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 Human C-terminal binding proteins (CtBP1 and CtBP2) are transcriptional 

coregulators of multiple genes in the human genome, including tumor suppressor genes 

(e.g., Bik, PTEN, BRCA1, and E-cadherin) as well as oncogenes (e.g. MDR1 and Tiam1). 

Both homologues of CtBP are overexpressed in many types of cancer, including breast 

cancer (92%), ovarian cancer (83%), colorectal cancer (64%), hepatocellular carcinoma 

(60%), gastric cancer, prostate cancer, and pancreatic adenocarcinoma. Further, 

expression levels of CtBP correlate with worse prognostic outcomes and more aggressive 

tumor features because it promotes proliferation, epithelial-mesenchymal transition, and 

cancer stem cell self-renewal activity.  
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 Our laboratory has identified a lead inhibitor of CtBP, 2-hydroxyimino-3-phenyl 

propanoic acid (HIPP), with a binding affinity of 370 nM for CtBP1. Data from the co-

crystal structure of CtBP1 complexed with HIPP and NADH (PDBID: 4U6Q) revealed 

essential interactions between HIPP and residues Arg97, Arg266, His315, and Trp318. 

Importantly, the aromatic ring of HIPP forms a π-stacking interaction with Trp318. HIPP 

has been shown to displace CtBP from transcriptional promoter regions, restore 

expression of tumor suppressing genes, and induce apoptosis. However, high doses of 

HIPP are required to induce these anti-oncogenic effects in cell and animal models. 

 The first part of this work describes the rational design and computational 

evaluation of new, heteroaromatic HIPP analogues. A small library of compounds (36 

total) was constructed in silico and docked into the co-crystal structure of HIPP-CtBP. The 

best scoring compounds were synthesized and the binding affinity of these compounds 

was measured utilizing isothermal titration calorimetry (ITC). We identified 2 analogues 

that bind to CtBP with higher affinity than HIPP. We found that replacement of the 

carboxylic acid on 4-Cl HIPP with an ethyl ester increases its potency in A2780 cells 50-

fold, and the same substitution increases the potency of HIPP in HCT116 cells 15-fold. 

We also discovered 5 analogues that were more potent than the HIPP ester in cells.  

The second part of this work describes the design and development of HIPP-based 

CtBP PROteolysis TArgeting Chimeras (PROTACs) for in vivo degradation of CtBP using 

the endogenous Ubiquitin/Proteasome System. The PROTACs were synthesized in a 9-

step synthetic route, and the degradation of CtBP was quantified by western blot. We 

found that CtBP1/2 can be successfully and effectively degraded in cells with HIPP-based 

PROTACs. 
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Chapter 1: Introduction 

1.1: C-terminal Binding Protein 

1.1.1: Discovery 

 CtBP was first discovered in 1993 when it was found to bind to the C-terminal 

region of E1A human adenovirus oncoprotein.1 Specifically, CtBP was found to associate 

with a 14-amino acid region (amino acids 225-238) of E1A that is critical for negative 

modulation of tumorigenesis and metastasis; deletion of these residues increases the 

tumorigenic and metastatic potential in primary baby rat kidney (BRK) cells.1 This deletion 

mutant also fails to bind to CtBP.  In further studies where CtBP was molecularly cloned, 

it was discovered that CtBP actually binds to a 9-amino acid region (amino acids 229-

238), which contains a PLDLS motif that is well-conserved in adenovirus serotypes.2 

 Researchers were able to show that CtBP is a phosphoprotein with 

phosphorylation levels varying in different stages of the cell cycle. This caused 

researchers to believe that CtBP plays a regulatory role in cell proliferation.1,2  

1.1.2: Isoforms and Localization 

In the human genome, there are two CtBP genes, known as CTBP1 and CTBP2.3 

Each gene produces a CtBP isoform (CtBP1 or CtBP2) that has a molecular weight of 

48-kDa. The two ctbp genes share 76% sequence identity at the nucleotide level and the 

two CtBP protein isoforms share 72% sequence identity at the amino acid level.3 CtBP1 

is a 441-amino acid protein and CtBP2 is a 445-amino acid protein.2,3 CtBP1 has been 

mapped onto chromosome 4p16, while CtBP2 has been mapped onto chromosome 

21q21.3.3 
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Both vertebrate genes, CtBP1 and CtBP2, code for multiple splice variants of 

CtBP. CtBP isoforms are localized based on post-translational modifications as well as 

the presence/absence of a nuclear localization signal (NLS).4 However, localization data 

is not consistent throughout the literature. CtBP1 codes for two splice variants – CtBP1-

L (long) and CtBP1-S (short), in which exon 1 is spliced out so that the first 15 amino 

acids of the N-terminus are not encoded.5 CtBP1 splice variants do not possess the NLS 

sequence, KRQR, which corresponds to the residues 10-13 of hCtBP2, but both CtBP1-

L and CtBP1-S have been observed in the nucleus and the cytoplasm as heterodimers 

with CtBP2.4 There is some evidence that phosphorylation of CtBP1 at Ser158 by p21-

activated kinase (Pak1) facilitates localization to the cytoplasm.6 CtBP1 has also been 

shown to associate with the enzyme neuronal nitric acid synthase (nNOS) which allows 

it to translocate from the nucleus to the cytoplasm.7 CtBP1-S is also known as 

CtBP1/BARS (Brefeldin A-ADP Ribosylated Substrate), and is localized predominantly in 

the cytoplasm where it aids in regulation of lipid storage and golgi membrane fission.8 

CtBP2 codes for three splice variants – CtBP2-L, CtBP2-S, and RIBEYE.5,9 Like 

CtBP1-S, CtBP2-S differs from CtBP2-L in that it does not possess the first 25 amino 

acids of the N-terminal domain.4 CtBP2-S does not contain the NLS sequence, and is 

therefore localized to the cytoplasm.4 The RIBEYE protein (120 kDa) is expressed in the 

retina by an alternative promoter, and has an extended N-terminus fused to CtBP2.5,9 

RIBEYE is a structural component of synaptic ribbons and aids in transmission of sensory 

signals.10,11 RIBEYE is also localized in the cytoplasm.4  
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1.1.3: Structure 

 CtBPs are highly conserved proteins in both invertebrates and vertebrates.12 CtBP 

has three functional domains: an N-terminal domain, a dehydrogenase domain, and a C-

terminal domain.5 A detailed structure of CtBP1 is depicted in Figure 1.1. The N-terminal 

domain is responsible for its recognition of the consensus PxDLS domain of E1A and 

other proteins including transcription factors and corepressor partners like histone 

deacetylases (HDACs) and histone methyltransferases (HMTs).5 

 The dehydrogenase domain is responsible for CtBP’s enzymatic activity and 

oligomerization. It can be further divided into an NADH or nucleotide-binding domain 

(NBD), a catalytic domain (CD), and an RRT motif. The NBD contains the classic 

“Rossman Fold” topology that is seen in other D-isomer-specific 2-hydroxy acid 

dehydrogenases (D2-HDHs). This aids in nucleotide binding and contains a catalytic triad 

(CtBP1/2: His315/321-Glu295/301-Arg266/272) that is responsible for substrate 

binding.5,13 CtBP undergoes a conformational change in the presence of NADH, in which 

the NBD is in close proximity to the bound substrate. This conformational change is a 

critical step in the formation of oligomers. Further, mutations in the NBD lead to 

diminished ability of the protein to oligomerize.13  

 

Figure 1.1: The Structure of CtBP1. Adapted from reference 35.    



4 

 

 The C-terminal domain (90 residues) is largely unstructured due to its 

proline/glycine-rich sequence.5 It contains the site for phosphorylation by Homeodomain 

Interacting Protein Kinase 2 (HIPK2). HIPK2 phosphorylates CtBP1 at Ser422 and CtBP2 

at Ser428. This domain also contains a SUMOylation motif, identified as 427VKPE430 in 

CtBP1. CtBP1 is SUMOylated by the E3 ligases PIAS1 and PIASxβ.5 Mutation of Lys428 

to Arg blocks SUMOylation, and results in relocalization of CtBP1 from the nucleus to the 

cytoplasm.7 The C-terminus also forms a negative regulatory interaction with the p14/p19 

Alternative Reading Frame (ARF) tumor suppressor, which leads to proteasome-

dependent degradation.14 At the distal C-terminus, CtBP1 has a PDZ-binding site 

(438DQL440) where the protein binds to nNOS to be retained in the cytoplasm; this site is 

not present in CtBP2.15  

1.1.4: Dehydrogenase Activity 

 CtBP shares significant homology (67%) with the vancomycin resistance protein 

VanH, which is a D2-HDH that is dependent on nicotinamide adenine dinucleotide 

(NAD+) for its dehydrogenase activity.2 In fact, most of the structure of CtBP1 can be 

aligned with this subfamily of dehydrogenases, except a 90-amino acid sequence at the 

C-terminus.13 Despite this, it was originally thought that CtBP did not possess 

dehydrogenase activity.1,2 In 2002, however, it was discovered that CtBPs are in fact D2-

HDHs that bind to NAD+.13 In an assay that couples the reduction of pyruvate to lactic 

acid with the oxidation of NADH to NAD+, CtBP is able to catalyze this reaction in a dose-

dependent manner.13  



5 

 

1.1.5: Oligomerization 

 CtBP1/2 are able to form hetero- and homodimers through the dehydrogenase 

domain, similar to other D2-HDH family members. This has been observed in the bacterial 

D2-HDHs D-Lactate Dehydrogenase,16,17 Hydroxyisocaproate Dehydrogenase,18 

Formate Dehydrogenase,19 and D-Glycerate Dehydrogenase,20 as well as the Human 

D2-HDHs Glyoxylate Reductase/Hydroxypyruvate Reductase and D-3 Phosphoglycerate 

Dehydrogenase.21  

The activity of CtBP is dependent on the metabolic status of the cell (i.e. the 

NADH/NAD+ ratio); CtBP1 binds to NADH with 9-fold higher affinity than NAD+ while 

CtBP2 binds to NADH with 2-fold higher affinity than NAD+.22 Recruitment of NADH 

induces tetramerization and nuclear localization of CtBP, which is essential for CtBP’s 

transcriptional repressor activity.22,23 It was long believed that CtBP acts as a redox 

sensor: when NADH levels increase due to hypoxia or high extracellular glucose levels, 

the activity of CtBP also increases.24,25 However, recent data suggests that under normal 

cellular conditions, CtBP would be fully saturated by NAD+ and unable to monitor the 

changes in NADH concentration.22  

 Each monomer of CtBP contains a single PxDLS-binding motif, which interacts 

with a number of repressor proteins and chromatin-modifying enzymes. When CtBP 

exists as a monomer there is only one PxDLS-binding motif; this results in competition 

between the different proteins that associate with CtBP and  disruption of CtBP’s activity 

as a transcriptional corepressor.26 NADH-mediated tetramerization enhances the activity 

of CtBP because this increases the number of PxDLS-binding sites, which allows more 
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than one co-repressing partner to bind. Further, mutants of CtBP2 that are unable to 

dimerize cannot interact with most cellular factors, including the E1A oncoprotein.26    

CtBP tetramerizes in an NADH-dependent manner, proceeding through a dimeric 

intermediate.23 CtBP differs from other D2-HDHs in that it contains a tryptophan residue 

within the active site, Trp318/324 in CtBP1/2 respectively, which is able to further interact 

with the bound substrate.5,27 This Trp residue is critical for tetramer formation, as it forms 

a hydrogen bond with bound NAD+ and directs contact with the αC helix of the opposite 

monomer in the dimeric pair (Figure 1.2).23  

In an analytical ultracentrifuge experiment, it was shown via gel filtration that in the 

absence of NAD+ or NADH, CtBP1 elutes primarily as a monomer (48 kDa). In the 

presence of NAD+ or NADH, the elution pattern shifts so that CtBP1 elutes primarily as a 

tetramer (192 kDa) with some dimeric species (96 kDa).23 When Trp318 is mutated to a 

Phenylalanine (Phe), gel filtration analysis shows that CtBP1 fails to tetramerize and only 

. 
Figure 1.2: A model of CtBP1 dimer with a bound NAD+ and PIDLSKK peptide Adapted from 
reference 23. 
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minimally dimerizes, even in the presence of NAD+.23 This provides evidence that Trp318 

acts as a dimerization/tetramerization switch in CtBP1.   

1.1.6: Transcriptional Repression Activity and Mechanism 

  The E1A human adenovirus protein is a known tumor suppressor in human cells, 

and functions by transcriptionally inducing epithelial cell adhesion genes and repressing 

other genes.28 In the E1A protein, transcriptional repression was found to correlate with 

presence of the CtBP binding site.29 Further, removal of the CtBP binding site in E1A is 

sufficient to attenuate the transcriptional repression, and it is thought that this repression 

is mediated by binding of CtBP.29 It was also found that the E1A-CtBP interaction is 

necessary for induction of epithelial gene expression.28  

 CtBP family proteins are not able to bind directly to DNA, and must be recruited to 

active transcription sites by DNA-binding transcription repressors such as ZEB1/2,30 

human Krüppel-like factors,31 Elk4,32 and E2F7.33 CtBPs then regulate transcription by 

associating with chromatin remodeling proteins, such as HDACs and HMTs, as well as 

DNA-bound transcription factors to block transcriptional activity at the sequence-specific 

gene promotors recognized by the DNA-bound transcriptional repressors.32,34 This forms 

a corepressor complex, shown in Figure 1.3, which can catalyze three different types of 

histone modifications: histone deacetylation (HDAC1/2), histone methylation (G9a and 

GLP), and histone lysine-specific demethylation (LSD1).35 
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CtBPs are also able to interact with three SUMO E3 ligases, HPC2, PIAS1, and 

Pc2, which enhance gene repression.35,36 CtBPs bind to members of the corepressor 

complex at both the PxDLS domain binding site in the N-terminus, and the RRT binding 

cleft in the dehydrogenase domain.35,37 CtBPs have been reported for recruitment at more 

than 30 different transcription factors.12 CtBP’s activity as a transcriptional corepressor 

plays an important role in development and oncogenesis. 

1.1.7: CtBP as a Transcriptional Corepressor in Development 

 Transcriptional repression is an important part of gene expression and 

regulation.12 Proper gene expression in embryogenesis relies on the coordination of both 

 
Figure 1.3: CtBP’s corepressor complex. Adapted from reference 32. 
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transcriptional activators and repressors because certain genes are required at different 

stages of embryo development. For example dCtBP acts as a transcriptional corepressor 

during embryo development of Drosophila.38–40 Hairy is a transcriptional repressor 

necessary for proper embryonic segmentation. CtBP interacts with a PLSLV domain on 

the C-terminus of Hairy; deletion of these five amino acids eradicates the interaction 

between Hairy and dCtBP. Further, embryos lacking maternal dCtBP fail to segment 

properly.38 Knirps, a nuclear receptor protein involved in segmentation of the abdomen, 

also relies on its association with dCtBP in Drosophila embryogenesis.39 It has also been 

shown that dCtBP interacts with the Eyeless (Ey) gene in Drosophilia to prevent 

overproliferation of eye precursors.40 Zygotic mutations of dCtBP are lethal mutations to 

the developing embryo.41,42  

Analysis of mice harboring mutations in the genes CTBP1 and/or CTBP2 showed 

that the two protein isoforms play unique and redundant roles in mouse embryogenesis.43 

Mice that are mCtBP1-/- are small in size compared to wildtype (wt) mice, and have a 

reduced survival rate. mCtBP2-/- knockout mice fail to develop due to delayed neural tube 

development, axial truncations, and defects in heart morphogenesis. Mice that were null 

for both CtBP1 and CtBP2 exacerbated both phenotypes, with the embryos experiencing 

minimal heart morphogenesis and earlier embryonic death.43 

In humans, hCtBP1/2 are expressed in most tissues.12,44 In development, it 

interacts with the transcriptional repressor TGIF (TG-interacting factor) via a PLDLS motif. 

