 nM dansyl-labeled HIF-1α αB peptide, 200 nM 

recombinant p300 CH1 protein, 20 mM Tris-HCl (pH = 8.0), 60 mM NaCl, 2 mM DTT, 1.5 μM ZnCl2, and 0.5% DMSO in PBS. Data are 

presented as means ± S.D. of three separate experiments. Error bars, S.D. 

http://www.cbrg.riken.jp/auth80/list.php


53 
 

 

Figure 3-7. Structure of candidate lead compounds (A) and their HIF-1α/p300 PPI 

inhibition activity using FA assay (B). Compounds S4, S8, 12-15 (0.2 μM) and OHM 1 (10 

μM) were added to inhibit the PPI of 125 nM N-Dan-HIF-1α αB and 200 nM recombinant 

p300 CH1 protein in buffer solution (20 mM Tris-HCl (pH = 8.0), 60 mM NaCl, 2 mM 

DTT, 1.5 μM ZnCl2, 0.5% DMSO). Data are presented as means ± S.D. of three separate 

experiments. 

 

3.4 Reporter gene assay for candidate HIF-1α/p300 PPI inhibitor in HeLa cells 

Reporter gene assay using hypoxia response element (HRE)-luciferase-transfected 

HeLa cells7,8 to evaluate compounds suggested to inhibit HIF-1α/p300 PPI, as indicated by 

the FA assay. LW6 was used as a positive control for HIF-1α/p300 PPI inhibition.9 This 

cell line is derived from HeLa cells and is genetically engineered to express luciferase, a 

bioluminescent enzyme, under the control of HRE. HRE is a regulatory DNA sequence 

activated under low oxygen or hypoxic conditions. When cells are starved of oxygen, 

specific genes that allow the cells to adapt and survive are activated. One of these genes is 

regulated by HIF, which binds to the HRE and initiates the transcription of various adaptive 

genes. In this engineered cell line, luciferase under HRE control allows real-time 

monitoring of the hypoxic response by measuring the amount of light produced (Figure 3-

8). 
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Figure 3-8. Overview of HRE-luciferase transfected HeLa cells for reporter gene assay 

 

As shown in Table 3-3, compounds 12-14 inhibited HIF transcriptional activity with 

IC50 values of 5.63 ± 1.88, 9.01 ± 0.63, and 14.27 ± 1.57 µM, respectively. Compound 15 

showed direct inhibition in the luciferase assay (Figure 3-9); thus, measurement of the HIF 

transcriptional activity of compound 15 using HRE-luciferase assay was not appropriate. 

Evaluation of cell growth activity of the lead compound candidates showed that compounds 

12 and 15 did not have cytotoxicity in HeLa cells (> 30 µM), while compounds 13 and 14 

showed cytotoxicity with IC50 values of 13.36 and 17.61 µM, respectively. Moreover, 

compounds S4 and S8 did not show the ability to inhibit HIF transcriptional activity (> 25 

µM) and did not have cytotoxicity in HeLa cells (> 30 µM). The results indicated that these 

compounds S4 and S8 were false positives. 
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Table 3-3. Effects of the candidate inhibitors found by FA assay on inhibitory activities of 

gene transcription by HIF (HRE-Luc) and cell growth 

Compounds HIF-1[a, b] (µM) HeLa cells[a, c] (µM) 

Ibuprofen (S4) > 25 > 30 

Naloxone (S8) > 25 > 30 

Cantharidin (12) 5.63 ± 1.88 > 30 

Flunarizine hydrochloride (13) 14.27 ± 1.57 13.36 ± 0.16 

Perphenazine (14) 9.01 ± 0.63 17.61 ± 0.13 

Niclosamide (15) N.D.[d] > 30 

LW6 (6)[e] 29.1 ± 3.01 - 

[a] Indicated half maximal inhibitory concentration (IC50) are mean ± SD of a single 

experiment conducted in triplicate. 

[b] HRE-Luc expression was measured by luciferase reporter gene assay using HRE-

dependent luciferase expression in HeLa cells (O2 1%, CO2 5%, 37 °C, 8 h). 

[c] Cell growth inhibitory activity was measured using MTT assay (O2 1%, CO2 5%, 37 °C, 

8 h). 

[d] Not determined (N.D.) due to direct reporter enzyme inhibition. 

[e] Positive control. Reported IC50 = 23 µM9 

 

 

Figure 3-9. Evaluation of luciferase inhibitory activity of compound 15. Each 

concentration of compound 15 and luciferase was incubated for 10 min on ice. After 

incubation, the luciferase activity was detected using a luciferase assay system (Promega, 

USA), and luminescence from luciferase was measured using a microplate reader (Infinite 
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F200, Tecan Japan Co., Ltd., Japan). Data are presented as means ± S.D. of three separate 

experiments. Error bars, S.D. 

 

3.5 Effects of HIF-1α/p300 PPI inhibitor candidates on protein expression levels 

of HIF-1α and its downstream protein in HeLa cells 

For further investigation, the effects of HIF-1α/p300 PPI inhibitor candidates on the 

expression levels of HIF-1α and its downstream protein, carbonic anhydrase IX (CAIX), 

were evaluated by Western blot analysis. Compound 12 (Figure 3-10A) and compound 13 

(Figure 3-10B) treatments did not significantly suppress CAIX expression levels without 

affecting HIF-1α. In contrast, both compound 14 (Figure 3-10C) and compound 15 (Figure 

3-10D) suppressed CAIX protein expression in a concentration-dependent manner without 

affecting HIF-1α. Due to the low cytotoxicity and its ability to suppress CAIX without 

affecting HIF-1α, compound 15 was selected for further experiments. 

 

 

Figure 3-10. Effects of compounds 12-15 on protein expression levels of HIF-1α and its 

downstream protein. HeLa cells were treated with various concentrations of compounds 

12-15 for 8 h under hypoxia. Cell lysates were separated by SDS-PAGE and 

immunoblotting was performed using HIF-1α, CAIX, and α-tubulin antibodies. α-Tubulin 

was used as an internal control. 
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3.6 Effects of niclosamide on HIF-1α and its downstream gene expressions in HeLa 

cells 

Reverse transcription quantitative polymerase chain reaction (RT-qPCR) in 

combination with reverse transcription and quantitative PCR is a relatively simple, 

inexpensive, sensitive, and specific tool used to determine the expression level of target 

genes. This method requires a double-stranded DNA-specific dye that binds to newly 

synthesized DNA and generates fluorescence, and a special thermocycler equipped with a 

sensitive camera to monitor the fluorescence in each sample at frequent intervals during the 

PCR, respectively.10 In this study, the RT-qPCR utilized the DNA intercalator-based 

(SYBR Green) method and real-time PCR system to detect of newly synthesized DNA. 

 

 

Figure 3-11. Overview of RT-qPCR workflow. This figure was created using 

Biorender.com. 

 

First, RNA is isolated from cells, which includes mRNA that indicates which genes 

are active. The RNA is then converted into complementary DNA (cDNA) using the enzyme 

reverse transcriptase. The cDNA is subsequently amplified using PCR, targeting specific 

genes of interest. The amount of cDNA produced is directly proportional to the amount of 

mRNA initially present. The final step is quantification, where the amount of PCR product 

is measured to determine the gene expression level (Figure 3-11). 

In this study, the gene expression levels of HIF-1α and its downstream signals were 

evaluated to confirm whether compound 15 disrupts its downstream gene expression 

without affecting HIF-1α levels. As shown in Figure 3-12, compound 15 did not affect HIF-

1α mRNA expression but significantly suppressed the mRNA expression of CAIX. These 

findings suggest that compound 15 inhibits HIF-1α/p300 PPI, thereby disrupting 

downstream signaling pathways without directly modulating HIF-1α expression. 
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Figure 3-12. Effects of compound 15 on mRNA expression levels of HIF-1α and its 

downstream genes CAIX. HeLa cells were treated with various concentrations of 

compound 15 for 8 h under hypoxia. Total RNA was isolated from each cell, and mRNA 

was converted to cDNA. Gene expression levels were detected using real-time PCR. Each 

condition of hypoxia was defined as 1.00. Data are presented as means ± the standard 

deviation (SD) of three separate experiments. Error bars, SD. Significance was determined 

as **P < 0.01, ****P < 0.0001 compared with sample treated without compound. 

 

3.7 Summary  

 

Figure 3-13. Summary of chapter 3 

 

In chapter 3, the in-house and NPDepo compound library compounds were screened 

to identify several HIF-1α/p300 PPI inhibitor candidates. These lead compounds were 

subsequently validated in a cell-based assay (reporter gene assay, Western blot, and RT-

qPCR) to confirm their inhibitory activity against the HIF-1α/p300 interaction. Among the 

candidates, compound 15 was identified as a promising inhibitor of the HIF-1α/p300 

interaction.  
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3.9 Experimental section 

Screening of HIF-1α/p300 PPI inhibitor from NPDepo compounds library 

A solution of 200 nM p300 CH1 protein and 125 nM dansyl-labeled HIF-1α αB 

peptide was incubated at 25 °C. After 1 h, compounds with certain concentrations were 

added. After incubation for 1 h at room temperature, the amount of dissociated dansyl-

labeled HIF-1α αB peptide was determined by SpectraMax iD5 Multi-Mode Microplate 

Reader (Molecular Devices, USA) with 330 nm of excitation wavelength and 510 nm of 

emission wavelength. The difference anisotropy was calculated as the anisotropy of the 

compounds and subtracted with the buffer. 

 

Cell culture 

Human cervical carcinoma HeLa cells and HeLa cells expressing hypoxia response 

element-dependent firefly luciferase (HRE-Luc HeLa) were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM; FUJIFILM Wako Pure Chemical Corporation, Japan) 

that was supplemented with 10% (v/v) heat-inactivated fetal bovine serum, 100 units/mL 

penicillin G potassium, and 100 µg/mL streptomycin sulfate (Thermo Fisher Scientific, 

Inc., MA, USA) at 37 ˚C in 5% CO2. 

 

Luciferase reporter gene assay 

Luciferase reporter gene assay performed with reference to previously reported 

literature.83,84 HRE-luc HeLa cells were seeded in a 96-well plate at a density of 2 × 104 

cells/well and cultured at 37 ℃ under normoxia (21% O2 and 5% CO2) condition for 8 h. 

Then, the cells were treated with different concentrations of each compound or DMSO and 

incubated in normoxia for 1 h, followed by 8 h under hypoxia (1% O2 and 5% CO2) 

condition. The medium was removed and the cells were washed with cold PBS. The 

luciferase reporter gene assay was performed using the Luciferase Assay System (#E4550, 

Promega, USA) according to the manufacturer’s instructions. The luminescence signals 

were recorded using a microplate reader (Infinite F200, Tecan group Ltd., Switzerland). 