A mutation in TGIF that results in a single amino acid substitution within the PLDLS motif 

abolishes the interaction between the two proteins. This leads to holoprosencephaly 

(HPE), which causes defected craniofacial development and brain malformation.45 
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1.2: CtBP and its Role in Cancer 

1.2.1: Hallmarks of Cancer 

 Cancer is among the most common causes of death in the United States. In 2021, 

there were approximately 1.9 million new cancer diagnoses in the US, equivalent to 

roughly 5200 new cases every day. There were approximately 600,000 American deaths 

due to cancer, corresponding to 1600 deaths per day.46 There are more than 100 different 

distinct types of cancer, not including specific subtypes of tumors. However, there are six 

characteristics that all tumors are believed to have in common: self-sufficiency in growth 

signals, insensitivity to growth inhibitory signals, evasion of apoptosis, limitless replicative 

potential, sustained angiogenesis, and tissue invasion and metastasis.47    

 Most cancer treatments employ radiation and chemotherapy that are not specific 

to tumor type and instead target parts of the cell cycle, as cancer cells divide and 

proliferate more rapidly than normal cells. These types of chemotherapy are known as 

kinetic poisons.48 However, other types of cells also divide rapidly, such as hair follicles 

and cells of the stomach lining. This is why most cancer treatments are harsh and rife 

with off-target side effects. However, there has been a recent push for targeted cancer 

therapy. This can be thought of in terms of infectious diseases. When developing drugs 

for a bacteria or virus-borne illness, drugs are developed that target cell components (i.e.  

proteins) that are present in bacterial or virus-infected cells, but not present in normal 

cells. In targeted cancer therapy, researchers look to target proteins that are present in 

tumor cells but not in normal cells to minimize the risk of off-target side effects. 

Specifically, this sort of targeted therapeutic is able to block cell proliferation of cancer 

cells, promote cell cycle regulation, or induce apoptosis.48  
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 CtBP family proteins are ideal targets for cancer therapeutics, because while 

CtBPs are ubiquitously expressed in most tissue types, they are overexpressed in a broad 

range of solid human tumors.5   

1.2.2: Overexpression of CtBP in Human Cancers 

 Both homologues of CtBP are overexpressed in many types of cancer, including 

breast cancer (92%),49–51 ovarian cancer (83%),52–54 colorectal cancer (64%),5,14  

hepatocellular carcinoma (60%),55 gastric cancer,56 prostate cancer,57,58 and pancreatic 

adenocarcinoma.59 Expression levels of CtBP correlate with worse prognostic outcomes 

and more aggressive tumor features because it promotes proliferation, epithelial-

mesenchymal transition, and cancer stem cell self-renewal activity.5 

 The overexpression of CtBP in tumors is in part due to a phenomenon in cancer 

known as the “Warburg effect,” in  which tumors are dependent on aerobic glycolysis for 

the production of ATP as opposed to oxidative phosphorylation.60,61 Cells that are utilizing 

aerobic glycolysis have higher ratios of NADH/NAD+ compared to normal cells.62–64 

Elevated levels of NADH facilitate activation and recruitment of CtBP, which leads to 

genome-wide changes in chromatin through CtBP’s activity as a transcriptional 

corepressor.51 Further, CtBP is able to affect the expression of cancer-related genes: 

tumor suppressor genes and proto-oncogenes, which contribute to many of the hallmarks 

of cancer such as metastasis and resistance to programmed cell death.5 

1.2.3: CtBP and Tumor Suppressor Genes 

 Tumor suppressor genes (TSGs) are genes that are involved in repair of damaged 

DNA, induction of apoptosis, inhibition of cell division/proliferation, and suppression of 

metastasis. As one might expect, loss of function of TSGs results in tumor formation and 
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progression.65 Through transcriptional repression, CtBP is able to cause loss of function 

of several TSGs including BIK, PTEN, E-Cadherin (CDH1), and BRCA1.5 

 Apoptosis is largely controlled by the BCL-2 (B-cell lymphoma 2) family of proteins. 

BIK (BCL-2 interacting killer) is a pro-apoptotic, Bcl-2 homology domain 3 (BH3)-only 

gene. It acts by antagonizing the antiapoptotic proteins BCL-XL (B-cell lymphoma-extra 

large) and MCL-1 (induced myeloid leukemia cell differentiation protein 1), which causes 

the release of the multidomain proapoptotic protein Bak and induces Bak-dependent 

apoptosis.66 In this way, Bik coordinates with other BCL-2 family proteins to sensitize cells 

to apoptosis. CtBP is recruited to the Bik promoter by BKLF (Basic Krüppel-like Factor) 

and is able to repress expression of Bik. Further, CtBP2 depletion or ARF overexpression 

results in the upregulation of Bik.67 Inhibition of CtBP with a small molecule inhibitor has 

been shown to displace CtBP from the Bik promoter and induce apoptosis.68 

 PTEN (phosphatase and tensin homolog) is a gene that encodes for a 

phosphatase, which dephosphorylates and inactivates the intracellular second 

messenger PIP3 (phosphatidylinositol (3,4,5)-triphosphate).69,70 PIP3 is phosphorylated 

by the lipid kinase PI3K (phosphoinositide-3-kinase). When PIP3 is activated (i.e. 

phosphorylated), it recruits the Akt family of kinases to the plasma membrane, which then 

are able to phosphorylate a number of downstream targets that play important roles in 

cellular proliferation and apoptosis. Inactivation of PTEN leads to the PI3K/Akt pathway 

being constitutively active, which has implications in cell growth, signaling, migration and 

apoptosis.69–72 CtBP2 overexpression in cancer cells has been shown to repress PTEN 

expression as CtBP2 is recruited to the PTEN promoter.72,73 Repression of PTEN by 
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CtBP2 leads to activation of PI3K/Akt signaling, which increases the rate of cancer cell 

migration.72–74 

 Epithelial-mesenchymal transition (EMT) is a process in cancer where cells lose 

their epithelial status and acquire mesenchymal traits, which leads to cell migration and 

metastasis.5 E-cadherin is expressed in all mammalian epithelia and is involved in the 

maintenance of epithelial status of cells.75  It is coded for by the CDH1 gene, and is the 

key molecule in forming a cadherin-catenin-cytoskeleton complex (CCC) with β-catenin 

and αE-catenin. The CCC exists in the cell junction and helps execute cell adhesion by 

connecting to actin molecules in the cytoskeleton. In epithelial tumors, E-cadherin 

expression is often downregulated or repressed. In hypoxia conditions, NADH levels are 

increased, which in turn recruits CtBP to the E-cadherin promoter via ZEB1.24 

Overexpression of CtBP2 has been shown to decrease E-cadherin expression, which 

increases tumor cell migration.55 In hepatocellular carcinoma (HCC) cells, knockdown of 

CtBP1 leads to the upregulation of E-cadherin, and inhibits the invasive abilities of cancer 

cells.76 

 The role of CtBP in breast cancer has been well studied. The BRCA1 (BReast 

CAncer gene 1) gene is involved in DNA repair, transcription, and regulation of the cell 

cycle.77  Inherited mutations in BRCA1 make one predisposed to breast cancer.78 The 

BRCA1 gene encodes the BRCA1 protein, which is involved in the cellular response at 

double-strand DNA breaks (DSBs).78 BRCA1 expression is regulated by environmental 

stimuli such as estrogen stimulation and hypoxia.77 It has been shown that BRCA1 

expression is downregulated as a result of CtBP1 expression.79 Specifically, CtBP1 forms 

a corepressor complex with p130 and HDAC1 at the BRCA1 promoter, and represses 
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histone acetylation at the BRCA1 promoter, repressing BRCA1 transcription. Further, loss 

of CtBP from the BRCA1 promoter results when the NAD+/NADH ratio increases, which 

increases BRCA1 transcription.77  

1.2.4: CtBP and Oncogenes 

 In contrast to tumor suppressor genes, proto-oncogenes are genes that are 

involved in pathways that promote the cell cycle and cellular growth. Activating mutations 

in proto-oncogenes  can cause normal cells to become cancer cells as they lead to 

unregulated cell growth and proliferation. Mutated proto-oncogenes are referred to as 

oncogenes.65 CtBP has been shown to activate oncogenes such as Tiam1.  

 The protein coded for by the T-lymphoma and metastasis gene 1 (TIAM1) is a 

Guanine Nucleotide Exchange Factor (GNEF) that is involved in regulating the guanine 

triphosphatases (GTPases) of the Rho family by facilitating the exchange of GDP to GTP. 

Specifically, Tiam1 acts as an exchange factor for the proteins Rac1, Cdc42, and RhoA. 

Induction by Tiam1 or constitutive activation of Rac1 and Cdc42 lead to increased 

invasiveness of T-lymphoma cells. Tiam1 is also involved in breast cancer in that Tiam1-

mediated activation of Rac has been shown to promote tumor cell migration.80 Tiam1, 

when activated, is implicated in the promotion of cancer progression and metastasis, as 

it promotes cancer cell migration and enhances the invasiveness and metastatic 

properties of cancer cells.27,71 CtBP2 is able to stimulate cell migration via regulation of 

Tiam1. Expression of CtBP2 is positively correlated with the expression of Tiam1. Further, 

CtBP2, when bound to NADH, is recruited by KLF8 to the Tiam1 promoter where it 

transcriptionally activates Tiam1. In this way, CtBP2 directly promotes cell migration and 

metastasis.71  
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1.2.5: CtBP and Drug Resistance  

 A major obstacle in cancer research is cancer cell resistance to 

chemotherapeutics. The multidrug resistance gene 1 (MDR1) codes for the protein 

product P-glycoprotein (P-gp), which can transport drug compounds such as paclitaxel, 

doxorubicin, and vinblastine resulting in lowered drug concentration in cells and lower 

efficacy.81 In MDR cell lines, CtBP1 is overexpressed. Further, knockdown of CtBP1 

decreases MDR1 expression and the cellular concentration of P-gp. CtBP1 interacts 

directly with the MDR1 promoter.81  

1.3: Inhibition of CtBP 

1.3.1: Peptide Inhibitors of CtBP 

 The first known inhibitor of CtBP is a cyclic 

peptide known as CP61 (Figure 1.4), and was 

discovered through a high-throughput screening 

that assessed 64 million genetically encoded cyclic 

peptides.82 CP61 is a cyclic peptide with the 

sequence SGWTVVRMY. CP61 inhibits homodimerization of CtBP2 with an in vitro IC50 

of 19 ± 4 µM, and inhibits both homo- and heterodimerization of CtBP1/2 in cells. CP61 

has a binding affinity to dimeric CtBP1 of 3 µM and 11 µM; this suggests that CP61 may 

be able to bind to two different isoforms of CtBP1. Interestingly, though CP61 inhibits the 

interaction between CtBP1 and NADH, CP61 is an allosteric inhibitor in that it does not 

bind to CtBP in the nucleotide-binding pocket. Instead, CP61 indirectly inhibits CtBP by 

disrupting the protein-protein interaction (PPI) between the monomers of CtBP. Further, 

CP61 does not inhibit LDH and is therefore selective for CtBP over other dehydogenases. 

 
Figure 1.4: Structure of CP61 
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In breast cancer cells, CP61 was shown to reduce mitotic fidelity, cellular proliferation and 

colony formation. However, this was only the case for cells with a high rate of glycolysis, 

providing evidence that the cell cycle is influenced by the glycolytic state of the cell.82   

1.3.2: Small Molecule Inhibitors of CtBP 

 The first small molecule inhibitor of CtBP, NSC95397 (Figure 1.5), was identified 

in 2015 using an AlphaScreen assay for high throughput screening.83 Like CP61, 

NSC95397 is an allosteric inhibitor of CtBP in that it is not a 

substrate for CtBP’s NADH-dependent dehydrogenase activity 

and does not bind at the NBD. NSC95397 inhibits the interaction 

between CtBP and E1A with an IC50 of 2.9 µM. Further, 

NSC95397 is able to disrupt the complex between CtBP and the E-cadherin promoter 

and reverse transcriptional repression of E-cadherin.83 The exact mechanism of 

NSC95397 is unknown. It is possible that NSC95397 binds at the PxDLS-binding motif, 

thereby inhibiting interaction of CtBP with its corepressor partners. While NSC95397 does 

not inhibit LDH,83 it is not selective for CtBP because it is also a known inhibitor of cdc25 

phosphatase activity84 and spliceosome catalysis.85 

 
Figure 1.5: Structure 
of NSC95397 
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1.3.3: First-generation substrate-competitive CtBP inhibitors  

A known substrate of CtBP is 4-methylthio-2-oxobutyic acid (MTOB).86 A co-crystal 

structure of CtBP1 complexed with MTOB and NAD+ has been reported, and it reveals 

that MTOB interacts with the catalytic triad (Arg97, Arg266 and His315) and forms a π 

interaction with Trp318 (Figure 1.6).34 At low concentrations MTOB acts as a substrate 

for CtBP; CtBP catalyzes the reduction of the ketone in MTOB to an alcohol to yield 4-

methylthio-2-hydroxy-butyric acid (MTHB).68 However, at high concentrations. MTOB 

inhibits the dehydrogenase activity of recombinant CtBP (IC50 = 300 µM) in vitro and 

disrupts transcriptional repression and activation of cancer-related genes.86 MTOB has 

been shown to induce apoptosis in HCT116 colon carcinoma cells, and displace CtBP 

from the Bik promotor and induce Bik expression.86  

 
Figure 1.6: Crystal structure of CtBP1 (green) complexed with MTOB (pink) and NAD+ 

(purple) (PDBID: 4LCE). 
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 Using MTOB as a starting point, our lab further investigated compounds that would 

inhibit the dehydrogenase activity of 

CtBP.68 The first modification was 

replacement of the thioether in MTOB with 

a phenyl ring to increase the π interactions 

with Trp318, which lead to phenylpyruvic 

acid. Phenylpyruvic acid was found to be a 3-fold better inhibitor of CtBP (IC50 = 116 µM), 

however it acts as a substrate of CtBP as well as an inhibitor. The next step was to replace 

the ketone with nonreducible ketone isosteres (Figure 1.7) to find an inhibitor of CtBP 

that could not act as a substrate. Of these, the hydroxyimine analogue, also known as 2-

hydroxyimino-3-phenyl propanoic acid (HIPP) was the only one found to be a more potent 

inhibitor than phenylpyruvic acid (IC50 = 240 nM).68 A co-crystal structure of CtBP1 

complexed with HIPP and NADH was solved (PDBID: 4U6Q) and revealed that HIPP 

binds to CtBP in the same binding site as MTOB (Figure 1.8).87 Further, isothermal 

titration calorimetry (ITC) with CtBP1 provided a 

dissociation constant (Kd) of 370 nM.87 HIPP has 

also been shown to displace CtBP from 

transcriptional promoters, restore expression of 

tumor suppressor genes in cells, and induce 

apoptosis.68 Despite promising in vitro data with 

HIPP, when this compound was tested in an MTT 

assay for the ability to inhibit cancer cell growth and 

 

Figure 1.7: First generation CtBP inhibitors 

 
Figure 1.8: HIPP (blue)-CtBP1 
(green)-NADH (orange) Crystal 
Structure 
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viability, the cellular IC50 was higher than expected (IC50 = 4.12 mM).68  Further 

compounds were then designed to increase the potency in cells and in vivo.  