 

MTT assay 

HeLa cells were seeded in a 96-well plate at a density of 3 × 103 cells/well and 

cultured at 37 ℃ under normoxia for 8 h. The cells were treated with indicated 

concentration of each compound or DMSO. After incubation under each condition (72 h at 

37 ℃ in normoxia or 12 h at 37 ℃ in hypoxia), 0.5 mg/mL thiazolyl blue tetrazolium 
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bromide (MTT, diluted in PBS) was added, and incubated for 3 h at 37 ℃. Subsequently, 

the medium was removed and the formazan product was dissolved in 150 μL of DMSO. 

The absorbance at 590 nm was recorded using a microplate reader (Infinite F200, Tecan 

group Ltd., Switzerland). 

 

Western Blot 

HeLa cells were seeded in a 6-well plate at a density of 2 × 105 cells/well and 

cultured at 37 ℃ overnight. The cells were treated with different concentrations of each 

compound or DMSO and cultured for 8 h under hypoxia condition. The medium was 

removed, and the cells were washed with cold PBS and lysed with RIPA buffer (50 mM 

Tris-HCl (pH = 8.0), 150 mM sodium chloride, 0.5% (w/v) sodium deoxycholate, 0.1% 

(w/v) sodium dodecyl sulfate (SDS), 1.0% (w/v) NP-40 substitute, and protease inhibitor 

cocktail (Sigma-Aldrich, USA)). The obtained cell lysate was centrifuged at 16,000 x g for 

10 min at 4 ℃. The protein concentration of each sample was determined by BCA assay. 

The samples were diluted in sample buffer (1 M Tris-HCl (pH = 6.8), 10% (w/w) sodium 

dodecyl sulfate (SDS), 500 mM DTT, 50%(v/w) glycerol, and 0.5%(w/w) bromophenol 

blue) and boiled for 5 min at 98 °C. Proteins in the samples were separated by SDS-PAGE 

and transferred to a polyvinylidene fluoride (PVDF) membrane (Merck Millipore, USA). 

The membrane was blocked by 5% skim milk in TTBS buffer (Tris-buffered saline 

containing 0.1% Tween-20) and incubated with each primary antibody (Antibody: TTBS 

= 1: 1000) for 12 h at 4 ℃, followed by incubation with each secondary antibody 

conjugated with horseradish peroxidase (Antibody: TTBS = 1: 5000). Signals were 

detected with ECL using ImmunoStar LD (FUJIFILM Wako Pure Chemical Corporation, 

Japan) or Immobilon Forte Western HRP substrates (Merck KGaA, USA). Primary 

antibodies were listed as follows: anti-HIF-1α (#610959, BD Biosciences, USA), anti-

CAIX (#sc-365900, Santa Cruz Biotechnology, Inc., USA), and anti-α-tubulin (#013-

25033, FUJIFILM Wako Pure Chemical Corporation, Japan) antibodies. The secondary 

antibody was used anti-mouse IgG horseradish peroxidase-linked antibody (#W4021, 

Promega, Madison, WI, USA). 

 

Quantitative PCR 

HeLa cells were seeded in a 6-well plate at a density of 2 × 105 cells/well and 

cultured at 37 ℃ overnight. Cells were treated with different concentrations of each 

compound or DMSO and cultured with indicated conditions. Subsequently, the medium 



62 
 

was removed, and the cells were washed with cold PBS. The total RNAs were extracted 

using TRIzol (Thermo Fisher Scientific, Inc., USA). The reverse-transcription reaction 

using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Inc., 

MA, USA) was conducted according to the instructions. The obtained cDNA library was 

used for real-time PCR. Real-time PCR was carried out with THUNDERBIRD SYBR 

qPCR Mix (TOYOBO Co. LTD., Japan) using a real-time PCR system (Thermal Cycler 

Dice Real Time System Ⅲ, Takara bio inc., Japan). The gene expression levels were 

analyzed by ΔΔCt method. The sequences of the primers used were shown as follows; 

Hypoxia-inducible factor 1-α (HIF-1α): 5’-TTTTCAAGCAGTAGGAATTGGAA-3’ 

(forward) and 5′-GTGATG TAGTAGCTGCATGATCG-3′ (reverse); Carbonic anhydrase 

IX (CAIX): 5′-ACCCTCTCTGACACCCTGTG-3′ (forward) and 5′-

GGCTGGCTTCTCACATTCTC-3′ (reverse); β2-microglobulin (B2M): 5′-

TACATGTCTCGATCCCACTT-3′ (forward) and 5′-TACACTGAATTCACCCCCAC-3′ 

(reverse). 

 

Determination of luciferase activity 

Each compound and 10 nM QuantiLum recombinant luciferase (Promega, USA, 

diluted in stability buffer: 25 mM Tris-HCl (pH = 7.5), 8 mM MgSO4, 0.1 mM EDTA, 10 

mg/mL bovine serum albumin (BSA), 10% glycerol, and 0.25% Triton X-100) were 

incubated in reaction buffer (10 mM Tris-HCl (pH = 7.5), 3 mM MgCl2, 50 mM KCl, 2 

mM DTT, and 10 mM adenosine triphosphate (ATP)) for 10 min at on ice. After incubation, 

the luciferase activity was detected using luciferase assay system (Promega, USA), and 

luminescence from luciferase was measured using a microplate reader (Infinite F200, 

Tecan Japan Co., Ltd., Japan). 



 

 

 

 

 

 

Chapter 4 

Identification of the Binding Site of Niclosamide 

using Photoaffinity Labeling 
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4.1 Introduction 

The identification and characterization of protein binding sites for small 

molecules are crucial for understanding the functions of endogenous ligands and 

drug molecules.1 According to chapter 3, compound 15 has been identified as a 

promising inhibitor of the HIF-1α/p300 interaction. Since the binding site of compound 

15 in the p300 CH1 protein remains unknown, the binding site was investigated 

using the photoaffinity labeling (PAL) method (Figure 4-1A). This method enables 

us to elucidate the interaction mechanisms between the compound and the active 

sites of the target protein. In order to facilitate the binding and covalent modification 

of the active site in proteins, a small molecule probe typically aligns photoaffinity 

labeling with a reactive group.2,3 

 

 

Figure 4-1. (A) Design of PAL experiment for binding site identification. (B) The chemical 

structure of compound 16 for PAL probe. 

 

In this study, niclosamide azide (16) was designed and synthesized as a PAL probe, 

aiming for minimal structural changes to preserve its activity (Figure 4-1 B). Aryl azides 

are frequently used as photoaffinity labeling agents to investigate ligand-protein 

interactions.2,3 Upon irradiation, aryl azides release N2 to generate transient aryl nitrene 

intermediates4,5, which may rapidly undergo ring expansion to form a 1,2-

didehydroazepine (cyclic ketenimine) intermediate. Both the nitrene and ketenimine 

intermediates can insert into C–H, N–H, or O–H bonds to form covalently labeled products. 

For photolabeling proteins with aryl azide, the insertion reaction occurs preferentially 

toward nucleophilic amino acid residues in close proximity, such as lysine (K), cysteine 

(C), methionine (M), tyrosine (Y), and tryptophan (W).6,7 Based on the information 

observed from the PAL experiment, the binding interaction between compound 16 as well 

as compound 15 in p300 CH1 protein was further investigated using molecular docking 

simulation. 



65 
 

4.2 Design and synthesis of niclosamide azide as photoaffinity labeling probe 

Compound 16 as a PAL probe was synthesized according to Scheme 4-1. 

Compound 16 was synthesized through four steps. The first step is the nucleophilic 

substitution of 4-amino-5-chloro-2-methoxybenzoic acid (17) with sodium azide in 

aqueous media. This reaction afforded compound 4-azido-5-chloro-2-methoxybenzoic acid 

(18) in 95% of the yield. This compound was then reacted with thionyl chloride to convert 

the benzoic acid into acyl chloride (19). The acyl chloride product was used in the next step 

without further purification. The crude acyl chloride was reacted with 2-chloro-4-

nitroaniline (20) and triethylamine as the base to produces condensation product 4-azido-

5-chloro-N-(2-chloro-4-nitrophenyl)-2-methoxybenzamide (21) in 30% of yield. This 

relatively low yield was affected by the less nucleophilic of aniline due to bearing nitro 

group in para position so that it will withdraw electron density through resonance. The 

compound 21 was then demethylated using BBr3 and the compound 16 was afforded with 

37% of yield. 

 

 

Scheme 4-1. Synthesis of compound 16 

 

4.3 Evaluation of niclosamide azide as photoaffinity labeling probe 

Before conducting the PAL experiment, compound 16 was evaluated for its effect 

on HIF-1α and CAIX protein expression in HeLa cells. estern blot results revealed that 

compound 16 suppresses CAIX protein levels without affecting HIF-1α, starting at a 

concentration of 10 µM in a concentration-dependent manner (Figure 4-2). Compound 16 

was also shown to inhibit luciferase enzyme directly, with comparable efficacy to 

compound 15 (Figure 4-3). In the FA assay, compound 16 has activity to inhibit HIF-
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1α/p300 with IC50 value of 83.5 nM (Figure 4-4). Since compound 16 shows similar activity 

to compound 15, it can be used as a probe for PAL experiment. 

 

Figure 4-2. Effects of compound 16 on expression levels of HIF-1α and its downstream 

protein CAIX. HeLa cells were treated with various concentrations of compound 16 for 8 

h under hypoxia. Cell lysates were separated by SDS-PAGE and immunoblotting was 

performed using HIF-1α, CAIX, and α-tubulin antibodies. α-Tubulin was used as an 

internal control. 

 

 

Figure 4-3. Luciferase inhibitory activity of compounds 15 and 16. Each concentration of 

compounds and luciferase was incubated for 10 min on ice. After incubation, the luciferase 

activity was detected using a luciferase assay system (Promega, USA), and luminescence 

from luciferase was measured using a microplate reader (Infinite F200, Tecan Japan Co., 

Ltd., Japan).  
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Figure 4-4. Competition assay of compound 16 for p300 CH1 protein. The p300 CH1 

protein was incubated with dansyl-labeled HIF-1α αB and the addition of compound 16. 

Anisotropy was measured using SpectraMax iD5 Multi-Mode Microplate Reader 

(Molecular Devices, USA) with 330 nm of excitation wavelength and 510 nm of emission 

wavelength. All assays were performed in 200 nM dansyl-labeled HIF-1α αB peptide, 200 

nM recombinant p300 CH1 protein, 20 mM Tris-HCl (pH = 8.0), 60 mM NaCl, 2 mM 

DTT, 1.5 μM ZnCl2, and 0.5% DMSO in PBS. IC50 values competition assay of compound 

16 on p300 CH1 and dansyl-labeled HIF-1α αB PPI was calculated 83.5 ± 1.1 nM. Data are 

presented as means ± S.D. of three separate experiments. Error bars, S.D. 

 

4.4 Binding site identification of niclosamide in p300 CH1 protein 

The PAL experiment was conducted in 2 µg of p300 CH1 protein solution in PBS 

and compound 16 (0.1 and 1 µM) with or without compound 15 (10 µM) for the 

competitive PAL experiment (Table 4-1). The mixture was incubated at room temperature 

for 1 h. For the competitive PAL experiment, compound 15 was preincubated for 1 h in a 

protein solution before the addition of the probe. The mixture was then irradiated with 365 

nm UV light (610 μW/cm2) for 30 min to form a covalent bond with the target protein. The 

sample was resolved on SDS-PAGE and subjected to in-gel trypsin digestion to degrade 

the proteins into peptide fragments. The peptide samples were analyzed using MALDI-

TOF MS/MS, followed by a Mascot search to identify the amino acid sequences targeted 

by compound 16. 
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Table 4-1. PAL experiment with or without compound 15 pretreatment. 

Entry 
[Protein]  

(µg in 40 µL PBS) 

[Compound 16]  

(µM) 

[Compound 15] 

(µM) 

Negative Control (C) 2 - - 

P1 2 0.1 - 

P2 2 1 - 

P3 2 0.1 10 

P4 2 1 10 

 

Table 4-2. Summary of peptides identified in Mascot Search 
 

P1 P2 P3 P4 

R.KLIQQQLVLLLHAHK.C R.KLIQQQLVLLLHAHK.C R.KLIQQQLVLLLHAHK.C R.KLIQQQLVLLLHAHK.C 

K.LIQQQLVLLLHAHK.C K.LIQQQLVLLLHAHK.C K.LIQQQLVLLLHAHK.C K.LIQQQLVLLLHAHK.C 

K.LIQQQLVLLLHAHKCQR.R K.LIQQQLVLLLHAHKCQR.R K.LIQQQLVLLLHAHKCQR.R K.LIQQQLVLLLHAHKCQR.R 

R.QCNLPHCR.T R.QCNLPHCR.T R.QCNLPHCR.T R.QCNLPHCR.T 

K.NVLNHMTHCQSGK.S K.NVLNHMTHCQSGK.S K.NVLNHMTHCQSGK.S K.NVLNHMTHCQSGK.S 

K.SCQVAHCASSR.Q K.SCQVAHCASSR.Q K.SCQVAHCASSR.Q K.SCQVAHCASSR.Q 

K.SCQVAHCASSRQIISHWK.N R.QIISHWK.N R.QIISHWKNCTR.H R.QIISHWK.N 

R.QIISHWK.N R.QIISHWK.N + Comp. 16  K.NCTRHDCPVCLPLK.N R.QIISHWKNCTR.H 

R.QIISHWKNCTR.H R.QIISHWKNCTR.H R.HDCPVCLPLK.N K.NCTRHDCPVCLPLK.N 

K.NCTRHDCPVCLPLK.N K.NCTRHDCPVCLPLK.N  R.HDCPVCLPLK.N 

R.HDCPVCLPLK.N R.HDCPVCLPLK.N   

 

 

Figure 4-5. Identification of labeled peptide. (A). MS/MS spectra of 176QIISHW*K182 

peptide, showing binding site of compound 16 in p300 CH1 protein. (B). Summary of the 

identified labeled peptide. The potential amino acid conjugated with compound 16 is 

indicated in red, while the labeled peptide is presented in bold. The amino acid labeled 
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probe is underlined, and the amino acids detected through the Mascot search are 

highlighted. 

The identified peptides were summarized in Table 4-2. A labeled peptide was 

detected from the PAL treatment using a 1 µM concentration of the PAL probe. Binding 

competition with 10 µM of compound 15 in the P3 and P4 sample treatment shows the 

result of no labeled peptide detected. MS/MS analysis detected fragmented peptides, 

including b1, b2, b3, b4, b5, b6, y1, y2, y4 and y7 ions with the modification probe attached 

to tryptophan (Trp181) (Figure 4-5A). Despite several possible amino acid conjugations with 

compound 16, only one labeled peptide was detected (Figure 4-5B). This finding suggests 

that the binding of compound 16 to Trp181 is selective. Furthermore, the identified binding 

site is localized within the Zn²⁺-coordination site of HIF-1α/p300 (Figure 4-6). 

 

 

Figure 4-6. Identified binding site located in Zn2+-coordination site of HIF-1α/p300. 

 

4.5 Binding mode identification of niclosamide in p300 CH1 protein 

Based on the information observed from the PAL experiment, the binding 

interaction between compound 16 and p300 CH1 protein was further investigated using 

Discovery Studio (Figure 4-7). Docking studies revealed that the azide moiety of compound 

16 forms key interactions, including a carbon-hydrogen bond and an attractive charge 

interaction with His180, and is located near Trp181, which supports the binding of 

compound 16 in the PAL experiment. The probe interacts with several amino acid residues 

in p300 CH1 domain. Specifically, the nitro group engages in a pi-cation interaction with 

Asp109
, while the benzene ring exhibits pi-alkyl interactions with Lys112 and Ile116. 

Additional van der Waals's interactions were observed with Gln176, Leu120, Ile177
, and 

Trp181. Chloro substituents also play a critical role by forming alkyl-binding interactions 

with Val191 and His180. 
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Figure 4-7. Prediction of the binding site for compound 16 to p300. (A) Molecular docking 

simulation of compound 16 and p300 CH1 protein. (B) Binding interaction between 

compound 16 and p300. 

 

According to the investigation of compound 16, the same binding site was used to 

study the interaction between compound 15 and p300 CH1 protein (Figure 4-8). The 

molecular docking showed that the nitro group of compound 15 forms a carbon-hydrogen 

bond with Pro110, while the benzene ring exhibits pi-alkyl interactions with several amino 

acids such as Pro190, Val191, and Ile116. The chloro substituents also contribute to significant 

alkyl-binding interactions with Ile177, Leu120, and His180. Compounds 15 and 16 interact 

with His180, which is important in the Zn2+ binding site in p300 CH1 protein. 
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Figure 4-8. Prediction of the binding site for compound 15 to p300. (A) Molecular docking 

simulation of compound 15 and p300 CH1 protein. (B) Binding interaction between 

compound 15 and p300. 

 

Having successfully elucidated the binding interaction of compound 15 with 

the p300 CH1 protein, the FA-based assay for compound 15 derivatives (15a-r), 

which were provided by RIKEN, Japan were examined. The structures, anisotropy 

changes (Δr) and binding energies of compound 15 derivatives 15a-r are 

summarized in Appendix 2. A certain correlation was observed between the binding 

energies and inhibitory activities of compound 15 and its derivatives 15a-r. The 

compounds with high -CDOCKER energy values, such as compounds 15, 15d, 15f, 15h, 

and 15k, corresponded with low anisotropy values, indicating reduced binding affinity. In 

contrast, compounds with low -CDOCKER energy values, including compounds 15a, 15b, 

15c, 15g, 15n, and 15r, displayed higher anisotropy values, suggesting stronger binding 

interactions. Among them, derivatives 15d and 15k were found to possess an ability 

to disrupt the HIF-1α/p300 PPI similar to compound 15. 
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4.6 Summary  

 

Figure 4-9. Summary of chapter 4 

 

In chapter 4, compound 16 was synthesized as a probe for PAL experiments. Its 

inhibition of HIF-1α/p300 PPI was confirmed through FA and cell-based assays, 

demonstrating that it retains activity comparable to compound 15. The PAL experiment 

successfully identified the binding site of compound 16 in the p300 CH1 protein, which is 

located in the Zn2+-coordination site of HIF-1α/p300. Molecular docking experiments 

revealed that the docking positions and interactions of compounds 15 and 16 with p300 are 

almost identical, indicating that compound 15 binds to the Zn2+ coordination site of p300. 
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4.8 Experimental section 

Biology  

 

Western Blot 

HeLa cells were seeded in a 6-well plate at a density of 2 × 105 cells/well and 

cultured at 37 ℃ overnight. The cells were treated with different concentrations of each 

compound or DMSO and cultured for 8 h under hypoxia condition. The medium was 

removed, and the cells were washed with cold PBS and lysed with RIPA buffer (50 mM 

Tris-HCl (pH = 8.0), 150 mM sodium chloride, 0.5% (w/v) sodium deoxycholate, 0.1% 

(w/v) sodium dodecyl sulfate (SDS), 1.0% (w/v) NP-40 substitute, and protease inhibitor 

cocktail (Sigma-Aldrich, USA)). The obtained cell lysate was centrifuged at 16,000 x g for 

10 min at 4 ℃. The protein concentration of each sample was determined by BCA assay. 

The samples were diluted in sample buffer (1 M Tris-HCl (pH = 6.8), 10% (w/w) sodium 

dodecyl sulfate (SDS), 500 mM DTT, 50%(v/w) glycerol, and 0.5%(w/w) bromophenol 

blue) and boiled for 5 min at 98 °C. Proteins in the samples were separated by SDS-PAGE 

and transferred to a polyvinylidene fluoride (PVDF) membrane (Merck Millipore, USA). 

The membrane was blocked by 5% skim milk in TTBS buffer (Tris-buffered saline 

containing 0.1% Tween-20) and incubated with each primary antibody (Antibody: TTBS 

= 1: 1000) for 12 h at 4 ℃, followed by incubation with each secondary antibody 

conjugated with horseradish peroxidase (Antibody: TTBS = 1: 5000). Signals were 

detected with ECL using ImmunoStar LD (FUJIFILM Wako Pure Chemical Corporation, 

Japan) or Immobilon Forte Western HRP substrates (Merck KGaA, USA). Primary 

antibodies were listed as follows: anti-HIF-1α (#610959, BD Biosciences, USA), anti-

CAIX (#sc-365900, Santa Cruz Biotechnology, Inc., USA), and anti-α-tubulin (#013-

25033, FUJIFILM Wako Pure Chemical Corporation, Japan) antibodies. The secondary 

antibody was used anti-mouse IgG horseradish peroxidase-linked antibody (#W4021, 

Promega, Madison, WI, USA). 

 

Determination of luciferase activity 

Each compound and 10 nM QuantiLum recombinant luciferase (Promega, USA, 

diluted in stability buffer: 25 mM Tris-HCl (pH = 7.5), 8 mM MgSO4, 0.1 mM EDTA, 10 

mg/mL bovine serum albumin (BSA), 10% glycerol, and 0.25% Triton X-100) were 

incubated in reaction buffer (10 mM Tris-HCl (pH = 7.5), 3 mM MgCl2, 50 mM KCl, 2 

mM DTT, and 10 mM adenosine triphosphate (ATP)) for 10 min at on ice. After incubation, 
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the luciferase activity was detected luciferase assay system (Promega, USA), and 

luminescence from luciferase was measured using a microplate reader (Infinite F200, 

Tecan Japan Co., Ltd., Japan). 