1.3.4: Second generation substrate-competitive CtBP Inhibitors 

 A structure-activity relationship (SAR) study was performed on the phenyl ring of 

HIPP by synthesizing analogues with substituents that are electronically and sterically 

diverse. Specifically, this study explored the 

addition of substituents on the phenyl ring that were 

electron-donating, electron-withdrawing, and 

electron-neutral, and the position of the substitution 

on the phenyl ring compared to the rest of the 

molecule (ortho-, meta-, and para-). The structures of this set of compounds are shown 

in Figure 1.9. These analogues were tested for functional inhibition of CtBP using an 

NADH consumption assay.68  

 In functional inhibition experiments, it was found that ortho-substitutions on the 

phenyl ring were unfavorable when compared to the parent compound HIPP. Para- and 

meta-substitution by electron-donating or electron-neutral substituents also resulted in a 

decrease in inhibitory activity. However, it was determined that para- and meta-

substitution by a chlorine atom leads to more active inhibitors compared to HIPP. This did 

not prove true for other electron-withdrawing substituents at these positions.68 4-Cl HIPP 

and 3-Cl HIPP have functional IC50 values of 180 nM and 170 nM, respectively. These two 

compounds were also tested for inhibition of cancer cell viability and growth. While there 

is a marked improvement when compared to HIPP, with 4-Cl HIPP and 3-Cl HIPP 

exhibiting cellular IC50 values of 1.74 mM and 850 µM respectively, there is still a great 

 
Figure 1.9: Second generation CtBP 
inhibitors 
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disparity between in vitro data and cellular data.68 This dissertation focuses on finding 

new compounds that modulate CtBP’s oncogenic effects in cells.  

1.4: Scope of this dissertation 

 The first project in this dissertation focuses on design and development of 

heteroaromatic HIPP analogues that target CtBP for use as anti-cancer therapeutics. We 

have used computational techniques to prioritize synthesis of new analogues, which was 

followed by biological testing of the synthesized compounds. We synthesized nine new 

substrate-competitive inhibitors of CtBP, and obtained two compounds that had more 

affinity for CtBP2 than HIPP. We found that replacing the carboxylic acid on 4-Cl HIPP 

with an ethyl ester increases potency in cells 50-fold, and identified five novel compounds 

that were more potent than the HIPP ethyl ester in cells. The second part of this 

dissertation focuses on design and development of HIPP-based CtBP PROteolysis 

TArgeting Chimeras (PROTACs) to provoke degradation of CtBP by the endogenous 

ubiquitin/proteasome system. We have succeeded in synthesizing three PROTAC 

molecules in total, and one PROTAC molecule that degraded CtBP2 with a DC50 of 3.20 

µM and degraded CtBP1 with a DC50 of 16.43 µM.  
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Chapter 2: Novel CtBP Inhibitor Design, Synthesis, and Evaluation 

2.1: Background 

2.1.1: Design rationale for in silico library 

 As previously discussed, the 

aromatic ring of HIPP forms a π-

stacking interaction with Trp318 in 

CtBP1. Therefore, modulating the 

amount and nature of electron 

density in the aromatic ring system 

can either strengthen or weaken 

inhibitor binding. In this project, we 

designed a small library of 

compounds in which the phenyl ring 

of HIPP is substituted with either a 

monocyclic heteroaromatic ring or a 

bicyclic heteroaromatic ring to 

determine the optimal aromatic ring system to form a π-stacking interaction with Trp318. 

We also hypothesized that by correctly positioning the heteroatom(s) in these ring 

systems, a hydrogen-bonding interaction with the residue His315 can also be created to 

strengthen the overall binding affinity. In the compounds where a bicyclic ring was used, 

we also tested whether the methylene between the aromatic ring and oxime moieties 

should be cyclized or not (n = 1 vs n = 0). The 36 compounds tested are shown in Figure 

2.1. Compounds at this stage were named using the following naming convention: 

 

 
Figure 2.1: Heteroaromatic HIPP analogues for in silico 
library. 
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Heteroaromatic-#-(C*HIA), where the heteroaromatic is the name of the ring, # represents 

the substitution position of the hydroxyimino acid (HIA) on the ring system, and * being 

the number of carbon atoms between the acid hydrogen and the ring (2 or 3). As a note, 

these compounds were modeled as the conjugate base, as the acid would be 

deprotonated at physiological pH.  

2.2: Experimental 

2.2.1: Crystal structure and ligand preparation 

 The co-crystal structure for CtBP1 complexed with HIPP and NADH (PDBID: 

4U6Q) was opened in WordPad, and the HIPP molecule was deleted manually. The 

CtBP1-NADH adduct was then imported into PDB2PQR, which was used to calculate the 

pKa of each histidine residue utilizing the PROPKA algorithm and the CHARMM 

forcefield. Each histidine (Figure 2.2) in the molecule was labeled 

as HIS (indicating no protonation), HSD (ND1 is protonated), HSE 

(NE2 is protonated), or HSP (dually protonated). With this data in 

hand, the CtBP1-NADH adduct was then imported into 

AutoDockTools v1.5.6, where the protonation of each histidine 

was set. The crystal structure was then saved as a .pdbqt file. In models where side chain 

flexibility was allowed, the residues His77, Arg97, Ser100, Arg266, His315, and Trp318 

were saved as a separate “flex” .pdbqt file.  These parameters were also applied in 

GoldSuite 5.3. 

 The ligand files were initially drawn in ChemDraw v19.1, and the SMILES string of 

each ligand were imported into Avogadro v1.2.0. In Avogadro, each ligand was converted 

to a 3D structure with x, y, z coordinates and was saved as both a .xyz file and a .pdb file. 

  
Figure 2.2: Histidine 
Protonation 
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The 3D structures were energy minimized in Orca v4.2.1 with density functional theory 

(DFT) employing the B3LYP/SVP basis set.88,89 Orca also predicted the CHELPG 

charges of each atom in a separate output file. The energy minimized structures were 

then imported into AutoDockTools v1.5.6, and saved as .pdbqt files for docking in 

AutoDock Vina. The energy minimized structures were also imported into SYBYLX2.1.1, 

and saved as .mol2 files for docking in GoldSuite 5.3. In Gold, AM1BCC charges were 

used for all atoms.  

2.2.2: Docking and scoring of library against CtBP 

 AutoDock Vina was employed to perform automated docking tasks.90 In order to 

effectively dock the HIPP analogues, the crystal structure of CtBP1 complexed with HIPP 

and NADH was used to determine the geometric location of the binding pocket by finding 

the median values of atoms of HIPP as x, y, z coordinates. The binding pocket was 

centered at 5.057, 30.011, -18.395 (x, y, z) and each direction was 20 Å in size. This was 

then fed into an input file containing the parameters to be used by the command line. 8 

CPUs were used with an exhaustiveness of 256 to find a maximum of 20 different binding 

poses. Each pose predicted was scored using Vina’s scoring function.  

 The first model was done with all histidine residues fully protonated and rigid side 

chains. Next the docking was repeated with rigid side chains and the histidine protonation 

as predicted by PDB2PQR. The third model kept the histidine protonation the same as in 

the second model, but side chain flexibility was allowed for His77, Arg97, Ser100, Arg266, 

His315, and Trp318. These side chains were selected based on studies done by our 

collaborators in Dr. Steven Grossman’s laboratory, which determined the catalytically 

active residues in the active site.27 Finally, the docking was repeated where the charges 
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on the ligand atoms were changed from the default AM1BCC charges to CHELPG 

charges manually in WordPad.   

 GoldSuite 5.3 was also employed to perform automated docking tasks. The default 

parameters were used except for the use of the CHEM-PLP scoring/fitness function. In 

order to effectively dock each compound, a 10 Å radius was set around the HIPP molecule 

in the crystal structure. The number of poses was set to 10 for each compound. Scoring 

with the CHEM-PLP scoring/fitness function was automatically performed for each 

fragment based on the docking poses.  

 Each model used the histidine protonation states predicted by PDB2PQR, with the 

exception of His315. Four models were tested in GOLD based around two variations: 

whether His315 was protonated on ND1 or NE2, and whether the six residues mentioned 

above were rigid or flexible. Three replicates were performed for each model. 

2.2.3: Generation of HINT scores 

 The highest scoring CHEM-PLP solution for HIPP and the top 8 scoring analogues 

in each GOLD model were rescored with HINT. The complex for each ligand and protein 

were energy minimized in SYBYLX2.1.1. The HINT calculation was facilitated by in house 

SYBYL SPL scripts and default parameters were used. The results from all three scoring 

functions (Section 2.3.1-2.3.3) were analyzed together and used to prioritize choosing 

compounds for synthesis.  
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2.2.4: Synthesis of third generation substrate-competitive CtBP inhibitors 

 A Horner-Wadsworth-Emmons (HWE) reagent was synthesized (Scheme 2.1) by 

first coupling dimethyl phosphite (1 eq) and ethyl glyoxalate (1 eq) with triethylamine 

(TEA, 0.2 eq) to afford ethyl 2-(dimethoxyphosphoryl)-2-hydroxyacetate (2.1).91 This was 

then TBS protected with tert-butyldimethylsilyl chloride (2 eq), imidazole (3 eq), and 

DMAP (0.15 eq) to yield the final HWE reagent, ethyl 2-((tert-butyldimethylsilyl)oxy)-2-

(dimethoxyphosphoryl)acetate (2.2).  

 The heterocycle scaffolds were purchased as aldehydes, which were then 

subjected to an HWE reaction in the presence of LiHMDS (1.1 eq), where the aldehyde 

was used in excess (1.5 eq) relative to the HWE reagent (1 eq). Initially, we attempted 

the HWE reaction with LDA (1.1 eq) at -78°C.92 However, we determined that because 

the aromatic ring systems of these analogues are more electron-rich, the synthesis 

required 

optimization 

(Scheme 2.2). 

This is why we 

opted to use a 

stronger base, 

LiHMDS, and 

reflux the 

 
Scheme 2.1: Synthesis of compounds 2.1 and 2.2. Reagents and conditions: (a) TEA, DCM, -
78°C, 1h. (b) Imidazole, DMAP, TBS chloride, DCM, rt, 18h. 

 

 
Scheme 2.2: Synthesis of analogues 2.3-2.24. Reagents and conditions: (a) 2.2, 
LiHMDS, THF, reflux, 15h. (b) 3HF•NEt3, H2NOH•HCl, rt, 19h. 
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reaction at 60°C. After purification, the resulting silyl enol ethers (2.3-2.11) underwent a 

two-step, one-pot reaction in which the silyl enol ether is TBS de-protected using 

triethylamine trihydroflouride (1.7 eq), and the resulting enol is converted to an oxime with 

hydroxylamine hydrochloride (1.7 eq) to yield the final oxime product (2.14-2.22). These 

reactions were also repeated with benzaldehyde and 4-Cl-benzaldehyde to prepare the 

HIPP ester (2.23) and 4-Cl HIPP ester (2.24) to test in cells as controls.  

 Indolizine-2-carbaldehyde (2.26) was unable to be purchased due to high cost, so 

indolizine-2-carboxylic acid was purchased instead, which we reduced to an aldehyde in 

two steps. We first tried a reaction from the literature to synthesize indolizine-2-

carbaldehyde (Scheme 2.3), where it was first converted to a Weinreb amide 2.25, 

followed by a reduction to the aldehyde 2.26 with lithium aluminum hydride (LAH).93 

Indolizine-2-carboxylic acid (1 eq) was reacted with N-methoxymethanamine (1.5 eq), 

Hexafluorophosphate Azabenzotriazole Tetramethyl Uronium (HATU, 1.2 eq) and TEA (2 

eq) to afford N-methoxy-N-methylindolizine-2-carboxamide (2.25). This was then reduced 

with LAH (1.5 eq) to yield indolizine-2-carbaldehyde (2.26).  

 However, while we were able to synthesize 2.25, it was difficult to purify. Further, 

we were unable to perform the LAH reduction cleanly and incapable of effectively 

performing the subsequent HWE reaction with a viable yield. We next tried to reduce 

Weinreb amide 2.25 to the aldehyde 2.26 with either diisobutylaluminum hydride (DIBAL) 

or Dess-Martin periodinane, but these reactions were unsuccessful. Finally, we reduced 

 
Scheme 2.3: Synthesis of compounds 2.25 and 2.26. Reagents and conditions: (a) N-
methoxymethanamine, HATU, TEA, DMF, 28°C, 12h. (b) LAH, THF rt, 2h. 
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indolizine-2-carboxylic acid (1 eq) with LAH (4 eq) to yield indolizin-2-ylmethanol (2.27). 

This was then oxidized with Manganese (IV) oxide (MnO2, 11 eq) to afford aldehyde 2.26 

(Scheme 2.4).  

 

 

 

We had also planned on making ethyl 3-(1H-benzo[d]imidazol-2-yl)-2-

(hydroxyimino)propanoate (2.30). However, when performing the above HWE reaction 

with 1H-benzimidazole-2-carboxaldehyde, the silyl enol ether product was not detected. 

Initially, we thought the issue might be with the amine hydrogen in the ring system, so we 

attempted to Boc protect that nitrogen, but were unsuccessful. Finally, we attempted to 

use the method to make HIPP and HIPP analogues outlined in Korwar et al. (2016, 

Scheme 2.5)68 where benzimidazole-2-carbaldehyde is first reacted with hydantoin (1 eq) 

and ethanolamine (1.55 eq)  to yield (Z)-5-((1H-benzo[d]imidazol-2-

yl)methylene)imidazolidine-2,4-dione (2.28).  However, we were unable to perform the 

reaction with hydantoin cleanly, and the following reaction to form 3-(1H-

benzo[d]imidazol-2-yl)-2-hydroxyacrylic acid (2.29) was unsuccessful.  

 
 Scheme 2.4: Synthesis of compounds 2.27 and 2.26. Reagents and conditions: (a) 
LAH, THF, 0°C→63°C, 16h. (b) MnO2, THF, rt, 16h. 

 
Scheme 2.5: Synthesis of compounds 2.28-2.30. Reagents and conditions: (a) 
hydantoin, Na2CO3 (sat aq), ethanolamine, EtOH/H2O (1:1), 120°C, 5-10h. (b) 20% 
NaOH (aq), 100°C, 3h. (c) NaOH, H2NOHꞏHCl, H2O, rt, 16 h. 
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 As the esters of our heteroaromatic HIPP analogues will be hydrolyzed to 

carboxylic acids in vivo, we hydrolyzed these compounds to their acid derivatives 

(Scheme 2.6) for our ITC experiments to obtain an accurate binding constant for each 

compound. The hydrolysis was done by reacting the corresponding ester compound 

(2.13-2.22) with 1M aqueous sodium hydroxide (3 eq) to afford the acid product (2.31-

2.39).94  

 We also synthesized HIPP (2.40) and 4-Cl HIPP (2.41) as the acid derivatives 

(Scheme 2.7) to measure binding affinity with CtBP2 utilizing ITC. We had phenylpyruvic 

acid and 4-chlorophenylpyruvic acid on hand, so these two reagents were used as 

starting materials as this allowed for conversion to the oxime products in one step. 

Phenylpyruvic acid and 4-chlorophenylpyruvic acid (1 eq) were reacted with sodium 

hydroxide (3 eq) and hydroxylamine hydrochloride (2 eq) to yield HIPP (2.40) and 4-Cl 

HIPP (2.41) respectively.  

 

 
 Scheme 2.6: Synthesis of compounds 2.31-2.39. Reagents and 
conditions: (a) 1M NaOH (aq), EtOH, rt, 16 h. 

 
Scheme 2.7: Synthesis of compounds 2.40-2.41. Reagents and 
conditions: (a) NaOH, H2NOH•HCl, H2O, rt, 16 h. 
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2.2.5: Evaluation of novel CtBP inhibitors in cells 

 A2780 ovarian cancer cells (~1000 cells) in 100 µL media were plated in a 96-well 

plate. After a 24-hour incubation period, inhibitors 2.14-2.24 and 2.41 in DMSO were 

further diluted in NaHCO3 (0.8% diluted DMSO final volume/well) and added to plates at 

concentrations as shown in Table 2.1. 72 h after addition of inhibitor, 20 µL of MTT 

solution (Alfa Aesar) was added to each well and cells were incubated a further 4 h. Media 

was then aspirated and the MTT metabolic product formazan was resuspended in 200 µL 

DMSO. Optical density was measured at 560 nm (subtracting background at 670 nm) 

using a microplate reader. This MTT assay was repeated with inhibitors using HEY and 

Ovcar420 ovarian cancer cells, HCT116 colorectal cancer cells, and MCF-7 and MDA-

MB-231 breast cancer cells. 

  Inhibitors were also tested in a clonogenic assay. A2780 cells (~200 cells) in 100 

µL media were plated in a 96-well plate. Inhibitors 2.14, 2.15, 2.17-2.24, and 2.41 in 

DMSO were further diluted in NaHCO3 (0.8% diluted DMSO final volume/well) and added 

to plates at 1000, 500, 250, 125, 62.5, and 0 µM concentrations. After addition of inhibitor, 

cells were incubated for a 72-h period. Colonies were then fixed and stained with a 

mixture of 6.0% glutaraldehyde and 0.5% crystal violet. Colonies were then counted using 

a stereomicroscope and an automatic counting colony counter pen. The plating efficiency 

Table 2.1: Inhibitor concentrations used in the MTT cell viability assay for compounds in each cell line 

Concentration HCT116 A2780 HEY Ovcar420 MCF-7 MDA-MB-231 

1024 µM to 1 µM, 
2-fold dilutions 

2.14 2.14-2.16, 
2.41 

2.14-2.16, 
2.41 

2.14-2.16, 
2.41 

2.14 2.14 

4 mM to 62.5 µM, 
2-fold dilutions 

2.17-2.21, 
2.23-2.24 

2.17-2.21, 
2.23 

2.17-2.21, 
2.23-2.24 

2.17-2.21, 
2.23-2.24 

N/A N/A 

16 mM to 250 µM, 
2-fold dilutions 

N/A 2.22 N/A N/A N/A N/A 

16 mM to 62.5 µM, 
2-fold dilutions 

N/A 2.24 N/A N/A N/A N/A 

16 mM to 62.5 µM, 
2-fold dilutions 

N/A 2.24 N/A N/A N/A N/A 
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(PE) of control cells was determined as the fraction of colonies from untreated cells. This 

was then taken into account when calculating the surviving fraction (SF), or the number 

of colonies formed after treatment. This clonogenic assay was repeated with inhibitors 

using Patu8988T pancreatic cancer cells.  

 All cellular assays were performed by Dr. Martin M. Dcona at the University of 

Southern California. Percent cell/clone viability data were normalized to the no inhibitor 

control, converted to a percentage, and plotted against the log of the concentrations of 

the inhibitor. Curve fitting and the determination of the EC50 values were performed in 

Prism (Graphpad, Version 9) using non-linear regression to either the log(inhibitor) vs 

normalized response equation (MTT) or the [Inhibitor] vs normalized response equation 

(clonogenic). EC50 values represent the drug concentration that results in 50% of the 

cell/clone viability.  

2.2.6: Isothermal titration calorimetry 

 ITC experiments were performed at 25°C with the Microcal PEAQ-ITC Automated 

System (Malvern). Purified CtBP2 wt (31-364) truncated27 was stored in 50 mM Tris 

(base), 300 mM NaCl,  2 mM DTT and 14% glycerol. This was then concentrated by spin 

column (5000 RPM, 4°C, 30 min increments) and diluted into ITC buffer 50 mM HEPES 

at pH 7.5, 300 mM NaCl, 1 mM EDTA, 2 mM TCEP and 1-5% DMSO. The concentration 

of protein was determined utilizing a NanoDrop, which measured the absorbance at 280 

nm. The absorbance was converted to a concentration in mg/mL utilizing the molecular 

weight 36873.1 kDa and the extinction coefficient 24410 M-1 cm-1.  Concentrated ligands 

in 49.35% DMSO were diluted to working concentrations in ITC buffer. Binding was 

measured by titrating 125-1000 µM inhibitor. CtBP2 concentration was 10-50 µM for all 



31 

 

experiments. Each measurement consisted of nineteen (19) 2.0 µL injections of inhibitor 

into the CtBP2 solutions. Data were fit in the MicroCal PEAQ-ITC analysis software to the 

single binding site model. Heats of ligand dilution were measured and subtracted for each 

type of binding experiment before curve fitting. Final results represent the average of at 

least 2 measurements. The Kd and ΔH of each binding experiment was calculated based 

on the ΔQ per injection. The thermodynamic data obtained was entered into Jamovi 

v2.2.5, where the average, standard deviation, and standard error of the mean was 

calculated.   
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2.3: Results and Discussion 

2.3.1: Results from docking and scoring of library against CtBP in GOLD 

 Our compound library was docked in the co-crystal structure of CtBP1 using 

GoldSuite 5.3, which uses a genetic algorithm to find the best fit for each compound. Each 

pose in GOLD was scored with the CHEM-PLP scoring algorithm. The compounds were 

then rank-ordered based on their scores. Two parameters were varied to refine the model: 

the protonation state of His315, and whether the side chains of active site residues should 

be rigid or flexible. To account for this, there were four separate models in GOLD: two 

Table 2.2: Top 15 scores from docking studies in GOLD. Model conditions: (a) Rigid side chains, 
HSD315; (b) Rigid side chains, HSE315; (c) Flexible side chains, HSD315; (d) Flexible side chains, 
HSE315. 

 Compound 
Rank (a) (b) (c) (d) 
1 Indolizine-2-

(C3HIA) 
Indolizine-2-
(C3HIA) 

Naphthalene-2-
(C3HIA) 

Indolizine-2-
(C3HIA) 

2 Naphthalene-2-
(C3HIA) 

Naphthalene-2-
(C3HIA) 

Indolizine-2-
(C3HIA) 

Naphthalene-2-
(C3HIA) 

3 Isoquinoline-3-
(C3HIA) 

Isoquinoline-3-
(C3HIA) 

Indole-2-(C3HIA) Isoquinoline-3-
(C3HIA) 

4 Quinazoline-2-
(C3HIA) 

Quinoline-2-
(C3HIA) 

Isoquinoline-3-
(C3HIA) 

Quinoline-2-
(C3HIA) 

5 Quinoline-2-
(C3HIA) 

Quinazoline-2-
(C3HIA) 

Quinoline-2-
(C3HIA) 

Quinazoline-2-
(C3HIA) 

6 Benzofuran-2-
(C3HIA) 

Isoindole-1-(C3HIA) Benzofuran-2-
(C3HIA) 

Naphthalene-2-
(C2HIA) 

7 Isoindole-1-(C3HIA) Benzofuran-2-
(C3HIA) 

Naphthalene-2-
(C2HIA) 

Quinoline-2-
(C2HIA) 

8 Naphthyridine-2-
(C3HIA) 

Indole-2-(C3HIA) Isoquinoline-3-
(C2HIA) 

Indolizine-2-
(C2HIA) 

9 Indole-2-(C3HIA) Quinoxaline-2-
(C3HIA) 

Indolizine-2-
(C2HIA) 

Quinoxaline-2-
(C3HIA) 

10 Quinoxaline-2-
(C3HIA) 

Naphthyridine-2-
(C3HIA) 

Quinoxaline-2-
(C3HIA) 

Indole-2-(C3HIA) 

11 Benzimidazole-2-
(C3HIA) 

Benzimidazole-2-
(C3HIA) 

Indole-2-(C2HIA) Quinazoline-2-
(C2HIA) 

12 Indazole-3-(C3HIA) Indazole-3-(C3HIA) Benzimidazole-2-
(C3HIA) 

Naphthyridine-2-
(C3HIA) 

13 Indolizine-2-
(C2HIA) 

Pyridine-2-(C3HIA) Indazole-3-(C3HIA) Benzimidazole-2-
(C3HIA) 

14 Pyridine-2-(C3HIA) Pyrrole-2-(C3HIA) Quinazoline-2-
(C3HIA) 

Isoquinoline-3-
(C2HIA) 

15 HIPP HIPP HIPP Benzimidazole-2-
(C2HIA) 
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models with rigid active side 

chains where His315 was 

protonated on either ND1 or 

NE2, and two models with 

flexible active site side 

chains where His315 was 

protonated on either ND1 or 

NE2. The top 15 rank-

ordered compounds from the GOLD docking sessions are shown in Table 2.2. All models 

in GOLD utilized AM1BCC atom charges. In terms of the protonation state of His315, we 

determined that the protonation state affects the poses generated in the docking sessions 

(Figure 2.3).  

 When allowing for 

side chain flexibility in GOLD 

models, the calculated PLP 

fitness scores did not differ 

greatly. Similarly to models 

with rigid side chains, 

bicyclic heterocycles had 

better PLP fitness scores 

than monocyclic heterocycles. Further, compounds with two atoms in the hydroxyimino 

acid (n = 0) did not score as well when compared to HIPP.  It makes sense that PLP 

fitness scores would not differ between models with rigid or flexible side chains, because 

 
Figure 2.3: Compound 2.33 docked into the CtBP1-HIPP co-
crystal structure with His315 protonated on the E-nitrogen 
(yellow) or the D-nitrogen (pink). 

 
Figure 2.4: Compound 2.34 docked into the CtBP1-HIPP co-
crystal structure with rigid side chains (orange) or flexible side 
chains (beige).    
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when one examines the poses generated in our GOLD models with flexible side chains, 

we see that the predicted poses do not differ greatly. (Figure 2.4).  

 When we took the average of the PLP fitness scores generated for each 

compound, we found that there 

were 8 compounds that exhibited 

higher scores than HIPP (Table 

2.3). To test our model 

predictions, we chose to 

synthesize the two top-scoring 

compounds, Indolizine-2-(C3HIA) (2.36) and Naphthalene-2-(C3HIA) (2.31).  

Table 2.3: Compounds that scored better than HIPP in 
GOLD models on average.  

Compound Average PLP Fitness Score 
Indolizine-2-(C3HIA) 74.36583333 
Naphthalene-2-(C3HIA) 73.15583333 
Isoquinoline-3-(C3HIA) 72.89166667 
Quinoline-2-(C3HIA) 71.06 
Quinazoline-2-(C3HIA) 69.94333333 
Indole-2-(C3HIA) 69.37833333 
Quinoxaline-2-(C3HIA) 67.60166667 
Benzimidazole-2-(C3HIA) 66.67166667 
HIPP 59.89666667 

Table 2.4: Rank-ordered scores from HINT scoring. Model conditions: (a) Rigid side chains, HSD315; 
(b) Rigid side chains, HSE315; (c) Flexible side chains, HSD315; (d) Flexible side chains, HSE315. 

 Compound 
Rank (a) (b) (c) (d) 
1 HIPP HIPP Quinoline-2-

(C3HIA) 
Indolizine-2-
(C3HIA) 

2 Quinoline-2-
(C3HIA) 

Quinoline-2-
(C3HIA) 

Indole-2-(C3HIA) Quinoline-2-
(C3HIA) 

3 Naphthalene-2-
(C3HIA) 

Naphthalene-2-
(C3HIA) 

Naphthalene-2-
(C3HIA) 

Indole-2-(C3HIA) 

4 Quinoxaline-2-
(C3HIA) 

Quinoxaline-2-
(C3HIA) 

Quinoxaline-2-
(C3HIA) 

Naphthalene-2-
(C3HIA) 

5 Indolizine-2-
(C3HIA) 

Indolizine-2-
(C3HIA) 

Isoquinoline-3-
(C3HIA) 

HIPP 

6 Quinazoline-2-
(C3HIA) 

Quinazoline-2-
(C3HIA) 

Benzimidazole-2-
(C3HIA) 

Quinoxaline-2-
(C3HIA) 

7 Isoquinoline-3-
(C3HIA) 

Isoquinoline-3-
(C3HIA) 

HIPP Quinazoline-2-
(C3HIA) 

8 Indole-2-(C3HIA) Indole-2-(C3HIA) Quinazoline-2-
(C3HIA) 

Benzimidazole-2-
(C3HIA) 

9 Benzimidazole-2-
(C3HIA) 

Benzimidazole-2-
(C3HIA) 

Indolizine-2-
(C3HIA) 

Isoquinoline-2-
(C3HIA)  

 
9 Benzimidazole-2-

(C3HIA) 
Benzimidazole-2-
(C3HIA) 

Indolizine-2-
(C3HIA) 

Isoquinoline-2-
(C3HIA)  

 
9 Benzimidazole-2-

(C3HIA) 
Benzimidazole-2-
(C3HIA) 

Indolizine-2-
(C3HIA) 

Isoquinoline-2-
(C3HIA)  
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2.3.2: Results from generation of HINT scores 

The top-scoring compounds (Table 2.3) using the CHEM-PLP scoring algorithm 

were also re-scored with the HINT scoring function. Only these 9 compounds were scored 

with HINT due to time 

constraints. The rank-

ordered compounds from 

HINT scoring are shown in 

Table 2.4. In the models with 

rigid side chains, HIPP had 

the best HINT score overall. 

HINT scoring was inconsistent between replicates of some models, as several negative 

interactions were predicted. However, HINT did provide some insight in terms of potential 

interactions that are made between the docked compounds and residues in the active 

site. For example, Quinoline-2-(C3HIA) was predicted to have an acid/base interaction 

between its aromatic nitrogen and the hydroxyl moieties of residues Ser100 and Thr128 

(Figure 2.5). Napthalene-2-(C3HIA) was predicted to have a stronger hydrophobic 

interaction with Met327 than HIPP, and Indolizine-2-(C3HIA) was predicted to form a 

hydrogen bond with Trp318, and an acid/base interaction with His315 in models where 

NE2 is protonated.  