 

FA measurement of compound 16 

A solution of 200 nM p300 CH1 protein and 125 nM labeled peptide was incubated 

at 25 °C. After 1 h, compounds with certain concentrations were added. After incubation 

for 1 h at room temperature, the amount of dissociated fluorescent probe was determined 

by SpectraMax iD5 Multi-Mode Microplate Reader (Molecular Devices, USA) with 330 

nm of excitation wavelength and 510 nm of emission wavelength. The difference 

anisotropy was calculated as the anisotropy of the compound and subtracted with the buffer. 

 

Photoaffinity labeling and protein purification 

Recombinant p300 CH1 protein (2 µg) and each compound (0.1 and 1 µM of 

compound 16 with or without 10 µM of compound 15) was placed on ice and exposed to 

365 nm UV light for 30 min. The samples were diluted in PBS containing 1.5 µM ZnCl2 

and boiled for 5 min at 98 °C. The photoaffinity labeled p300 CH1 protein was purified by 

SDS-PAGE using 22.5% polyacrylamide gel. The proteins in the gel were visualized with 

coomassie brilliant blue (CBB) G-250. 

 

In-gel trypsin digestion 

Protein band stained by CBB was excised from polyacrylamide gel and diced into 

small pieces (approximately 1 mm3). The gel was destained by vortexing for 10 min with 

destaining buffer (30% of acetonitrile (MeCN) in 100 mM aqueous NH4HCO3 solution), 

followed by removing the supernatant. The destaining step was repeated several times until 

the gel become transparent. Subsequently, the gel was vortexed with MeCN for 10 min and 

dehydrated for 15 min using a centrifugal evaporator (CVE-2000, EYELA). The proteins 

in the gel were reduced using reduction buffer (100 mM DTT in 100 mM aqueous 

NH4HCO3 solution) at 56 °C for 45 min, and exposed cysteine residues were protected with 

acetamide group by incubation with alkylation buffer (250 mM 2-iodoacetamide in 100 

mM aqueous NH4HCO3 solution) for 45 min in the dark. The resulting gel pieces were 

washed with 100 mM aqueous NH4HCO3 solution and 50% MeCN in 100 mM aqueous 

NH4HCO3 solution and dehydrated by addition of MeCN. The dehydrated gels were 

incubated with trypsin solution (100 ng/µL trypsin in 50 mM aqueous NH4HCO3 for 16 h 
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at 37 °C. Extraction solution (50% MeCN solution containing 1% trifluoroacetic acid 

(TFA)) was used to stop the trypsin digestion reaction and the peptides in gel were extracted 

by vortexing the gel with the extraction solution for 20 min. This step was repeated at least 

three times to collect all extraction solutions, followed by evaporation of the peptide 

solution to dryness. The obtained residue was dissolved in aqueous TFA solution (final 

conc. 0.1%) and the peptide solution was desalted using a Ziptip C18 tip (Nikkyo Technos 

Co., Ltd.). The desalted sample was directly subjected to MALDI TOF MS analysis. 

 

Mascot search 

The raw MS data were searched against the p300 CH1 protein database using the 

Mascot search algorithm. The search parameters were set as follows: peptide mass 

tolerance, 1.2 ppm; MS ion mass tolerance, 1.2 ppm; enzyme set as trypsin and allowance 

of up to two missed cleavages; variable modifications included oxidation on methionine, 

carbamidomethylation of cysteine residues and all the possible modifications of probe. 

 

Molecular Docking experiments 

Molecular docking was performed to predict the binding poses of compound 15 

derivative on the p300 CH1 protein. All the calculations were performed on an Intel 

CPU@2.90 GHz with 32 GB RAM compiled under the Windows 11 Pro operating system. 

Discovery Studio was provided by the Institute of Science Tokyo. The crystal structure of 

p300 CH1 protein (PDB ID: 1L3E) was obtained from a protein data bank for docking 

simulation. The crystal structure contains two chains, i.e., chain A is CTAD of HIF-1α and 

chain B is CH1 domain of p300 and 3 Zn2+, which this cation maintains the protein 

structure. Chain A and Zn2+ residue were deleted from the structure and the protein was 

prepared by removing all water molecules using the protein preparation tool. The binding 

sites were generated using a pharmacophore-ligand binding site. The binding site was 

chosen based on photoaffinity labeling results. The ligand was prepared and the docking 

was started using CDOCK, a grid-based molecular docking method. Docking energy was 

then compared between the derivatives to study the relationship of the structure and 

activity.  
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Chemistry 

 

General Information 

NMR spectra were recorded on a Bruker biospin AVANCE II (400 MHz for 1H, 

100 MHz for 13C) or Bruker biospin AVANCE III (500 MHz for 1H, 125 MHz for 13C) 

instrument in the indicated solvent. Chemical shifts are reported in parts per million (ppm) 

relative to CDCl3 (7.26 ppm for 1H NMR, 77.16 ppm for 13C NMR) or DMSO-d6 (2.50 

ppm for 1H NMR, 39.52 ppm for 13C NMR). Multiplicities are reported using the following 

abbreviations: s, singlet; d, doublet; dd, doublet of doublets; t, triplet; q, quartet; m, 

multiplet; brs, broad; J, coupling constants in Hertz. High-resolution mass spectra (HRMS) 

were recorded on a Bruker electrospray ionization (ESI)–time of flight (TOF)–mass 

spectrometer (micrOTOF II). Analytical thin-layer chromatography (TLC) was performed 

on a glass plate of silica gel 60 GF254 (Merck). All chemicals and reagents for biological 

experiments were obtained from commercial sources and used without further purification. 

The purity of all assayed compounds was determined by a reverse-phase HPLC system 

(JASCO Corporation, Japan) equipped with a C18 column (Finepak SIL C18S (4.6 x 75 

mm), JASCO Corporation, Japan). All synthesized compounds were detected using a UV 

detector at 215 nm with 0.1% formic acid in H2O: 0.1% formic acid in MeCN from 0-100% 

of solvent B for 20 min; flow rate 1.0 mL/min). All organic synthesis experiments 

encountered no unexpected or unusually high safety hazards. 

 

Synthesis of 4-azido-5-chloro-2-methoxybenzoic acid (18) 

 

To a solution of 4-amino-5-chloro-2-methoxybenzoic acid (100 mg, 0.496 mmol, 

1.0 equiv.) and 5% HCl aq. (2 mL) in 20 mL of MeCN, an aqueous solution of NaNO2 (2 

mL; 41.3 mg, 0.599 mmol, 1.2 equiv.) was added dropwise at 0 ºC. After stirring for 30 

min at 0 ºC, an aqueous solution of NaN3 (2 mL; 48.8 mg, 0.750 mmol, 1.5 equiv.) was 

added dropwise at 0 ºC, and the reaction mixture was warmed to room temperature and 

stirred for 30 min. The reaction mixture was extracted with ethyl acetate (EtOAc) three 

times. The combined organic layers were washed with water and brine, dried over MgSO4, 
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filtered, and concentrated under reduced pressure. The obtained residue was purified by 

silica gel column chromatography (n-hexane/EtOAc) = 50 : 50 to 25 : 75) to afford 

compound 18 (108 mg, 0.474 mmol, 95% yield) as a yellow solid. Mp: 160-161 °C. 1H 

NMR (400 MHz, CDCl3) δ 10.29 (br, 1H), 8.17 (s, 1H), 6.77 (s, 1H), 4.10 (s, 3H); 13C 

NMR (125 MHz, CDCl3) δ 163.5, 157.5, 143.3, 135.8, 118.9, 115.3, 103.2, 57.5. HRMS 

(ESI, positive) calcd for C8H6ClN3O3Na+ [M + Na]+ 249.9990, found 249.9991. 

 

Synthesis of 4-azido-5-chloro-N-(2-chloro-4-nitrophenyl)-2-methoxybenzamide (21)  

 

To a solution of compound 18 (97.0 mg, 0.426 mmol, 1.0 equiv.) in 5 mL of dry 

dichloromethane (DCM), SOCl2 (309 μL, 4.27 mmol, 10.0 equiv.) and a drop of DMF was 

added at 0 °C. After stirring at room temperature for 45 min, the reaction mixture was 

concentrated under reduced pressure to afford crude acid chloride 19 as a brown solid. To 

a suspension of crude acid chloride 19 in 5 mL of DCM, a solution of 2-chloro-4-

nitroaniline (20) (88.0 mg, 0.511 mmol, 1.2 equiv.) and triethylamine (Et3N; 71.0 μL, 0.511 

mmol, 1.2 equiv.) in 5 mL of DCM was added at 0 °C. After stirring for 18 h at room 

temperature, the reaction mixture was concentrated under reduced pressure, and the 

obtained residue was dissolved in DCM. The organic layer was washed with 10% NaOH 

and 10% HCl, dried over MgSO4 filtered and concentrated under reduced pressure. The 

obtained residue was purified by PTLC (n-hexane/EtOAc = 70 : 30, Rf value = 0.5) to afford 

compound 21 (48.0 mg, 0.127 mmol, 2 steps 30% yield) as a pale yellow solid. 1H NMR 

(400 MHz, CDCl3) δ 10.75 (br, 1H), 8.93 (d, J = 7.4 Hz, 1H), 8.35 (d, J = 2.1 Hz, 1H), 8.31 

(s, 1H), 8.20-8.21 (dd, J = 7.4 and 1.9 Hz, 1H), 6.79 (s, 1H), 4.16 (s, 3H); 13C NMR (125 

MHz, CDCl3) δ 161.7, 156.7, 142.9, 142.3, 141.3, 134.8, 124.8, 123.7, 122.5, 120.7, 118.6, 

118.4, 103.1, 57.1. HRMS (ESI, negative) calcd for C14H9Cl2N5O4
- [M - H]- 379.9959, 

found 379.9952. 
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Synthesis of compound 16 

 

To a solution of compound 21 (18.0 mg, 0.047 mmol, 1.0 equiv.) in 5 mL of 

anhydrous DCM, BBr3 (18.0 μL, 0.188 mmol, 4.0 equiv) was added at 0 °C. After stirring 

at room temperature overnight, the reaction mixture was poured into ice water and the 

obtained precipitation was dissolved in 1 M NaOH aqueous solution. The aqueous layer 

was washed with DCM and 6 N HCl was added with stirring at 0 °C to form a precipitate. 