When we calculated the 

average HINT score for each 

compound across all models, we see 

that HIPP had the highest HINT score 

 
Figure 2.5: Compound 2.34 docked into the CtBP1-HIPP co-
crystal structure is able to make acid/base interactions between 
its aromatic nitrogen and residues Thr128 and Ser100. 

Thr128 

Ser100 

Table 2.5: Average HINT Scores of each compound in 
models with flexible side chains.  

Compound Average HINT Score 
Quinoline-2-(C3HIA) 1142.357 
Indole-2-(C3HIA) 1128.879 
Napthalene-2-(C3HIA) 1102.121 
Quinoxaline-2-(C3HIA) 941.853 
Benzimidazole-2-(C3HIA) 784.6862 
HIPP 673.3669 
Indolizine-2-(C3HIA) 607.114 
Quinazoline-2-(C3HIA) 446.1478 
Isoquinoline-3-(C3HIA) 212.8968 
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overall. However, if we only view the HINT scores from models with flexible side chains, 

there were 5 compounds that had higher HINT scores than HIPP (Table 2.5). Based on 

this data, we chose to synthesize Quinoline-2-(C3HIA) (2.34) and Indole-2-(C3HIA) (2.32) 

to test our model predictions.  

2.3.3: Results from docking and scoring of library against CtBP in AutoDock Vina 

 Our compound library was docked in the co-crystal structure of CtBP1 using 

AutoDock Vina, which uses a gradient optimization algorithm to find the best fit for each 

compound. Each pose in AutoDock Vina was scored with Vina’s scoring function, which 

Table 2.6: Top 15 scores from docking studies in AutoDock Vina. Model conditions: (a) Rigid side 
chains, AM1BCC charges, His315 dually protonated; (b) Rigid side chains, AM1BCC charges, His315 
D-nitrogen protonated; (c) Flexible side chains, AM1BCC charges, His315 D-nitrogen protonated; (d) 
Flexible side chains, CHELPG charges, His315 D-nitrogen protonated. 

 Compound 
Rank (a) (b) (c) (d) 
1 Pyridazine-3-

(C3HIA) 
Pyridazine-3-
(C3HIA) 

Quinoline-2-
(C3HIA) 

Naphthalene-2-
(C3HIA) 

2 HIPP Pyridine-2-(C3HIA) Naphthalene-2-
(C3HIA) 

Quinoline-2-
(C3HIA) 

3 Pyridine-2-(C3HIA) Indole-2-(C2HIA) Naphthyridine-2-
(C3HIA) 

Naphthyridine-2-
(C3HIA) 

4 Pyrrole-2-(C3HIA) HIPP Isoindole-1-(C3HIA) Isoindole-1-(C3HIA) 
5 Naphthalene-2-

(C3HIA) 
Furan-2-(C3HIA) Quinazoline-2-

(C3HIA) 
HIPP 

6 Quinoline-2-
(C3HIA) 

Pyrimidie-4-(C3HIA) Pyridine-2-(C3HIA) Quinazoline-2-
(C3HIA) 

7 Pyrazole-3-(C3HIA) Isoxazole-5-
(C3HIA) 

HIPP Pyridine-2-(C3HIA) 

8 Pyrimidine-4-
(C3HIA) 

Naphthalene-2-
(C2HIA) 

Isoquinoline-3-
(C3HIA) 

Indole-2-(C3HIA) 

9 Furan-2-(C3HIA) Benzofuran-2-
(C2HIA) 

Indole-2-(C3HIA) Isoquinoline-3-
(C3HIA) 

10 Triazine-2-(C3HIA) Quinoline-2-
(C3HIA) 

Indazole-3-(C3HIA) Indazole-3-(C3HIA) 

11 Imidazole-4-
(C4HIA) 

Isoquinoline-3-
(C2HIA) 

Pyridazine-3-
(C3HIA) 

Pyridazine-3-
(C3HIA) 

12 Indole-2-(C3HIA) Pyrrole-2-(C3HIA) Naphthalene-2-
(C2HIA) 

Naphthalene-2-
(C2HIA) 

13 Isoxazole-5-
(C3HIA) 

Naphthalene-2-
(C3HIA) 

Isoquinoline-3-
(C2HIA) 

Isoquinoline-3-
C2HIA) 

14 Pyrazine-2-(C3HIA) Pyrazine-2-(C3HIA) Benzofuran-2-
(C3HIA) 

Quinoxaline-2-
(C3HIA) 

15 Triazole-4-(C3HIA) Benzimidazole-2-
(C2HIA) 

Quinoxaline-2-
(C3HIA) 

Benzofuran-2-
(C3HIA) 
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is physics-based and utilizes machine learning to predict the free energy of binding 

(kcal/mol).90  

The top 15 rank-ordered compounds from the Autodock Vina docking sessions are 

shown in Table 2.6. Unlike the GOLD docking sessions, the docking scores varied greatly 

when comparing models with rigid versus flexible side chains. In models with rigid side 

chains, the top scoring compounds are monocyclic, heteroaromatic compounds. When 

accounting for flexible side chains in the active site, however, bicyclic heterocycles score 

better compared to HIPP. We also determined that compounds without the methylene 

group between the oxime moiety and the aromatic ring moiety do not score well in models 

with flexible side chains. We did not find a significant difference between models with 

AM1BCC charges compared to those with CHELPG charges, so we did not pursue this 

parameter further. 

To test the accuracy of each model, we chose to synthesize Pyridazine-3-(C3HIA) 

(2.35) and Pyridine-2-(C3HIA) (2.33), which were the top compounds in models with rigid 

side chains (Table 2.7). The top scoring 

compounds in models with flexible side 

chains were Quinoline-2-(C3HIA) (2.34) 

and Naphthalene-2-(C3HIA) (2.31), which 

we had already planned to synthesize 

based on our results from GOLD and 

HINT.  

Table 2.7: Average Vina Scores of select 
compounds in models with rigid side chains.  

Compound Average Vina Score 
Pyridazine-3-(C3HIA) -8.25 
Pyridine-2-(C3HIA) -8.05 
HIPP -8 
Furan-2-(C3HIA) -7.75 
Pyrimidine-4-(C3HIA) -7.75 
Pyrrole-2-(C3HIA) -7.75 
Quinoline-2-(C3HIA) -7.75 
Napthalene-2-(C3HIA) -7.7 
Isoxazole-5-(C3HIA) -7.65 



38 

 

In docking experiments with flexible side chains, the output files generated include 

not only the pose of the docked compound, 

but also how the side chains move to 

accommodate docking of the ligand. This 

provided us with insight for all of the 

catalytically active residues and how they 

might behave in the binding pocket. This 

feature seemed especially important for the 

residue Trp318, because it acts as a 

dimerization switch for CtBP that is 

dependent on its orientation.23 In Figure 2.6 it 

is evident that when Naphthalene-2-(C3HIA) is docked into the crystal structure, Trp318 

flips its orientation to accommodate a π-stacking interaction with the naphthyl ring.  

From this observation we made a prediction that compounds capable of flipping 

Trp318 would be more potent against CtBP in cells. Bicyclic heteroaromatic compounds 

scored better in docking sessions with flexible side chains, so we refined our hypothesis 

that bicyclic compounds capable of flipping Trp318 would be the most potent in cells. This 

gave us two factors to focus on – whether the compound was able to flip Trp318, and 

whether it was bicyclic or monocyclic. This provides four separate groups of compounds: 

bicyclic compounds that flip Trp318, bicyclic compounds that do not flip Trp318, 

monocyclic compounds that flip Trp318, and bicyclic compounds that do not flip Trp318. 

To test our hypothesis, we chose to synthesize a minimum of two compounds from each 

group. Of the compounds we had already selected to make based on the docking results, 

 
Figure 2.6: The orientation of Trp318 in the 
binding pocket when 2.31 (magenta) is 
docked into the CtBP1-HIPP co-crystal 
structure with rigid (white) or flexible (blue) 
side chains.   
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Naphthalene-2-(C3HIA) (2.31), Indole-2-(C3HIA) (2.32), and Quinoline-2-(C3HIA) (2.34) 

are bicyclic compounds that flip Trp318, Pyridine-2-(C3HIA) (2.33) and Pyridazine-3-

(C3HIA) (2.35) are monocyclic compounds that do not flip Trp318, and Indolizine-2-

(C3HIA) (2.36) is bicyclic and does not flip Trp318. We decided to synthesize Pyrazole-

3-(C3HIA) (2.37) and Pyrazine-2-(C3HIA) (2.38) as our two compounds that are 

monocyclic and do flip Trp318, and Benzofuran-2-(C3HIA) (2.39) as our second 

compound that is bicyclic but does not flip Trp318. This, along with the compound’s 

rankings in Vina, GOLD, and HINT are shown in Table 2.8.  

Table 2.8: Parameters of the 9 heteroaromatic HIPP analogues that were chosen 
for synthesis based on docking results. Docking ranks are all based on models 
with ND1 protonation of His315, flexible side chains, and AM1BCC charges. 

 
Compound Heteroaromatic 

Ring 
Trp318 
Flipped  

Mono- vs 
Bicyclic 

Vina 
Rank 

GOLD 
Rank 

HINT 
Rank 

2.31 Naphthalene Yes Bicyclic 2 1 3 
2.32 Indole Yes Bicyclic 9 3 2 
2.33 Pyridine No Monocyclic 6 32 N/A 
2.34 Quinoline Yes Bicyclic 1 5 1 
2.35 Pyridazine No Monocyclic 11 24 N/A 
2.36 Indolizine No Bicyclic 23 2 9 
2.37 Pyrazole Yes Monocyclic 22 36 N/A 
2.38 Pyrazine Yes Monocyclic 27 29 N/A 
2.39 Benzofuran No Bicyclic 14 6 N/A 
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2.3.4: Results from evaluation of novel CtBP inhibitors in cells 

 The first compounds that were tested in cells were compounds 2.14-2.16 and 2.41. 

EC50 values reported represent the concentration of drug compound necessary to kill 50% 

of the cells. In A2780 cells, or ovarian endometroid adenocarcinoma, compound 2.14 had 

an EC50 value of 139.6 µM, and 2.15 had an EC50 of 147.3 µM. Both of these values had 

a 10-fold improvement in potency compared to 4-Cl HIPP (2.41). These results are shown 

in Figure 2.7. Compound 2.16 did not show any improved cellular potency in comparison 

to 4-Cl HIPP.  

 Compounds 2.14-2.16 and 2.41 were then tested in HEY cells (Figure 2.8), or high 

grade ovarian serous adenocarcinoma. 2.14 had an EC50 value of 178.7 µM, while 2.15 

had an EC50 value of 944.8 µM. Again 2.16 did not have improved cellular potency when 

compared to 4-Cl HIPP (2.41, EC50 = 2343 µM).  

 
Figure 2.7: Comparisons of compounds 2.14-2.16 with 4-Cl HIPP in MTT Cell 
viability assay in A2780 cells.     
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 These four compounds were also tested for cell viability in Ovcar420 cells, or 

ovarian serous adenocarcinoma, though none of the compounds had an EC50 less than 

1 mM (Figure 2.9).  

Given the initial success of 2.14 in two ovarian cancer cell lines, this compound 

was also tested in the MTT cell viability assay in breast and colorectal cancer cells. In 

HCT116 cells, 2.14 had an EC50 value of 65.03 µM (Figure 2.10). In breast cancer, 2.14 

 
Figure 2.9: Comparisons of compounds 2.14-2.16 with 4-Cl HIPP in MTT Cell viability assay 
in HEY cells.    

  
Figure 2.8: Comparisons of compounds 2.14-2.16 with 4-Cl HIPP in MTT Cell 
viability assay in Ovcar420 cells. 
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was tested in the MTT assay in two cell lines, MCF-7 cells and MDA-MB-231 cells. MCF-

7 cells are estrogen(+), progesterone(+), and HER2(-), and are used to represent 

hormone-dependent breast cancer. MDA-MB-231 cells are triple negative and are highly 

invasive, hormone-independent breast cancer cells. 2.14 was more potent in MDA-MB-

231 cells (EC50 = 21.88 µM) than in MCF-7 cells (EC50 = 179.5 µM) (Figure 2.11). 

 Next, compounds 2.17-2.21 and 2.23-2.24 were tested in the MTT cell viability 

assay in A2780, HEY, Ovcar420, and HCT116 cells. In A2780 cells (Figure 2.12) 

 
Figure 2.11: Compound 2.14 in the MTT Cell 
Viability assay in HCT116 cells.   

 
Figure 2.10: Compound 2.14 in the MTT Cell 
Viability assay in breast cancer cell lines.    

Figure 2.12: Comparisons of compounds 2.17-2.21 and 2.23-2.24 in MTT Cell 
viability assay in A2780 cells. 
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compound 2.24 was the most potent, with an EC50 value of 35.24 µM. 2.19 demonstrated 

an EC50 of 64.56 µM and 2.17 demonstrated an EC50 of 81.56 µM.  

 In Ovcar420 cells (Figure 2.13), the most potent compound was 2.19, which 

displayed an EC50 value of 92.90 µM. 2.17 exhibited an EC50 of 124.1 µM and 2.23 

showed an EC50 of 117.8 µM. All of the compounds tested at EC50 values lower than 1 

mM.  

In HCT116 cells (Figure 2.14), the only compound that had an EC50 value less 

than 200 µM was 2.19, which presented an EC50 of 69.40 µM.  

 
Figure 2.14: Comparisons of compounds 2.17-2.21 and 2.23-2.24 in in MTT Cell 
viability assay in Ovcar420 cells. 

 
Figure 2.13: Comparisons of compounds 2.17-2.21 and 2.23-2.24 in in MTT Cell 
viability assay in HCT116 cells. 
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 Due to time constraints, compound 2.22 was tested in the MTT assay only in 

A2780 cells (Figure 2.15). 2.22 had an EC50 of 73.79 µM.  

The MTT cell viability data for all tested compounds is summarized in Table 2.9.  

Compounds 2.14, 2.15, and 2.17-2.24 were also tested in a clonogenic assay in 

both A2780 cells (Figure 2.16) and Patu8988T pancreatic cancer cells (Figure 2.17) to 

measure their ability to inhibit colony formation. The most potent compound in A2780 cells 

was 2.14, which had an EC50 of 76.84 µM. Two other compounds demonstrated an EC50 

Table 2.9: Cellular evaluation of HIPP heterocycle analogues in MTT cell viability assay. ND = not 
determined. 

 EC50 (µM) 
Compound HCT116 A2780 HEY Ovcar420 MCF-7 MDA-MB-231 
2.14 65.03 139.6 178.7 1205 179.5 21.88 
2.15 ND 147.3 944.8 1847 ND ND 
2.16 ND >>25 mM >> 100 mM >>45 mM ND ND 
2.17 295.8 81.56 1279 124.1 ND ND 
2.18 695.3 179.9 3256 591.1 ND ND 
2.19 69.40 64.56 219.5 92.90 ND ND 
2.20 323.1 681.4 >>100 mM 397.7 ND ND 
2.21 242.1 807.3 >>100 mM 415.1 ND ND 
2.22 ND 73.79 ND ND ND ND 
2.23 267.2 184.3 1109 117.8 ND ND 
2.24 638.8 35.24 1042 548.5 ND ND 
2.41 2356 1654 2343 3181 ND ND 

 
 Figure 2.15: Compound 2.22 in the MTT Cell Viability assay 
in A2780 cells. 



45 

 

that was less than 100 µM: 2.23 (EC50 = 98.13 µM) and 2.24 (EC50 = 98.18 µM). 2.20 and 

2.41 were inactive in this assay in A2780 cells.  

 The most potent compound in Patu8988T cells was 2.19, which had an EC50 value 

of 135.6 µM. One other compound exhibited an EC50 less than 200 µM, 2.24 (EC50 = 

199.4 µM). Compounds 2.15, 2.16, 2.20, 2.21, and 2.41 were inactive in Patu8988T cells. 

The clonogenic assay data for all compounds 

tested is shown in Table 2.10.  

Table 2.10: Cellular evaluation of HIPP 
heterocycle analogues in clonogenic assays 
to determine their ability to inhibit colony 
formation.  

 EC50 (µM) 
Compound A2780 Patu8988T 
2.14 76.84 269.1 
2.15 17970 5.650e+018 
2.17 209748 5.65e+018 
2.18 7164 411.1 
2.19 716.4 135.6 
2.20 5.65e+018 5.650e+018 
2.21 550.1 5.650e+018 
2.22 227.0 249.5 
2.23 98.13 1979 
2.24 98.18 199.4 
2.41 5.650e+018 5.650e+018 

 
Figure 2.16: Comparisons of compounds 2.14, 2.15, and 2.17-2.24 with 4-Cl HIPP in clonogenic 
assay in A2780 cells.    
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Figure 2.17: Comparisons of compounds 2.14, 2.15, and 2.17-2.24 with 4-Cl HIPP in clonogenic 
assay in Patu8988T cells.   
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2.3.5: Results from isothermal titration calorimetry 

 In order to investigate the validity of our modeling results and determine which 

model best predicts the binding affinity of the docked compounds, we employed ITC to 

measure the thermodynamics for binding of compounds 2.31-2.41 to CtBP2 at pH 7.5. 

We chose to perform the experiments at pH 7.5 because previously published work by 

our collaborators indicated that HIPP had greater affinity to CtBP1 at this pH, as opposed 

 
Figure 2.18: Example of a single ITC experiment utilizing HIPP 
(2.40) with CtBP2 wt (31-364) truncated at pH 7.5.   



48 

 

to pH 8.5.87  Initial experiments measured the dissociation constant of HIPP (2.40) as 

1.51 µM (Figure 2.18). This is comparable to the previously reported Kd of 1.30 µM.87 

Utilizing the same conditions as when we measured the dissociation constant of 

HIPP (2.40), we next performed ITC experiments with 2.41 where the measured Kd was 

310 nM (Figure 2.19). This is the first time that 4-Cl HIPP has undergone ITC with either 

CtBP1 or CtBP2.  

 
Figure 2.19: Example of a single ITC experiment utilizing 4-Cl HIPP 
(2.41) with CtBP2 wt (31-364) truncated at pH 7.5.   
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We next performed ITC experiments with our HIPP heteroaromatic analogues. The 

measured Kd of 2.31 binding to CtBP2 was 1.09 µM (Figure 2.20).  

 

 

 

 

 
Figure 2.20: Example of a single ITC experiment utilizing 
Naphthalene-2-(C3HIA) (2.31) with CtBP2 wt (31-364) truncated at 
pH 7.5.    
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Compound 2.32 had a measured dissociation constant of 11.2 µM (Figure 2.21).  

 

 

 

 

 

 

 
Figure 2.21: Example of a single ITC experiment utilizing Indole-2-
(C3HIA) (2.32) with CtBP2 wt (31-364) truncated at pH 7.5.   
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Compound 2.33 had a measured dissociation constant of 204 µM (Figure 2.22). 

 

 

 

 

 

 
Figure 2.22: Example of a single ITC experiment utilizing Pyridine-
2-(C3HIA) (2.33) with CtBP2 wt (31-364) truncated at pH 7.5.   
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Compound 2.34 had a measured dissociation constant of 46.0 µM (Figure 2.23).  

 

 

 

 

 

 
Figure 2.23: Example of a single ITC experiment utilizing 
Quinoline-2-(C3HIA) (2.34) with CtBP2 wt (31-364) truncated at pH 
7.5.   
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 Compound 2.35 had a measured dissociation constant of 439 µM (Figure 2.24). 

 

 

 

 

 

 
Figure 2.24: Example of a single ITC experiment utilizing 
Pyridazine-3-(C3HIA) (2.35) with CtBP2 wt (31-364) truncated at pH 
7.5.    
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Compound 2.36 had a measured dissociation constant of 37.8 µM (Figure 2.25).  

 

 

 

 

 

 

 
Figure 2.25: Example of a single ITC experiment utilizing Indolizine-
2-(C3HIA) (2.36) with CtBP2 wt (31-364) truncated at pH 7.5.   
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Compound 2.37 had a measured dissociation constant of 60.0 µM (Figure 2.26).  

 

 

 

 

 

 
Figure 2.26: Example of a single ITC experiment utilizing Pyrazole-
3-(C3HIA) (2.37) with CtBP2 wt (31-364) truncated at pH 7.5.   
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 Compound 2.38 had a measured dissociation constant of 50.9 µM (Figure 2.27).  

 

 

 

 

 

 
 Figure 2.27: Example of a single ITC experiment utilizing Pyrazine-
2-(C3HIA) (2.38) with CtBP2 wt (31-364) truncated at pH 7.5.   
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Of the heteroaromatic analogues, 2.39 had the most affinity for binding to CtBP2 

with a Kd of 940 nM (Figure 2.28).  

 

 

 
Figure 2.28: Example of a single ITC experiment utilizing 
Benzofuran-2-(C3HIA) (2.39) with CtBP2 wt (31-364) truncated at 
pH 7.5.  
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The full ITC results are provided in Table 2.11.  

2.3.6: Discussion 

 A small library (36 total) of substrate-competitive inhibitors of CtBP1/2 were 

designed in silico. These inhibitors involved replacement of the phenyl ring of HIPP with 

different heteroaromatic ring systems, with the goal of forming a stronger π-stacking 

interaction with Trp318 and a potential hydrogen bond interaction with His315. Each of 

these compounds was docked into the CtBP1-HIPP co-crystal structure utilizing 

AutoDock Vina and GOLD, and the docking interactions were scored in the corresponding 

scoring functions, as well as by HINT.  From our docking results, 9 compounds were 

selected to be synthesized, both as a carboxylic acid for ITC (2.31-2.39), and as an ethyl 

ester for cellular assays (2.14-2.22). Each compound was synthesized as described in 

Section 2.2.4. Each compound was confirmed by HRMS, and purity was confirmed by 

analytical, reversed-phase HPLC.   

The modeling serves to predict the binding affinity of the heteroaromatic HIPP 

analogues to CtBP. Logically, to test our model’s predictions we measured the binding 

affinity (dissociation constant) of each compound with ITC. In our ITC experiments, the 

Table 2.11: Thermodynamic parameters for Ligand binding to CtBP2 Derived from ITC 
Measurements. Values reported represent the average of four measurements, unless otherwise 
noted.   

Compound pH Kd ΔG (kcal) ΔH (kcal mol-1) -TΔS (kcal mol-1) 
2.31a 7.5 1.09 ± 0.63 µM -8.42 -12.74 ± 3.35 4.3 
2.32 7.5 11.2 ± 3.33 µM -6.85 -1.28 ± 5.86 -5.6 
2.33 7.5 204 ± 29.2 µM -5.06 -6.3 ± 16.5 1.3 
2.34 7.5 46.0 ± 7.90 µM -5.94 -0.55 ± 10.7 -6.5 
2.35 7.5 439 ± 25.8 µM -4.59 4.08 ± 32.2 -8.7 
2.36 7.5 37.9 ± 7.68 µM -6.09 3.98 ± 9.34 -10 
2.37b 7.5 60.0 ± 30.2 µM -5.85 -49.8 ± 30.2 44 
2.38 7.5 50.9 ± 14.8 µM -5.93 1.63 ± 1.49 -7.6 
2.39a 7.5 0.94 ± 0.34 µM -8.50 -15.80 ± 1.85 7.3 
2.40 7.5 1.51 ± 0.24 µM -7.97  -12.00 ± 0.72 4.0 
2.41 7.5 0.31 ± 0.07 µM -8.93 -12.85 ± 0.87 3.9 

aFive measurements. bTwo Measurements. 
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compound that had the most affinity to CtBP2 was 4-Cl HIPP (2.41), which had an 

average Kd of 310 nM. This corresponds nicely with the cell viability data obtained, where 

its ester derivative 2.24 had an EC50 of 35.24 µM in the MTT assay in A2780 cells. Further, 

previous work done by our lab indicated that 4-Cl HIPP is able to inhibit CtBP’s 

dehydrogenase activity with an IC50 of 180 nM.68 However, it is interesting to note that 

2.24 was not as potent in other cell lines.  

Of the heteroaromatic HIPP analogues, two compounds had a better binding 

affinity than HIPP (2.40): 2.31 (Naphthalene-2-(C3HIA)) and 2.39 (Benzofuran-2-

(C3HIA)). 2.31 had an average Kd of 1.09 µM. This corresponds well to the cell data 

reported, where the naphthyl ester derivative 2.14 (EC50 = 139.6 µM) had a 1.3-fold 

greater potency in the MTT assay in A2780 cells when compared to the HIPP ester (2.23, 

EC50 = 184.3 µM). Further, compound 2.39 had the most affinity for CtBP2 of all of the 

heteroaromatic analogues, with an average measured Kd of 940 nM. This also 

corresponds to the MTT cell viability assay in A2780 cells, where the benzofuranyl ester 

derivative 2.22 had an EC50 of 73.79 µM. All of the other compounds that underwent ITC 

experiments had higher dissociation constants than HIPP.  

From the ITC experiments alone, one can infer that nitrogen-containing ring 

systems do not show affinity for CtBP when compared to HIPP, and bicyclic rings have 

higher affinity for CtBP than monocyclic rings. Further, bicyclic rings that do not contain 

nitrogen (i.e. naphthalene and benzofuran) have more affinity for CtBP than HIPP, but 

less affinity than 4-Cl HIPP. When we take into account the predicted binding affinity from 

our modeling data, all models with flexible side chains predicted that 2.31 would have 

greater affinity for CtBP than HIPP. However, only the models in GOLD predicted that 
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2.39 would have greater affinity than HIPP. However, the models in GOLD also predicted 

that compounds 2.32, 2.34, and 2.36 would have more affinity for CtBP than HIPP and 

this was not the case. 4-Cl HIPP was run through the models in AutoDock Vina as an 

exploratory study, and it was not predicted to have better affinity than HIPP in any of these 

models. This leads us to believe that the models in GOLD are more accurate, but should 

be further refined to better predict binding affinity.  

However, we cannot make a definitive conclusion about whether the CHEM-PLP 

scoring function is more accurate than the HINT scoring function, because not all 

compound interactions were scored with HINT. Further, 4-Cl HIPP (2.41) was not 

modeled in GOLD, nor was its interaction scored with either the CHEM-PLP scoring 

function or the HINT scoring function. It would be interesting to see the HINT scores for 

CtBP’s interactions with 2.39 and 2.41, and which interactions are predicted to be 

stronger than those in HIPP. 2.31 was predicted by HINT to have a more hydrophobic 

interactions with Met327 than HIPP through the naphthalene ring; if the benzofuran ring 

was also predicted to have more hydrophobic interactions with this residue then perhaps 

this residue is more important for substrate binding to CtBP than was previously thought. 

Some studies have suggested that this methionine residue is implicated in substrate 

specificity of other D2-HDHs.34   

In terms of the orientation of Trp318, 2.31 was predicted to flip Trp318 in AutoDock 

Vina, but 2.39 was not (Table 2.12). This leads us to believe that while this Trp residue 

is important for binding, perhaps AutoDock Vina is not equipped to predict its orientation. 

Though in the case of monocyclic heterocycles, the compounds that did flip Trp318, 2.37 

and 2.38, did have better affinity for CtBP2 than the two monocyclic compounds that did 
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not flip Trp318, 2.33 and 2.35.  Crystallography should be performed with 2.31, 2.39, and 

2.41 to compare the orientation of Trp318 as well as other residues in CtBP’s binding 

pocket with the HIPP-CtBP1 co-crystal structure.  

One could make the assertion that because the ITC experiments were performed 

with CtBP2, while the docking studies were done with CtBP1, this could explain the 

disparity between docking results and ITC results. A Kd of HIPP binding to CtBP2 at pH 

7.5 has not been reported, though at pH 8.5 HIPP has a reported dissociation constant 

of 1.30 µM. Further, HIPP has a lower reported dissociation constant with CtBP1 at pH 

7.5 of 370 nM, but at pH 8.5 HIPP has more affinity for CtBP2 than CtBP1 (Kd at pH 8.5 

= 2.77 µM).  

Another limitation to the ITC experiments is that for compounds with higher Kd 

values than HIPP, saturation of protein was not reached. This means that the measured 

Kd values for compounds 2.32-2.38 are not as accurate, though it is clear that these 

compounds bind to CtBP with less affinity than HIPP. ITC experiments should be 

repeated with these compounds utilizing higher concentrations of protein and inhibitor to 

reach total saturation of CtBP. This was not performed because of time constraints and 

lack of protein necessary to repeat these experiments.  

Table 2.12: Parameters of the 9 heteroaromatic HIPP analogues that were chosen for 
synthesis based on docking results.  

Compound 
(Ester/Acid) 

Heteroaromatic 
Ring 

Trp318 
Flipped  

Mono- vs 
Bicyclic 

Kd (µM) A2780 
EC50 (µM) 

2.14/2.31 Naphthalene Yes Bicyclic 1.09 ± 0.63 139.6 
2.15/2.32 Indole Yes Bicyclic 11.2 ± 3.33 147.3 
2.16/2.33 Pyridine No Monocyclic 204 ± 29.2  >>25 mM 
2.17/2.34 Quinoline Yes Bicyclic 46.0 ± 7.90 81.56 
2.18/2.35 Pyridazine No Monocyclic 439 ± 25.8  179.9 
2.19/2.36 Indolizine No Bicyclic 37.9 ± 7.68 64.56 
2.20/2.37 Pyrazole Yes Monocyclic 60.0 ± 30.2 681.4 
2.21/2.38 Pyrazine Yes Monocyclic 50.9 ± 14.8 807.3 
2.22/2.39 Benzofuran No Bicyclic 0.94 ± 0.34 73.79 
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We showed that by changing the acid on 4-Cl HIPP to an ethyl ester (2.24), we 

can improve the cellular potency by almost 50-fold in A2780 cells with an EC50 of 35.24 

µM. It was also shown that by replacing the carboxylic acid on HIPP with an ethyl ester 

in HCT116 cells increases its potency 15-fold. This shows that part of the previous 

disparity between in vitro inhibition and cellular inhibition of CtBP for HIPP, 4-Cl HIPP and 

3-Cl HIPP is due to cell permeability (i.e., the ethyl ester is more cell permeable than the 

carboxylic acid).  