The precipitate was extracted in CHCl3 and the obtained organic layer was filtered and 

concentrated under reduced pressure. The obtained residue was purified by silica gel 

column chromatography (n-hexane/EtOAc = 50 : 50 to 25 : 75) to afford compound 16 (6.4 

mg, 0.017 mmol, 37% yield) as a yellow solid. 1H NMR (400 MHz, DMSO-d6) δ 12.35 

(br, 1H), 8.83 (d, J = 9.2 Hz, 1H), 8.40 (d, J = 2.2 Hz, 1H), 8.26 (dd, J = 9.1 and 2.2 Hz, 

1H), 7.95 (s, 1H), 6.84 (s, 1H); 13C NMR (125 MHz, DMSO-d6) δ 162.6, 156.8, 142.9, 

142.3, 141.7, 132.7, 125.3, 124.4, 122.8, 121.1, 116.4, 114.8, 108.7. HRMS (ESI, negative) 

calcd for C13H7Cl2N5O4
- [M - H]- 365.9796, found 365.9814. 
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HPLC analysis of compound 16 

 
Peak Area (%) Retention time (min) 

1 0.131 10.850 

2 0.118 11.317 

3 0.225 13.158 

4 98.319 14.317 

5  0.470 15.092 

6  0.151 15.692 

7  0.587 16.742 
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NMR spectra  

Compound 18 

1H NMR (CDCl3, 400 MHz)  
  

 

13C NMR (CDCl3, 125 MHz) 
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Compound 21 
1H NMR (CDCl3, 500 MHz)  
  

 
 

13C NMR (CDCl3, 125 MHz) 
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Compound 16 
1H-NMR (DMSO-d6, 400 MHz)  
 

 

13C-NMR (DMSO-d6, 125 MHz) 
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(E) 

 

 

 

Figure S4-1. Identification of labeled peptide in p300 CH1 by photoaffinity labeling 

with compound 16. Samples of (A) p300 CH1 protein only (control); p300 CH1 protein 

incubated with (B) 0.1 µM and (C) 1 µM of compound 16 were irradiated for 30 min. 

Competition assay was also performed using p300 CH1 pre-incubated with 10 µM of 

compound 15 then incubated with (D) 0.1 µM and (E) 1 µM of compound 16. The samples 

were resolved on SDS-PAGE and staining with CBB stain. After destaining, the protein 

gel band was cut and digested using in-gel trypsin digestion. After desalting, the peptide 

sample was subjected to MALDI-TOF MS/MS analysis, followed by a Mascot search to 

identify the proteins targeted by the probe. 

 



 

 

 

 

 

 

Chapter 5 

Investigation of the Effect of Niclosamide in Other 

p300/Transcription Factor Protein-Protein 

Interaction 
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5.1 Introduction 

The modular structure of CBP/p300 consists of eight distinct domains: the 

nuclear receptor interaction (NRID), CH1 (TAZ1), KIX, bromo, CH2 (PHD), the 

enzymatic lysine acetyltransferase (HAT), CH3 (which also contains the ZZ and 

TAZ2 domain), and the nuclear co-activator-binding (NCBD) domains (Figure 5-

1A).1–3 The transcriptional coactivator protein CBP and its paralog p300 each 

contain two homologous TAZ (transcriptional adaptor zinc-binding) domains, TAZ1 

and TAZ2, which are important sites of protein−protein interaction. TAZ1 and TAZ2 

each contain three highly homologous zinc-binding sites with the consensus 

sequence His1-X3-Cys2-X4-12-Cys3-X2-4-Cys4 (where X is any amino acid and the 

subscript denotes the number of residues between the zinc ligands).4 The primary 

function of the TAZ domains appears to be in protein recognition. Currently, more 

than 30 different transcription factors have been reported to associate with CBP/p300 

via its TAZ domains. Although the TAZ1 and TAZ2 domains share sequence 

homology, they bind different subsets of transcription factors.5 

The p300 CH1 domain comprises four α-helices and three Zn2+-coordination 

sites formed by HCCC sequence motifs and the Zn2+ ion of the third Zn2+-

coordination site in the p300 CH1 is essential for its structure and function.6 (Figure 

5-1B). The three longer helices (designated α1, α2, and α3) pack together to create a 

roughly triangular structure. The three Zn2+ sites lie at the vertices of this triangle, 

and the coordinating histidine and cysteine residues that compose the HCCC motif 

are found near the ends of the helices and in the intervening turns. The short C-

terminal helix, α4, completes the third Zn2+-coordination site and packs against α1 

in a parallel. The fold of the CH1 domain is stabilized in part by Zn2+ binding. It is 

reported that the addition of ethylenediaminetetraacetic (EDTA) disrupts the HIF-

1/p300 complex.6 HIF-1α/CTAD folds onto a scaffold provided by the CH1-Zn2+ 

domain, and the two proteins may form a single structural domain.7 
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Figure 5-1. (A) PPI of zinc finger domain in p300 protein and transcription factors. 

(B) Structure of CH1 or TAZ1 domains of p300 protein (PDB: 1L3E). (C) Structure 

of TAZ2 domains of p300 protein (PDB: 1F81).  

Identification of the binding site of compound 15 in p300 CH1 showed that 

compound 15 binds to the same residue as Zn2+-binding (see chapter 4.4). Although 

there is no conclusive evidence, such as crystal structures or binding studies, that 

compound 15 directly inhibits zinc chelation, there are indirect evidence from 

reports such as the inhibition of zinc-dependent enzymes matrix metalloproteinases 

(MMPs).8 

In p300/CBP, the Zn2+-binding domains CH1 and CH3 are identical (Figures 

5-1 B and 5-1 C) and contain many cysteine and histidine residues.6 The p53 tumor-

suppressor protein binds both CH1 and CH39,10 while signal transducer and activator 

of transcription-3 (STAT3) was reported to bind with CH3 domain of p300 (Figure 

5-1 A).11 Based on the observation that compound 15 interacts with the Zn2+-binding 
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site of the p300 CH1 protein to inhibit the HIF1 signaling pathway, the author further 

extended its effects on other p300-related transcription factors, such as p53 and 

STAT3. 

 

5.2 Effect of niclosamide on p300/p53 interaction 

The p53 is activated in response to various stress signals, initiating a diverse 

set of cellular responses depending on the specific cell type, tissue, and stress 

conditions. p300 functions as a cofactor for p53 cofactors, modulating its activity by 

regulating proteins involved in its activation or repression, affecting promoter 

specificity. For example, p300-mediated acetylation of p53 enhances the activation 

of the BAX gene promoter, contributing to p53's apoptotic function (Figure 5-2).12  

As a ubiquitous transcriptional co-activator, p300/CBP activity is tightly 

regulated by a range of associated proteins. Acetylation of p53 by p300/CBP and the 

p300/CBP-associated factor (PCAF) occurs in response to DNA-damaging agents, 

such as UV and ionizing radiation, and is associated with the induction of sequence-

specific DNA binding and transactivation by p53. During the DNA-damage 

response, p300 interacts with its cofactor, junction-mediating and regulatory protein 

(JMY), resulting in increased p53 acetylation and subsequently enhancing p53-

dependent transcription and apoptosis.13 The third p300 cofactor, SKP2, was 

identified and shown to affect p53 activity by preventing the interaction between 

p300 and p53, thereby preventing acetylation of p53 and suppressing p53 

transactivation and apoptosis.14  

 

 

Figure 5-2. Activation of the Bax gene promoter enhanced by p300-mediated 

acetylation of p53 

 

To assess whether compound 15 affects p53, the mRNA expression levels of 

p53 and its downstream gene, BAX, were measured using real-time PCR (RT-PCR). 
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As shown in Figure 5-3, compound 15 significantly suppressed BAX gene 

expression without affecting the p53 gene levels. 

 

 

Figure 5-3. Effects of compound 15 on mRNA expression levels of p53 and its 

downstream gene BAX. HeLa cells were treated with various concentrations of compound 

15 for 8 h. Total RNA was isolated from each cell, and mRNA was converted to cDNA. 

Gene expression levels were detected using real-time PCR. Each condition of compound 

untreatment was defined as 1.00. Data are presented as means ± the standard deviation (SD) 

of three separate experiments. Error bars, SD. Significance was determined as *P < 0.05, 

****P < 0.0001 compared with sample treated without compound. 

 

5.3 Effect of niclosamide on p300/STAT3 interaction 

An evaluation of the effect of compound 15 on STAT3 was also conducted. 

STAT3 is a member of the Janus kinase (JAK)-STAT signaling pathway, which 

coordinates central cellular mechanisms including differentiation, development, 

proliferation, immune function, or apoptosis.15 Mechanistically, JAK-STAT3 

signaling is activated by diverse growth factors, peptide hormones and all interleukin 

(IL)-6-type cytokines including IL-6, IL-11, IL-27, IL-31, leukemia inhibitory factor 

(LIF), oncostatin M (OSM), ciliary neurotrophic factor (CNTF) neuropoietin (NP), 

cardiotrophin-1 (CT-1) and cardiotrophin-like cytokine (CLC).16,17 Once these 

factors bind to their corresponding receptors, Janus kinases (JAKs) are activated.18,19 

JAKs phosphorylate the cytoplasmic tail of the cognate receptor and STAT3 via its 

SH2 domain binds to phosphorylated tyrosine residues. The phosphorylated STAT3 

forms homodimers and translocate into nucleus and, thus, can exchange signals 
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between the cytoplasm and nucleus. Upon translocation into the nucleus, pSTAT3 

forms a complex with some coactivators, including p300/CBP, and binds to the 

promotor region of target genes to activate their transcription (Figure 5-4).20 

 

 

Figure 5-4. Cytokine signaling through the JAK/STAT pathway. This figure was 

created with BioRender.com. 

 

The mRNA expression levels of STAT3 and its downstream gene, c-MYC, 

were measured using RT-PCR. Figure 5-5 showed that compound 15 significantly 

suppressed c-MYC gene expression without affecting STAT3 gene levels. This 

result further supports the finding that compound 15 acts as an inhibitor of p300-

transcription factor PPIs. 
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Figure 5-5. Effects of compound 15 on mRNA expression levels of STAT3 and its 

downstream gene c-MYC. HeLa cells were treated with various concentrations of 

compound 15 for 8 h. Total RNA was isolated from each cell, and mRNA was converted 

to cDNA. Gene expression levels were detected using real-time PCR. Each condition of 

compound untreatment was defined as 1.00. Data are presented as means ± the standard 

deviation (SD) of three separate experiments. Error bars, SD. Significance was determined 

as *P < 0.05, **P < 0.01, ****P < 0.0001 compared with sample treated without 

compound. 

 

5.4 Summary 

 
Figure 5-4. Summary of chapter 5 
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As reported in chapter 4, compound 15 was found to bind to the same residue as 

Zn2+-binding in p300 CH1. In this chapter, the author investigated the effect of 

compound 15 on other p300/transcription factor PPIs that are related to the Zn2+ binding 

site in p300 CH1. Compound 15 significantly suppressed BAX gene expression 

without affecting the p53 gene levels. Moreover, compound 15 also significantly 

suppressed c-MYC gene expression without affecting STAT3 gene levels. These 

results further confirm that compound 15 acts as an inhibitor of p300-transcription 

factor PPIs. 
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5.6 Experimental section 

Quantitative PCR 

HeLa cells were seeded in a 6-well plate at a density of 2 × 105 cells/well and cultured at 

37 ℃ overnight. Cells were treated with different concentrations of each compound or 

DMSO and cultured with indicated conditions. Subsequently, the medium was removed, 

and the cells were washed with cold PBS. The total RNAs were extracted using TRIzol 

(Thermo Fisher Scientific, Inc., USA). The reverse-transcription reaction using the High-

Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Inc., MA, USA) was 

conducted according to the instructions. The obtained cDNA library was used for real-time 

PCR. Real-time PCR was carried out with THUNDERBIRD SYBR qPCR Mix (TOYOBO 

Co. LTD., Japan) using a real-time PCR system (Thermal Cycler Dice Real Time System 

Ⅲ, Takara bio inc., Japan). The gene expression levels were analyzed by ΔΔCt method. 

The sequences of the primers used were shown as follows; Cellular tumour antigen p53 

(p53): 5′-CCTCAGCATCTTATCCGAGTGG-3′ (forward) and 5′-

TGGATGGTGGTACAGTCAGAGC-3′ (reverse); Apoptosis regulator BAX (BAX): 5′-

TCAGGATGCGTCCACCAAGAAG-3′ (forward) and 5′-

TGTGTCCACGGCGGCAATCATC-3′ (reverse); Signal transducer and activator of 

transcription 3 (STAT3): 5′-CTTTGAGACCGAGGTGTATCACC-3′ (forward) and 5′-

GGTCAGCATGTTGTACCACAGG-3′ (reverse); Myc proto-oncogene protein (c-MYC): 

5′- CCTGGTGCTCCATGAGGAGAC-3′ (forward) and 5′- 

CAGACTCTGACCTTTTGCCAGG-3′ (reverse); β2-microglobulin (B2M): 5′-

TACATGTCTCGATCCCACTT-3′ (forward) and 5′-TACACTGAATTCACCCCCAC-3′ 

(reverse). 

 



 

 

 

 

 

 

Chapter 6 

Conclusion 
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This thesis focuses on the discovery of a novel inhibitor targeting the interaction 

between HIF-1α and p300, a critical pathway involved in cellular responses to hypoxia. 

Despite extensive research in this area, no HIF-1α/p300 inhibitors have been approved for 

clinical use to date. This study aims to address this gap by contributing to the development 

of HIF-1α/p300 inhibitors and investigating the drug's binding site, which is essential for 

understanding its mechanism of action. The following is summary of each chapter. 

In chapter 1, “Introduction”, the importance of PPIs in cellular processes and their 

potential as therapeutic targets is described. The chapter highlights the significance of 

targeting the HIF-1α/p300 interaction, a critical pathway involved in the cellular response 

to hypoxia, and discusses strategies for drug development aimed at disrupting this 

interaction. Additionally, the development and application of screening assay systems, such 

as FA assays, are introduced as essential tools for detecting PPIs and identifying potential 

inhibitors. The role of a compound library in facilitating the discovery of novel drugs 

targeting PPIs is also emphasized. 

In chapter 2, “Construction of Fluorescence Anisotropy Screening Assay System 

for the Discovery of HIF-1α/p300 PPI Inhibitor”, the methods and techniques used in the 

study are outlined. The introduction provides an overview of the study's objectives and 

significance. The construction of a vector for overexpression of human p300 CH1 protein 

is described, followed by protein expression and purification from E. coli. The synthesis of 

dansyl-labeled peptides using Fmoc solid-phase peptide synthesis is detailed, along with 

the synthesis of OHM 1, a potential HIF-1α/p300 interaction inhibitor. The chapter also 

discusses the evaluation of the binding affinity of the synthesized peptides for the p300 

CH1 protein. It concludes with the validation of the screening assay system used for 

detecting inhibitors. 
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Figure 6-1. Summary of chapter 2 

 

In chapter 3, “Screening of Compound Library using Constructed Assay System 

and Validation of Lead Compounds as HIF-1α/p300 PPI Inhibitors”, the screening and 

evaluation of potential HIF-1α/p300 interaction inhibitors are described. The introduction 

provides an overview of the objectives and importance of the study. The in-house and 

NPDepo compound libraries are introduced as the source of candidate compounds. The 

screening process for HIF-1α/p300 PPI inhibitors from the library is explained, followed 

by a detailed description of the reporter gene assay conducted in HeLa cells to assess the 

activity of candidate inhibitors. The chapter also examines the effects of the candidate 

inhibitor on the protein expression levels of HIF-1α and its downstream targets in HeLa 

cells. Finally, the impact of niclosamide on the gene expression of HIF-1α and its 

downstream targets is analyzed, providing further insights into its potential as a HIF-

1α/p300 PPI inhibitor. 

 

Figure 6-2. Summary of chapter 3 
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In chapter 4, “Identification of the Binding Site of Niclosamide using Photoaffinity 

Labeling”, the design, synthesis, and evaluation of niclosamide azide as a photoaffinity 

labeling probe are discussed. The introduction provides an overview of the significance of 

photoaffinity labeling in identifying drug-protein interactions. The chapter details the 

design and synthesis process of niclosamide azide, followed by an evaluation of its 

effectiveness as a photoaffinity labeling probe. The study then focuses on identifying the 

binding site of niclosamide in the p300 CH1 protein, which is a key aspect of understanding 

its mechanism of action. Finally, the binding mode of niclosamide in the p300 CH1 protein 

is investigated, providing insights into how it interacts with the target and potentially 

inhibits the HIF-1α/p300 interaction. 

 

Figure 6-3. Summary of chapter 4 

 

In chapter 5, the investigation of the effects of niclosamide on other 

p300/transcription factor PPIs is presented. The introduction provides a background on the 

importance of p300 in various cellular processes and its interactions with different 

transcription factors. The chapter explores the effect of niclosamide on the p300/p53 

interaction, discussing how niclosamide might influence this critical tumor-suppressor 

pathway. Additionally, the impact of niclosamide on the p300/STAT3 interaction is 

examined, highlighting its potential role in modulating STAT3-driven signaling, which is 

often implicated in cancer and inflammation. This chapter contributes to understanding the 

broader effects of niclosamide on p300-mediated transcriptional regulation. 
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Figure 6-4. Summary of chapter 5 
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Appendices 

A. Profile of NPDepo compound library 

Compound Well Name Structure Formula Origin Bioactivity 

S1 A02 (+)-Bicuculline 

 

C20H17NO6 Adlumia fungosa 

Capnoides 

sempervirens 

Corydalis 

govaniana 

Dicentra 

cucullaria 

GABAA antagonist 

Therapeutic: 

Antidepressant 

Antiepileptic 

Target: 

GABAa receptor channels 

SK channels 

S2 A03 Acetohexamide 

 

C15H20N2O4S Chemically 

synthesized 

Increasing insulin release from the beta 

cells in the pancreas 

Therapeutic: 

Antidiabetes (diabetes mellitus type 2) 

Hypoglycemic agent 

Target: 

ATP-sensitive inward rectifier potassium 

channel 11  

S3 A04 Betamethasone 

 

C22FH29O5 Chemically 

synthesized 

Function as a potent glucocorticoid 

steroid 

Therapeutic: 

Antiinflammatory 

Immunosuppressive 

Target: 

Glucocorticoid receptor 
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Compound Well Name Structure Formula Origin Bioactivity 

S4 A05 Ibuprofen 

 

C13H18O2 Chemically 

synthesized 

Inhibition of the COX-dependent 

formation of PGH2 

Therapeutic: 

Nonsteroidal antiinflammatory 

Target: 

COX-1; COX-2 

S5 A06 Imipramine 

 

C19H24N2 Chemically 

synthesized 

Inhibition of the neuronal reuptake of 

neurotransmitters, noradrenaline and 

serotonin 

Therapeutic: 

Antidepressant 

Target: 

Sodium-dependent noradrenaline 

transporter (NET) 

Sodium-dependent serotonin transporter 

(5HTT) 

S6 A07 Indomethacin 

 

C19ClH16NO4 Chemically 

synthesized 

Inhibition of the COX-dependent 

formation of prostaglandin precursors 

Therapeutic: 

Antiinflammatory 

Antipyretic 

Target: 

COX-1 

COX-2 

Phospholipase A2 (PLA2) 
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Compound Well Name Structure Formula Origin Bioactivity 

S7 A08 Reserpine 

 

C33H40N2O9 Rauvolfia 

serpentina 

Inhibition of vesicular uptake of 

neurotransmitters, catecholamine and 

serotonin 

Therapeutic: 

Antihypertensive 

Antipsychotic 

Target: 

Vesicular monoamine transporter 

(VMAT) 

S8 A09 Naloxone 

 

C19H21NO4 Chemically 

synthesized 

Suppression of the opiate overdose 

effects 

Therapeutic: 

Antinarcotic 

Target: 

Opioid receptors 

Cyclic AMP-responsive element-binding 

protein 1 

S9 A10 Novobiocin 

 

C31H36N2O11 Streptomyces 

niveus 

Inhibition of DNA replication in bacteria 

Therapeutic: 

Antibacterial 

Target: 

GyrB 

ParE 
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Compound Well Name Structure Formula Origin Bioactivity 

S10 A11 Rifampicin 

 

C43H58N4O12 Chemically 

synthesized 

Inhibits RNA synthesis by blocking 

transcription in bacteria 

Therapeutic: 

Antibacterial 

Target: 

RNA polymerase 

Serum albumin 

S11 B02 Naramycin 

 

C15H23NO4 Streptomyces 

griseus 

Inhibition of eukariotic protein synthesis 

Therapeutic: 

Anticancer 

Antifungal 

Target: 

60S ribosomes 

S12 B03 Monensin 

 

C36H62O11 Streptomyces 

cinnamonensis 

Ionophore 

Therapeutic: 

Antibacterial; Anticoccidial; Antifungal 

Antimalarial 

Target: 

Monovalent cation 

S13 B04 Streptozocin 

 

C8H15N3O7 Streptomyces 

achromogenes 

Causing DNA damage 

Therapeutic: 

Antibiotics; Anticancer 

Target: 

DNA 

Solute carrier family 2, facilitated 

glucose transporter member 2 
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Compound Well Name Structure Formula Origin Bioactivity 

S14 B05 Spiramycin 

 

C43H74N2O14 Streptomyces 

ambofaciens 

Inhibition of bacterial protein synthesis 

Therapeutic: 

Antibacterial 

Target: 

bacterial 50S ribosomal subunits 

S15 B06 4,4'-

Dithiodimorphol

ine 
 

C8H16N2O2S2 Chemically 

synthesized 

Inhibition of cell viability and induction 

for apotosis. 