 Compounds 2.14-2.24 underwent an MTT cell viability assay in several cell lines 

to confirm activity of each compound. In A2780 cells, all of the compounds aside from 

2.16 were found to be more potent than 4-Cl HIPP. When comparing these compounds 

to the 4-Cl HIPP ester 2.24, however, none of the compounds had greater potency. The 

HIPP ethyl ester, 2.23 had an EC50 of 184.3 µM. Compounds 2.14, 2.15, 2.17, 2.19, and 

2.22 were more active than 2.23, but less active than 2.24. Compound 2.18 had a similar 

EC50 to 2.23 at 179.9 µM, and compounds 2.20 and 2.21 were less active than 2.23, but 

more active than 4-Cl HIPP. Only compound 2.16 was inactive in A2780 cells.  

 In HEY ovarian cancer cells, the most potent compound in the MTT assay was 

2.14, which displayed an EC50 of 178.7 µM. This is a 13-fold improvement in potency 

compared to 4-Cl HIPP. Compound 2.19 was the next most potent with an EC50 of 219.5 

µM. Compounds 2.15, 2.17, 2.23, and 2.24 had EC50 values of approximately 1 mM. 

Compound 2.18 had an EC50 of approximately 3 mM, and compounds 2.16, 2.20, and 

2.21 were inactive in HEY cells. 2.22 was not tested in this cell line.  

 In Ovcar420 cells, the most potent compound was 2.19, which demonstrated an 

EC50 in the MTT assay of 92.90 µM. All of the compounds performed better in this cell 
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line compared to 2.41. Interestingly, 2.17, 2.20, 2.21 and 2.23 all had greater potency 

than 2.24 (EC50 = 548.5 µM). 2.18 had a comparable potency to 2.24 with an EC50 of 

591.1 µM. Compounds 2.14 and 2.15 were less potent than 2.24 with EC50 values 

between 1-2 mM, and 2.16 was inactive in this cell line. 2.22 was not tested in this cell 

line. 

 In HCT116 cells, the most potent compounds were 2.14 (EC50 = 65.03 µM) and 

2.19 (EC50 = 69.40 µM). All of the tested compounds were more potent than 2.41. 

Compounds 2.17, 2.20, 2.21, and 2.23 were more potent than the 4-Cl HIPP ester 2.24. 

Compound 2.18 was slightly less potent than 2.24, and compounds 2.15, 2.16, and 2.22 

were not tested in this cell line.  

We also found that 2.14 is more potent in MDA-MB-231 (triple negative) cells than 

in MCF-7 (ER+, PR+, HER2-) cells. This makes sense, because the MDA-MB-231 cell 

line expresses CtBP1/2 at slightly higher concentrations than the MCF-7 cell line.49 

Further, in a CtBP gene depletion study, it was found that depletion of CtBP derepresses 

a substantially larger portion of CtBP-targeted genes in MDA-MB-231 cells than MCF-7 

cells.51 Loss of CtBP has also been shown to have a greater effect on mitotic fidelity in 

MDA-MB-231 cells than in MCF-7 cells.95  

From the MTT cell viability data collected, we can deduce that A2780 cells are the 

most sensitive to treatment with our compounds when compared with the other ovarian 

cancer cell lines. To date, the expression levels of CtBP in A2780, HEY, and Ovcar420 

cells have not been compared, so one cannot say for certain if A2780 cells are more 

dependent on CtBP than other cells. However, there has been some evidence that 
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CtBP1/2 expression is more elevated in high grade serous ovarian cancer (HGSOC) than 

in other ovarian cancers.52,54  

There are some limitations to the MTT assays performed. Not all of the compounds 

were tested in all of the cell lines; only A2780 cells were utilized with all of the inhibitors. 

2.22 was only tested in A2780 cells but no other cell lines due to time constraints. Only 

2.14 was tested in the two breast cancer cell lines. Further, MTT assays were performed 

at different concentrations as shown in Table 2.1. The MTT cell viability assay should be 

repeated with all of the compounds utilizing the same concentrations of inhibitor in at least 

two of the cell lines to see if these values correspond better to the ITC experimental data.  

Compounds 2.14, 2.15, 2.17-2.24 and 2.41 were also tested in a clonogenic assay 

to measure their ability to inhibit colony formation in two cell lines. In A2780 cells, the 

most potent compounds were 2.14 (EC50 = 76.84 µM), 2.23 (EC50 = 98.13 µM), and 2.24 

(EC50 = 98.18 µM). Compound 2.22 was less potent though it did inhibit some colony 

formation (EC50 = 227.0 µM). 2.19 and 2.21 displayed EC50 values less than 1 mM, and 

the rest of the compounds were inactive. In Patu8988T cells, the most potent compounds 

were 2.19 (EC50 = 135.6 µM), 2.24 (EC50 = 199.4 µM), 2.22 (EC50 = 249.5 µM), and 2.14 

(EC50 = 269.1 µM). Compound 2.18 demonstrated an EC50 of 411.1 µM, and the rest of 

the compounds were inactive in this cell line. Compound 2.16 was not tested in either 

clonogenic assay. 

  One limitation to this project is that neither cell viability assay measures whether 

or not inhibition of CtBP is the reason for cell death. These compounds could be causing 

decreased cell viability for other reasons that are independent of CtBP. For instance, 2.17 

and 2.19 showed much higher Kd values than 2.14 and 2.22 in ITC experiments, but 
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comparable or lower EC50 values in some of the cellular assays performed. To determine 

if these compounds are able to inhibit CtBP’s dehydrogenase activity, in vitro assays with 

recombinant CtBP should be performed to measure on-target activity. These compounds 

should also be tested for their ability to inhibit recombinant lactate dehydrogenase (LDH) 

in vitro to measure off-target inhibition of other dehydrogenases. Further, these 

compounds should be tested in a noncancerous cell line, such as epithelial cells or 

fibroblasts, to determine whether they are toxic to all cells or only cancer cells. 

 Finally, we made the assumption that the binding pockets in CtBP1 and CtBP2 are 

equal. It is possible that 2.17 and 2.19 are selective for CtBP1 over CtBP2, and this would 

explain the discrepancy between the ITC results and the MTT cell viability assay results. 

For example, HIPP has a reported Kd with CtBP1 of 370 nM,87 and we measured the Kd 

of HIPP with CtBP2 to be 1.51 µM. HIPP has greater affinity for CtBP1 than CtBP2 at 

both pH 7.5 and pH 8.5;87 this could be the case for other compounds as well. ITC 

experiments should be repeated with CtBP1 to determine whether binding affinity is 

improved. This would also allow us to confirm our modeled predictions as all of our 

docking experiments utilized CtBP1.  

2.3.7: Chemistry Experimental Data 

General Chemical Methods 

Reagents/chemicals, catalysts, solvents were purchased from Sigma-Aldrich, Fisher, 

Oakwood, AstaTech Inc., Alfa-Aesar and Enamine. Analytical Thin Layer 

Chromatography (TLC) was performed using silica gel GHLF plates (Analtech Inc.). 

Automated MPLC was performed on TELEDYNE ISCO CombiFlash® Rf instrument 

using RediSep Rf Normal-phase Flash Columns (4-gm, 12-gm, 24-gm, or 40-gm) with 
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gradients of either Hexanes/Ethyl Acetate or Dichloromethane/Methanol. 1H NMR and 

13C NMR experiments were recorded on BRUKER 600MHz NMR instrument in 

deuterated solvents – chloroform (CDCl3), dimethyl sulfoxide ((CD3)2SO) or deuterium 

oxide (D2O). All chemical shifts are reported in parts per million (ppm) with reference to 

chloroform, DMSO, and H2O residual peaks at 7.26, 2.50 and 4.80 respectively (1H NMR 

spectra); 77.16 and 39.52 respectively (13C NMR spectra). The data is reported as: 

chemical shifts (ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = 

multiplet), coupling constant(s) (Hz) and integral values.  

 

Ethyl 2-(dimethoxyphosphoryl)-2-hydroxyacetate (2.1): In an oven-dried, 100 mL round-

bottom flask, dimethyl phosphite (1.38 mL, 15 mmol, 1 eq) was dissolved in anhydrous 

dichloromethane (12.5 mL, 1.2 M) under nitrogen at -78°C. Ethyl 2-oxoacetate (1.49 mL, 

15 mmol, 1 eq) and triethylamine (0.42 mL, 3 mmol, 0.2 eq) were added dropwise 

sequentially. The reaction was stirred at -78°C for 1 h. The reaction mixture was then 

purified using an automated CombiFlash MPLC system (silica gel, 5% 

methanol/dichloromethane), followed by pumping down overnight on high-vac to yield the 

product as a white solid (2 g, 63% yield).  1H NMR (600 MHz, CDCl3) δ 4.59-4.56 (m, 1H), 

4.40-4.34 (m, 2H), 3.89-3.86 (m, 6H), 1.35 (t, J = 7.14, 3H). 13C NMR (150 MHz, CDCl3) 

δ 169.24, 68.99, 67.95, 62.91, 54.24, 54.19, 53.88, 53.83, 13.95. HRMS ESI+ C6H13O6P 

[M+Na]+ Expected: 235.0342, Found: 235.0338.  
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Ethyl 2-((tert-butyldimethylsilyl)oxy)-2-(dimethoxyphosphoryl)acetate (2.2): In an oven-

dried, 100 mL round-bottom flask, ethyl 2-(dimethoxyphosphoryl)-2-hydroxyacetate (2 g, 

9.4 mmol, 1 eq) was dissolved in anhydrous dichloromethane under nitrogen at room 

temperature. Imidazole (4.1 g, 28.2 mmol, 3 eq), 4-dimethylaminopyridine (172.26 mg, 

1.41 mmol, 0.15 eq), and tert-butyldimethylsilyl chloride (2.83 g, 18.8 mmol, 2 eq) were 

added as solids sequentially. The reaction mixture was allowed to stir at room 

temperature for 18 h. The reaction was then washed with saturated sodium bicarbonate 

(38.3 mL). The organic layer was then dried with sodium sulfate and filtered. The filtrate 

was then concentrated in vacuo and purified using  an automated CombiFlash MPLC 

system (silica gel, 50% ethyl acetate/hexanes), followed by pumping down overnight on 

high vac to yield the product as a colorless oil (2.6 g, 85% yield). 1H NMR (600 MHz, 

CDCl3) δ 4.62 (d, J = 18.06, 1H0, 4.31-4.24 (m, 2H), 3.84 (t, J = 10.44, 6H), 1.31 (t, J = 

7.14, 3H), 0.93 (s, 9H), 0.12 (d, J = 6.36, 6H). 13C NMR (150 MHz, CDCl3) δ 168.43, 

168.41, 71.15, 70.07, 61.85, 54.14, 54.10, 54.08, 54.03, 25.54, 18.37, 14.10, -5.34, -5.50. 

HRMS ESI+ C12H27O6PSi [M+H]+ Expected: 327.1387, Found: 327.1376.  

 

Synthesis of Heterocyclic HIPP analogues intermediates:  

General Procedure 1: In an oven-dried, 50-mL round bottom flask, ethyl 2-((tert-

butyldimethylsilyl)oxy)-2-(dimethoxyphosphoryl)acetate (2.2, 326.4 mg, 1 mmol, 1 eq) 

was dissolved in tetrahydrofuran (0.39 M) and added dropwise to a stirring solution of 

lithium bis(trimethylsilyl)amide in THF (1.1 mL, 1M, 1.1 mmol, 1.1 eq) at 60°C. After 
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stirring for 30 minutes, the corresponding aldehyde (1.5 eq) was dissolved in 

tetrahydrofuran (0.59 M) and added dropwise to the reaction mixture. The reaction was 

then stirred under reflux for 15 h at 60°C. The reaction mixture was then quenched with 

saturated aqueous ammonium chloride and diluted with ethyl acetate. The quenched 

reaction mixture was washed with saturated ammonium chloride (3x), water (3x), and 

saturated sodium chloride (3x). The organic phase was then dried with sodium sulfate 

and filtered. The filtrate was then concentrated in vacuo and purified using an automated 

CombiFlash MPLC system (silica gel, ethyl acetate/hexanes), followed by pumping down 

overnight to yield the pure product.  

 

Ethyl 2-((tert-butyldimethylsilyl)oxy)-3-(naphthalen-2-yl)acrylate (2.3): Procedure 1 was 

followed using 2-naphthaldehyde (234.27 mg, 1.5 mmol) in THF (5.13 mL). Yield 57% 

(202.6 mg, 0.57 mmol). 1H NMR (600 MHz, CDCl3) δ 8.26 (s, 1H), 7.81-7.74 (m, 6H), 7.70 

(s, 1H), 7.47-7.44 (m, 3H), 7.37 (d, J = 8.4, 1H), 7.02 (s, 1H), 6.56 (s, 1H), 4.31 (q, J = 

7.14, 2H), 4.13 (q, J = 7.14, 1H), 1.54 (s, 1H), 1.39 (t, J = 7.14, 3H), 1.09 (t, J = 7.14, 2H), 

1.02 (s, 5H), 0.99 (s, 9H), 0.27 (s, 4H), 0.16 (s, 6H). 13C NMR (150 MHz, CDCl3) δ 165.55, 

165.12, 142.51, 140.95, 133.23, 133.16, 132.96, 132.47, 132.17, 131.75, 129.25, 128.17, 

127.86, 127.61, 127.57, 127.55, 127.27, 126.99, 126.27, 126.14, 126.04, 125.85, 120.17, 

118.83, 61.36, 60.97, 25.87, 25.62, 18.67, 18.33, 14.33, 13.80, -3.84, -4.69 HRMS ESI+ 

C21H28O3Si [M+Na]+ Expected: 379.1700, Found: 379.1683. 
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Ethyl 2-((tert-butyldimethylsilyl)oxy)-3-(1H-indol-2-yl)acrylate (2.4): Procedure 1 was 

followed using 1H-indole-2-carbaldehyde (217.74 mg, 1.5 mmol) in THF (5.13 mL). Yield 

34% (117.6 mg, 0.34 mmol). 1H NMR (600 MHz, CDCl3) δ 11.33 (br s, 1H), 9.42 (br s, 

1H), 7.60 (d, J = 7.92, 1H), 7.57 (d, J = 7.92, 1H), 7.40 (d, J = 8.16, 1H), 7.31 (d, J = 8.04, 

1H), 7.23-7.19 (m, 2H), 7.11-7.06 (m, 2H), 6.96 (s, 1H), 6.63-6.56 (m, 3H), 4.36 (q, J = 

7.14, 2H), 4.30 (q, J = 7.14, 2H), 1.12-1.37 (m, 6H), 1.07 (s, 9H), 1.01 (s, 8H), 0.31 (s, 

6H), 0.21 (s, 5H). 13C NMR (150 MHz, CDCl3) δ 166.08, 164.71, 138.86, 136.96, 136.91, 

136.55, 132.67, 131.33, 127.82, 127.75, 123.23, 123.08, 120.69, 120.36, 119.95, 119.70, 

117.93, 111.32, 110.47, 110.13, 108.51, 105.78, 61.48, 61.32, 25.95, 25.49, 18.70, 18.12, 

14.19, 14.01, -3.79, -4.86. HRMS ESI+ C19H27NO3Si [M+Na]+ Expected: 368.1652, Found: 

368.1638. 