Therapeutic: 

Anticancer 

Antiviral 

Target: 

HPV E6 protein 

S16 B07 Alendronate 

 

C4H13NO7P2 Chemically 

synthesized 

Inhibition of the prenylation of small 

GTP-binding proteins in osteoclasts and 

disruption of their cytoskeleton. 

Therapeutic: 

Malignant 

Paget's disease bone 

Postmenopausal osteoporosis 

Target: 

Farnesyl pyrophosphate synthase (FPPS) 
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Compound Well Name Structure Formula Origin Bioactivity 

S17 B08 alpha-

Glucosylrutin 

 

C33H40O21 Chemically 

synthesized 

Chelating trace metals and scavenging 

free radicals 

Therapeutic 

Antioxidant 

Target 

Trace metals (Fe/Cu), free radical 

S18 B09 Etoposide 

 

C29H32O13 Chemically 

synthesized 

Antineoplastic 

Induction of DNA damage 

Therapeutic: 

Anticancer 

Target: 

Topoisomerase II (TOP-2) 

S19 B10 G-418 

 

C20H40N4O10 Micromonospora 

echinospora 

Inhibition of protein synthesis 

Therapeutic: 

Antibacterial 

Antiprotozoal 

Coccidiostats 

Target: 

80S ribosomes 
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Compound Well Name Structure Formula Origin Bioactivity 

S20 B11 Gliclazide 

 

C15H21N3O3S Chemically 

synthesized 

Insulin secretion 

Therapeutic: 

Antidiabetic 

Target: 

Sulfonylurea receptors (SUR-1) 

S21 C02 Paeoniflorin 

 

C23H28O11 Paeonia lactiflora Inhibition of inflammatory responses 

Inhibition of oxidative stress and Ca2+ 

overload 

Therapeutic: 

Analgesic 

Antiallergic 

Antidepressant 

Antihyperglycemia 

Antiinflammatory 

Target: 

Intercellular adhesion molecule-1 

(ICAM-1) 

S22 C03 Picrotoxin 

 

C15H16O6 Anamirta cocculus A noncompetitive antagonist at GABA 

receptors 

Therapeutic: 

CNS stimulant 

Target: 

GABA-A receptors 
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Compound Well Name Structure Formula Origin Bioactivity 

S23 C04 Podophyllotoxin 

 

C22H22O8 Podophyllum 

peltatum 

Antineoplastic 

Inhibition of tubulin polymerization 

Therapeutic: 

Anticancer 

Target: 

Tubulin 

Topoisomerase II 

S24 C05 Suramin 

 

C51H40N6O23S6 Chemically 

synthesized 

Inhibition of catalytic activity of 

topoisomerase II 

Therapeutic: 

Anticancer 

Antifiliarial 

Antitrypanosomal 

Target: 

Topoisomerase II 

S25 C06 Dextromycin 

 

C23H46N6O13 Streptomyces 

fradiae 

Inhibition of prokaryotic protein 

synthesis 

Therapeutic: 

Antibacterial 

Target: 

30S ribosomal protein S12 
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Compound Well Name Structure Formula Origin Bioactivity 

S26 C07 Anisomycin 

 

C14H19NO4 Streptomyces sp. Inhibition of protein synthesis 

Therapeutic: 

Antifungal 

Target: 

60S ribosomal subunit 

S27 C08 Praziquantel 

 

C19H24N2O2 Chemically 

synthesized 

Increases the permeability of the 

membranes towards calcium ions 

Therapeutic 

Anthelmintic 

Antihydatidosis 

Broad spectrum Target 

Schistosome Calcium (Ca2+) Channel 

S28 C09 Ouabain 

 

C29H44O12 Acokanthera 

oubaio 

Strophanthus 

gratus 

An increase in intracellular sodium and 

calcium concentrations 

Therapeutic: 

Cardiotonic 

Target: 

Sodium/potassium-transporting ATPase 

S29 C10 Limonin 

 

C26H30O8 Citrus Inhibition of HIV-1replication 

Therapeutic: 

Anticancer 

Antiviral 

Target: 

Unknown 
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Compound Well Name Structure Formula Origin Bioactivity 

S30 C11 Aristolochic acid 

 

C17H11NO7 Aristolochia sp. Formation of DNA adduct 

Inhibition of phospholipase A2 

Therapeutic: 

Antiinflammatory; Carcinogenic; 

Mutagenic; Nephrotoxic 

Target: 

DNA (purine base); Phospholipase A2 

S31 D02 Aspirin 

 

C9H8O4 Chemically 

synthesized 

Inhibition of the production of 

prostaglandins and thromboxanes 

Therapeutic: 

Analgesic and antipyretic; 

Antiinflammatory; Antiplatelet 

Target: 

Cyclooxygenase 

S32 D03 Camptothecin 

 

C20H16N2O4 Camptotheca 

acuminata 

antineoplastic 

Inhibition of DNA synthesis 

Therapeutic: 

Anticancer 

Target: 

Topoisomerase I 

S33 D04 N-(6-

aminohexyl)-1-

naphthalene 

sulfonamide 
 

C16H22N2O2S Chemically 

synthesized 

Calmodulin antagonist that binds to 

calmodulin and inhibits Ca2+-

calmodulin-regulated activities, 

including phosphodiesterase activation 

and myosin light chain kinase 

Therapeutic: 

Vasodilator 

Target: 

Calmodulin 
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Compound Well Name Structure Formula Origin Bioactivity 

12 D05 Cantharidin 

 

C10H12O4 Epicauta 

Lytta vesicatoria 

Inhibition of protein phosphatase 2A 

Therapeutic: 

Anticancer 

Target: 

Protein phosphatase 2A (PP2A) 

S34 D06 Bestatin 

 

C16H24N2O4 Streptomyces 

olivoreticuli 

Inhibition of aminopeptidase B 

Therapeutic: 

Anticancer 

Target: 

Aminopeptidase B 

S35 D07 Nocodazole 

 

C14H11N3O3S Chemically 

synthesized 

Antineoplastic 

Inhibition of microtubule polymerization 

Therapeutic: 

Anticancer 

Target: 

Tubulin 

S36 D08 Streptomycin 

 

C21H39N7O12 Streptomyces 

griseus 

Inhibition of bacterial protein synthesis 

Therapeutic: 

Antibacterial 

Antituberculosis 

Target: 

30S ribosomal protein S12 
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Compound Well Name Structure Formula Origin Bioactivity 

S37 D09 Tetracycline 

 

C22H24N2O8 Streptomyces sp. Inhibition of bacterial protein synthesis 

Therapeutic: 

Antibacterial 

Target: 

30S ribosomal subunit 

S38 D10 Benfluorex 

hydrochloride 

 

C19H20F3NO2.ClH Chemically 

synthesized 

Activate the nuclear receptor 

transcription factor HNF4a 

Therapeutic: 

Anorectic 

Antihyperglycemic 

Hypolipidemic 

Target: 

HNF4a 

S39 D11 Colistin A 

 

C53H100N16O13 Paenibacillus 

polymyxa var. 

colistinus 

Disruption of the outer cell membrane of 

Gram-negative bacilli 

Therapeutic: 

Antibacterial 

Target: 

Bacterial outer cell membrane 

S40 E02 (+/-)-Vesamicol 

hydrochloride 

 

C17H25NO Chemically 

synthesized 

Inhibition of acetylcholine transport 

Therapeutic: 

Molecular beacon for a cholinergic 

marker 

Target: 

Vesicular acetylcholine transporter 

(VAChT) 
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Compound Well Name Structure Formula Origin Bioactivity 

S41 E03 Apomorphine 

hydrochloride 

hemihydrate 

 

C17H17NO2 Chemically 

synthesized 

Nonselective dopamne agonist 

Therapeutic: 

Antiparkinsonian 

Target: 

Dopamine receptor 

S42 E04 Atenolol 

 

C14H22N2O3 Chemically 

synthesized 

Antihypertensive drug 

Therapeutic: 

Arrhythmia 

Hypertension 

Target: 

β1 adrenoreceptor 

S43 E05 Benomyl 

 

C14H18N4O3 Chemically 

synthesized 

Inhibition of microtubule polymerization 

Therapeutic: 

Antifungal 

Target: 

β-Tubulin 

S44 E06 Colchicine 

 

C22H25NO6 Colchicum 

autumnale 

Inhibition of microtubule polymerization 

Therapeutic: 

Anticancer 

Target: 

Tubulin beta-1 chain 
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Compound Well Name Structure Formula Origin Bioactivity 

S45 E07 Folic acid 

 

C19H19N7O6 N/A Essential nutrient for metabolic 

maintenance and nucleotide biosynthesis 

Therapeutic: 

Vitamin 

Target: 

Folate receptors (FRα, FRβ, FRγ) 

S46 E08 Ginkgolide A  

 

C20H24O9 Ginkgo biloba Antagonist of Glycin and GABAa 

receptors 

PAF membrane platelet receptor 

Therapeutic: 

Antiinflammatory 

Target: 

Glycin and GABAa receptors 

S47 E09 Fulvicin 

 

C17ClH17O6 Penicillium 

griseofulvum 

Inhibition of mitosis 

Therapeutic: 

Antifungal 

Target: 

Tubulin 

Keratin 

S48 E10 L-Mimosine 

 

C8H10N2O4 Leucaena 

leucocephala 

Mimosa pudica 

Inhibition of DNA replication and cell 

cycle arrest at G1 

Therapeutic: 

DNA synthesis inhibitor 

Target: 

Iron/zinc chelation 

Serine methyltransferase 

Deoxyhypusyl hydroxylase 
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Compound Well Name Structure Formula Origin Bioactivity 

S49 E11 D-(+)-Melibiose, 

Monohydrate 

 

C12H22O11.H2O N/A Unknown 

S50 F02 Nialamide 

 

C16H18N4O2 Chemically 

synthesized 

Increasing the concentrations of various 

neurotransmitters, such as serotonin, 

epinephrine and dopamine 

Therapeutic: 

Antidepressant 

Target: 

Monoamine oxidase 

S51 F03 Sulfaquinoxaline 

sodium salt 

 

C14H12N4O2S.Na.H Chemically 

synthesized 

Reversible inhibitor of the dithiothreitol-

dependent reduction of both vitamin K 

epoxide and vitamin K quinone 

Therapeutic: 

Anticoccidial 

Target: 

Vitamin K epoxide 

Quinone reductase 

S52 F04 (-)-Berberine 

chloride 

 

C20H18NO4.ClH Berberis sp. Wide range of pharmacological 

activities. 

Therapeutic: 

Antibacterial; Anticancer; Antidiabetes; 

Antifungal; Antiinflammation;Antiviral 

Target: 

RNA transcription 

Kinase inhibition 
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Compound Well Name Structure Formula Origin Bioactivity 

13 F05 Perphenazine 

 

C21ClH26N3OS Chemically 

synthesized 

Dopamine antagonist 

Therapeutic: 

Antipsycotic 

Target: 

Dopamine D2 receptor 

S53 F06 Oxybutynin 

chloride 

 

C22H31NO3.ClH Chemically 

synthesized 

Anticholinergic activity 

Therapeutic: 

Antispasmodic 

Target: 

Muscarinic acetylcholine receptor 

S54 F07 Trimebutine 

 

C22H29NO5 Chemically 

synthesized 

Gastrointestinal peptides releasing 

(motilin) 

Modulation of peptides (vasoactive 

intestinal peptide, gastrin , glucagon) 

Opiate agonist (peripheral) μ, κ, δ 

Therapeutic: 

Antimuscarinic 

Target: 

Opiate receptors 
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Compound Well Name Structure Formula Origin Bioactivity 

S55 F08 Acebutolol 

hydrochloride 

 

C18H28N2O4.ClH Chemically 

synthesized 

β-adrenoreceptor antagonist 

Mild intrinsic sympathomimetic activity 

Therapeutic: 

Antiangina 

Antiarrhythmic (class II) 

Antihypertensive 

Target: 

Selective β1-adrenergic receptors 

S56 F09 Acetazolamide 

 

C4H6N4O3S2 Chemically 

synthesized 

Inhibition of carbonic anhydrase 

Therapeutic: 

Antiglaucoma 

Diuretics 

Target: 

Carbonic anhydrase 

S57 F10 Biochanin a 

 

C16H12O5 Trifolium pratens No general activity 

Therapeutic: 

Anticancer 

Target: 

No specific molecular target (several 

molecular targets such as aromatase were 

reported) 
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Compound Well Name Structure Formula Origin Bioactivity 

S58 F11 Brucine 

 

C23H26N2O4 Strychnos nux-

vomica 

Glycine receptors brocker 

Inducion of apoptosis 

Inhibition of COX-2 gene expression 

Paralyzes inhibitory neurons 

Therapeutic: 

Anticancer 

Target: 

NF-κB 

S59 G02 Bumetanide 

 

C17H20N2O5S Chemically 

synthesized 

Sodium potassium chloride symporter 

Inhibitors 

Therapeutic: 

Diuretic (loop diuretic) 

Heart failure 

Target: 

NKCC1 cation-chloride co-transporter 

S60 G03 Digitoxin 

 

C41H64O13 Digitalis purpurea Na+/K+ ATPase membrane pump 

inhibition 

Therapeutic: 

Antiarrhythmic 

Cardiotonic 

Target: 

Na+/K+-ATPase 
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Compound Well Name Structure Formula Origin Bioactivity 

14 G04 Flunarizine 

hydrochloride 

 

C26H26F2N2.2ClH Chemically 

synthesized 

Blocking Ca2+ entry 

Blocking histamine H1 

Therapeutic: 

Anticonvulsant 

Target: 

Voltage-dependent T-type calcium 

channel subunit α-1G,1H, 1I. 

Histamine H1 receptor 

Calmodulin 

S61 G05 Gemfibrozil 

 

C15H22O3 Chemically 

synthesized 

PPAR activation (up-regulation of 

tripeptidyl-peptidase) 

Therapeutic: 

Hyperlipidemia 

(lipid-lowering drug) 

Target: 

Peroxisome proliferator-activated 

receptor α (PPARα) 

S62 G06 Sulfamerazine 

 

C11H12N4O2S Chemically 

synthesized 

Inhibition of folic acid synthesis in 

bacteria 

Therapeutic: 

Antibacterial 

Target: 

Dihydropteroate synthase (DHPS) 

S63 G07 Xylometazoline 

hydrochloride 

 

C16H24N2.ClH Chemically 

synthesized 

α-adrenoceptor agonist 

Vasoconstriction 

Therapeutic: 

Nasal catarrh 

Target: 

α-adrenergic receptor 
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Compound Well Name Structure Formula Origin Bioactivity 

S64 G08 Hycanthone 

 

C20H24N2O2S Chemically 

synthesized 

Inhibition of DNA repair 

Therapeutic: 

Anticancer 

Antischistosomiasis 

Target: 

Apurinic endonuclease-1 (APE1) 

S65 G09 Atractyloside 

potassium salt 

 

C30H46O16S2.2K Atractylis 

gummifera 

Inhibition of oxidative phosphorylation 

Therapeutic: 

Herbal poisoning 

Target: 

Adenine nucleotide translocase 

S66 G10 Clozapine 

 

C18ClH19N4 Chemically 

synthesized 

Dopaminergic activity coupled with a 

broad spectrum of cholinergic, 

adrenergic, and sertonerigic activity 

Therapeutic: 

Antipsychotic 

Target: 

Neurotransmitter receptors 

S67 G11 Tolnaftate 

 

C19H17NOS Chemically 

synthesized 

Inhibition of microsomal squalene 

epoxidase in ergosterol biosynthesis 

Selectively active against dermatophytes 

Therapeutic: 

Antifungal 

Target: 

Squalene epoxidase 
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Compound Well Name Structure Formula Origin Bioactivity 

S68 H02 Amiodarone 

hydrochloride 

 

C25H29I2NO3.ClH Chemically 

synthesized 

The class III antiarrhythmic action partly 

through blockade of multi channels 

Therapeutic: 

Antiarrhythmic (class III) 

Vasodilator 

Target: 

Multi channels (K+, Na+, Ca2+) 

PTX-sensitive G protein 

S69 H03 Procyclidine 

hydrochloride 

 

C19H29NO.ClH Chemically 

synthesized 

An anticholinergic effect (muscarinic 

antagonist) 

Therapeutic: 

Anticholinergic 

Antiparkinsonian 

Target: 

Muscarinic acetylcholine receptor M1, 

M2, and M4 

S70 H04 Warfarin 

 

C19H16O4 N/A Inhibition of vitamin K epoxide 

reductase 

Therapeutic: 

Anticoagulant 

Pesticide 

Target: 

Vitamin K epoxide reductase 

15 H05 Niclosamide 

 

C13Cl2H8N2O4 Chemically 

synthesized 

Inhibition of mitochondrial oxidative 

phosphorylation of parasitic helminths 

Inhibition of Wnt/β-catenin signaling 

Therapeutic: 

Anthelmintic;Antiparasitic 

Target: 

Unknown 
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Compound Well Name Structure Formula Origin Bioactivity 

S71 H06 Bicyclomycin 

 

C12H18N2O7 Streptomyces sp. Inhibition of Rho 

Therapeutic: 

Antibiotics 

Target: 

Rho 

S72 H07 Siccanin 

 

C22H30O3 Helminthosporium 

siccans 

Inhibition of succinate dehydrogenase 

Therapeutic: 

Antifungal 

Target: 

Succinate dehydrogenase 

S73 H08 Polyoxin D 

 

C17H23N5O14 Streptomyces 

cacaoi var. 

asoensi 

Inhibition of fungal cell wall 

biosynthesis 

Therapeutic: 

Antifungal 

Target: 

Chitin synthase 

S74 H09 Reveromycin A 

 

C36H52O11 Streptomyces 

reveromyceticus 

epidermal growth factor inhibitor 

(Eukaryota) 

Inhibition of eukaryotic protein synthesis 

(Eukaryota) 

protein synthesis inhitibion (Eukaryota) 

Therapeutic: 

Anticancer 

Antifungal 

Osteoporosis 

Target: 

Ile-tRNA synthase (IleRS) 
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Compound Well Name Structure Formula Origin Bioactivity 

S75 H10 (+)-

Staurosporine 

 

C28H26N4O3 Actinomycete 

N96C-47 

Lentzea albida 

Broad kinase inhibition 

Therapeutic: 

Anticancer 

Antifungal 

Target: 

Protein kinases 

S76 H11 RK-682 

 

C21H36O5 Streptomyces sp. 

88-682 

Streptomyces sp. 

AL-462 

Inhibition of PTPase 

Therapeutic: 

Anticancer 

Target: 

Protein tyrosine phosphatase (PTPase) 

Heparanase 

Phospholipase A2 

HIV protease 
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B. The structures, anisotropy changes (Δr) and binding energies of niclosamide and niclosamide derivatives 

 

Compound 
    Structure    

Δr1) 

-CDOCKER 

energy 

(kcal/mol)2) R1 R2 R3 R4 R5 R6 R7 R8 

Niclosamide (15) OH H H Cl Cl H NO2 H 0.009± 0.006 19.775 

15-a Cl H H NO2 H H Cl H 0.054± 0.003 4.465 

15-b Cl H H Cl OEt H H H 0.080± 0.003 10.423 

15-c OH H H Cl H H NHCOC(CH3)2 H 0.052± 0.003 5.864 

15-d H Cl OEt Cl OH H H H 0.008± 0.004 16.995 

15-e OMe H H Cl H Cl H Cl 0.054± 0.006 11.941 

15-f OMe H H Cl H H OH H 0.018± 0.005 17.922 

15-g H Cl OEt Cl CO2H H Cl H 0.071± 0.003 0.904 

15-h Cl H Cl H H H OMe H 0.017± 0.002 13.400 

15-i OMe H H Cl H H CONH2 H 0.028± 0.006 9.882 

15-j OMe H H Cl H H H H 0.023± 0.002 9.891 

15-k OMe H H Cl H H CO2H H 0.008± 0.002 14.848 

15-l OMe H H Cl H H F H 0.026± 0.004 10.524 

15-m OMe H H Cl H H Br H 0.048± 0.004 11.045 

15-n OMe H H Cl H H Me H 0.047± 0.020 9.577 

15-o H Cl OMe Cl CO2H H H H 0.013± 0.010 11.807 
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Compound 
    Structure    

Δr1) 

-CDOCKER 

energy 

(kcal/mol)2) R1 R2 R3 R4 R5 R6 R7 R8 

15-p OMe H H Cl H H CH3CO H 0.044± 0.005 12.190 

15-q OMe H H Cl H H Et H 0.055± 0.006 12.162 

15-r OMe H H Cl H H CH3OCO H 0.053± 0.006 9.243 
1) Measured using FA assay at 10 µM. 

2) The binding energy was calculated using CDOCKER, a molecular docking algorithm in Discovery Studio Modeling 2022 that uses a 

CHARMM-based force field to simulate the binding of small molecules to proteins. 
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