  

Ethyl 2-((tert-butyldimethylsilyl)oxy)-3-(pyridin-2-yl)acrylate (2.5): Procedure 1 was 

followed using 2-pyridine carboxaldehyde (500 mg, 4.67 mmol) in THF (15.95 mL). Yield 

46% (443.9 mg, 1.44 mmol). 1H NMR (600 MHz, CDCl3) δ 8.61-8.60 (m, 1H), 8.48-8.47 

(m, 1H), 8.03 (d, J = 7.98, 1H), 7.67-7.64 (m, 1H), 7.56 (m, 1H), 7.17-7.13 (m, 2H), 7.07-

7.05 (m, 1H), 7.03 (s, 1H), 6.19 (s, 1H), 4.28 (q, J = 7.14, 2H), 4.22 (q, J = 7.14, 1H), 1.35 

(t, J = 7.14, 3H), 1.22 (t, J = 7.14, 2H), 0.98 (s, 6H), 0.94 (s, 9H), 0.26 (s, 4H), 0.17 (s, 

6H). 13C NMR (150 MHz, CDCl3) δ 165.64, 165.20, 153.96, 153.85, 149.52, 148.97, 
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146.51, 142.96, 135.83, 135.68, 125.11, 122.93, 122.10, 121.27, 118.80, 115.02, 61.58, 

61.08, 25.93, 25.81, 25.66, 25.52, 18.68, 18.24, 14.22, 13.85, -3.88, -4.66. HRMS ESI+ 

C16H25NO3Si [M+H]+ Expected: 308.1676, Found: 308.1691. 

 

Ethyl 2-((tert-butyldimethylsilyl)oxy)-3-(quinolin-2-yl)acrylate (2.6): Procedure 1 was 

followed using quinoline-2-carbaldehyde (235.76, 1.5 mmol) in THF (5.13 mL). Yield 54% 

(194.5 mg, 0.54 mmol). 1H NMR (600 MHz, CDCl3) δ 10.25 (s, 1H), 8.34 (d, J = 8.34, 1H), 

8.27 (d, J = 8.46, 1H), 8.17 (d, J = 8.58, 1H), 8.13 (d, J = 8.58, 1H), 8.06 (t, J = 7.44, 1H), 

7.93 (d, J = 8.22, 1H), 7.85 (t, J = 7.65, 1H), 7.80 (d, J = 8.04, 1H), 7.71 (t, J = 7.59, 1H), 

7.53 (t, J = 7.41, 1H), 7.27 (s, 1H), 7.21 (s, 1H), 4.32 (q, J = 7.08, 2H), 1.38 (t, J = 7.08, 

3H), 0.97 (s, 9H), 0.18 (s, 6H). 13C NMR (150 MHz, CDCl3) δ 193.80, 165.23, 154.52, 

152.63, 148.19, 147.97, 144.04, 137.42, 135.50, 130.52, 130.46, 130.10, 129.58, 129.34, 

129.23, 127.89, 127.46, 127.09, 126.56, 122.85, 119.04, 117.39, 61.71, 25.83, 18.72, 

14.29, -3.88. HRMS ESI+ C20H27NO3Si [M+H]+ Expected: 358.1833, Found: 358.1833. 

  

Ethyl 2-((tert-butyldimethylsilyl)oxy)-3-(pyridazin-3-yl)acrylate (2.7): Procedure 1 was 

followed using pyridazine-3-carbaldehyde (251.87, 2.33 mmol) in THF (7.95 mL). Yield 

36% (173.3 mg, 0.56 mmol). 1H NMR (600 MHz, CDCl3) δ 8.89 (d, J = 4.14, 1H), 7.70-

7.67 (m, 1H), 7.64 (d, J = 8.82, 1H), 7.58 (d, J = 9.72, 1H), 6.62 (s, 1H), 4.67 (q, J = 7.08, 

2H), 4.62 (q, J = 7.08, 1H), 1.72-1.67 (m, 4H), 1.56 (s, 1H), 1.26-1.22 (s, 3H), 0.51 (s, 

1H), 0.31 (s, 2H). 13C NMR (150 MHz, CDCl3) δ 164.04, 163.64, 157.40, 145.80, 128.98, 
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128.23, 127.31, 125.56, 115.18, 94.73, 61.97, 61.93, 25.86, 25.83, 14.21, -3.75, -5.37. 

HRMS ESI+ C15H24N2O3Si [M+Na]+ Expected: 331.1448, Found: 331.1441. 

 

Ethyl 2-((tert-butyldimethylsilyl)oxy)-3-(indolizin-2-yl)acrylate (2.8): Procedure 1 was 

followed using indolizine-2-carbaldehyde (2.26, 54.5 mg, 0.375 mmol) in THF (1.28 mL). 

Yield 45% (38.54 mg, 0.11 mmol). 1H NMR (600 MHz, CDCl3) δ 7.80 (br s, 1H), 7.64 (s, 

1H), 7.27 (d, J = 9, 1H), 7.24 (d, J = 6.72, 1H), 6.97 (s, 1H), 6.62 (s, 1H). 6.60-6.56 (m, 

1H), 6.53 (s, 1H), 6.46 (s, 1H), 6.43-6.38 (m, 1H), 4.29-4.24 (m, 2H), 1.35-1.32 (m, 3H), 

1.24 (s, 1H), 0.99 (d, J = 11.34, 9H), 0.19 (d, J = 5.46, 6H). 13C NMR (150 MHz, CDCl3) 

δ 165.57, 164.92, 139.33, 139.07, 132.59, 132.40, 124.83, 124.77, 122.03, 121.28, 

119.16, 118.93, 117.74, 117.13, 117.11, 114.15, 114.09, 113.95, 110.78, 110.65, 101.40, 

100.58, 61.03, 60.74, 29.70, 29.37, 26.07, 25.67, 22.70, 18.70, 18.29, 14.36, 14.20, 

14.12, -3.40, -4.73. HRMS ESI+ C19H27NO3Si [M+Na]+ Expected: 368.1652, Found: 

368.1650. 

 

Ethyl 2-((tert-butyldimethylsilyl)oxy)-3-(1H-pyrazol-3-yl)acrylate (2.9): Procedure 1 was 

followed using 1H-pyrazole-3-carbaldehyde (144.14 mg, 1.5 mmol) in THF (5.13 mL). 

Yield 42% (125.3 mg, 0.42 mmol). 1H NMR (600 MHz, CDCl3) δ 12.66 (br s, 1H), 7.56 (s, 

1H), 6.37 (s, 1H), 6.30 (s, 1H), 4.33 (q, J = 6.96, 2H), 1.60 (br s, 2H), 1.37 (t, J = 6.96, 

3H), 0.98 (s, 9H), 0.19 (s, 6H). 13C NMR (150 MHz, CDCl3) δ 165.77, 139.87, 139.61, 
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112.56, 109.31, 61.92, 25.55, 18.24, 14.08, -4.75. HRMS ESI+ C14H24N2O3Si [M+H]+ 

Expected: 297.1629, Found: 297.1621. 

 

Ethyl 2-((tert-butyldimethylsilyl)oxy)-3-(pyrazin-2-yl)acrylate (2.10): Procedure 1 was 

followed using pyrazine-2-carbaldehyde (162.15 mg, 1.5 mmol) in THF (5.13 mL). Yield 

25% (76.6 mg, 0.25 mmol). 1H NMR (600 MHz, CDCl3) δ 9.23 (s, 1H), 8.56 (s, 1H), 8.39 

(s, 1H), 6.95 (s, 1H), 4.31 (q, J = 7.08, 2H), 1.64-1.58 (m, 2H), 1.37 (t, J = 7.08, 3H), 0.96 

(s, 9H), 0.20 (s, 6H). 13C NMR (150 MHz, CDCl3) δ 164.61, 150.14, 146.32, 144.46, 

144.25, 142.28, 115.42, 61.88, 25.76, 18.72, 14.21, -3.84.  HRMS ESI+ C15H24N2O3Si 

[M+H]+ Expected: 309.1629, Found: 309.1620. 

 

Ethyl 3-(benzofuran-2-yl)-2-((tert-butyldimethylsilyl)oxy)acrylate (2.11): Procedure 1 was 

followed using 2-benzofurancarboxaldehyde (219.23 mg, 1.5 mmol) in THF (5.13 mL). 

Yield 57% (197.3 mg, 0.57 mmol). 1H NMR (600 MHz, CDCl3) δ 7.56 (d, J = 7.74, 1H), 

7.45 (d, J = 8.22, 1H), 7.30-7.27 (m, 1H), 7.22 (t, J = 7.41, 1H), 7.05 (s, 1H), 6.90 (s, 1H), 

4.29 (q, J = 7.14, 2H), 1.37 (t, J = 7.14, 3H), 1.05 (s, 9H), 0.27 (s, 6H). 13C NMR (150 

MHz, CDCl3) δ 164.70, 154.65, 151.96, 141.21, 128.73, 124.90, 122.93, 121.09, 111.06, 

108.43, 107.80, 61.55, 25.89, 25.52, 18.82, 14.28, -3.62, -4.72. HRMS ESI+ C19H26O4Si 

[M+Na]+ Expected: 369.1493, Found: 369.1478.  
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Ethyl 2-((tert-butyldimethylsilyl)oxy)-3-phenylacrylate (2.12): Procedure 1 was followed 

using benzaldehyde (0.38 mL, 3.75 mmol) in THF (12.8 mL). Yield 50% (381.3 mg, 1.24 

mmol). 1H NMR (600 MHz, CDCl3) δ 7.28-7.25 (m, 3H), 7.23-7.20 (m, 3H), 6.40 (s, 1H), 

4.10 (q, J = 7.14, 2H), 1.11 (t, J = 7.14, 3H), 0.98 (s, 9H), 0.22 (s, 6H). 13C NMR (150 

MHz, CDCl3) δ 165.19, 142.36, 134.85, 129.98, 128.82, 128.25, 128.05, 127.23, 120.37, 

61.04, 25.95, 25.75, 18.44, 13.90, -4.60. HRMS ESI+ C17H26O3Si [M+Na]+ Expected: 

329.1543, Found: 329.1534. 

 

Ethyl 2-((tert-butyldimethylsilyl)oxy)-3-(4-chlorophenyl)acrylate (2.13): Procedure 1 was 

followed using 4-chlorobenzaldehyde (327.53 mg, 2.33 mmol) in THF (7.95 mL). Yield 

29% (154 mg, 0.45 mmol). 1H NMR (600 MHz, CDCl3) δ 7.63 (d, J = 7.8, 2H), 7.30 (d, J 

= 7.74, 2H), 7.26 (d, J = 8.76, 2H), 7.18 (d, J = 7.8, 1H), 6.80 (s, 1H), 4.28 (q, J = 7.02, 

2H), 4.13 (q, J = 7.02, 1H), 1.55 (s, 2H), 1.36 (t, J = 7.02, 3H), 1.17 (t, J = 7.02, 1H), 0.99 

(s, 4H), 0.94 (s, 9H), 0.23 (s, 2H), 0.14 (s, 6H). 13C NMR (150 MHz, CDCl3) δ 165.42, 

142.72, 141.22, 133.70, 132.84, 131.15, 130.21, 128.49, 128.21, 119.31, 117.58, 61.58, 

61.19, 25.94, 25.71, 18.72, 18.43, 14.44, 13.97, -3.72, -4.61. HRMS ESI+ C17H25ClO3Si 

[M+Na]+ Expected: 363.1154, Found: 363.1145. 

 

General Procedure 2: In an oven-dried, 50-mL round-bottom flask, the corresponding 

silyl enol ether (2.3-2.13, 1 eq) was dissolved in a 4:1 mixture of ethanol and chloroform 
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(0.098 M) under nitrogen at room temperature. Triethylamine trihydrofluoride (1.7 eq) was 

added dropwise and the reaction was stirred. After 30 minutes, hydroxylamine 

hydrochloride (1.7 eq) was added as a solid in two portions and the reaction was stirred 

for an additional 19 h at room temperature. The solvent was then evaporated and the 

reaction mixture was dissolved in dichloromethane, which was then washed with water 

(2x) and saturated aqueous sodium bicarbonate. The organic phase was dried with 

sodium sulfate and filtered. The filtrate was concentrated in vacuo and purified by  an 

automated CombiFlash MPLC system (silica gel, ethyl acetate/hexanes or 

methanol/dichloromethane depending on polarity), followed by pumping down overnight 

on high-vac to yield the pure product. 

 

Ethyl 2-(hydroxyimino)-3-(naphthalen-2-yl)propanoate (2.14): Procedure 2 was followed 

using ethyl 2-((tert-butyldimethylsilyl)oxy)-3-(naphthalen-2-yl)acrylate (2.3, 202.6 mg, 

0.57 mmol) in 4:1 ethanol/chloroform (5.82 mL). Yield 71% (103.7 mg, 0.40 mmol).  1H 

NMR (600 MHz, CDCl3) δ 9.51 (br s, 1H), 7.79-7.75 (m, 4H), 7.46-7.42 (m, 3H), 4.26 (q, 

J = 7.08, 2H), 4.15 (s, 2H), 1.32 (t, J = 7.08, 3H). 13C NMR (150 MHz, CDCl3) δ 163.10, 

150.99, 133.37, 132.99, 132.15, 128.00, 127.55, 127.48, 127.44, 127.38, 125.87, 125.44, 

61.84, 30.50, 13.90. HRMS ESI+ C15H15NO3 [M+Na]+ Expected: 280.0944, Found: 

280.0933. 
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Ethyl 2-(hydroxyimino)-3-(1H-indol-2-yl)propanoate (2.15): Procedure 2 was followed 

using ethyl 2-((tert-butyldimethylsilyl)oxy)-3-(1H-indol-2-yl)acrylate (2.4, 117.6 mg, 0.34 

mmol) in 4:1 ethanol/chloroform (3.47 mL). Yield 58% (48.2 mg, 0.20 mmol).  1H NMR 

(600 MHz, CDCl3) δ 9.04 (br s, 1H), 8.51 (br s, 1H), 7.52 (d, J = 7.8, 1H), 7.30 (d, J = 8.1, 

1H), 7.13 (t, J = 7.53, 1H), 7.06 (t, J = 7.44, 1H), 6.39 (s, 1H), 4.34 (q, J = 7.14, 2H), 4.12 

(s, 2H), 1.37 (t, J = 7.14, 3H). 13C NMR (150 MHz, CDCl3) δ 163.33, 149.91, 135.92, 

131.74, 128.15, 121.54, 119.98, 119.61, 110.48, 101.90, 62.25, 23.73, 13.93. HRMS ESI+ 

C13H14N2O3 [M+Na]+ Expected: 269.0897, Found: 269.0886. 

 

Ethyl 2-(hydroxyimino)-3-(pyridin-2-yl)propanoate (2.16): Procedure 2 was followed using 

ethyl 2-((tert-butyldimethylsilyl)oxy)-3-(pyridin-2-yl)acrylate (2.5, 443.9 mg, 1.44 mmol) 

4:1 ethanol/chloroform (14.7 mL). Yield 48% (142.8 mg, 0.69 mmol).  1H NMR (600 MHz, 

CDCl3) δ 8.52-8.51 (m, 1H), 7.64 (t, J = 7.02, 1H), 7.28-7.26 (m, 3H), 7.16 (t, J = 6.00, 

1H), 4.29 (q, J = 7.14, 2H), 4.21 (s, 2H), 1.31 (t, J = 7.14, 3H). 13C NMR (150 MHz, CDCl3) 

δ 163.58, 156.50, 150.60, 149.07, 137.06, 123.37, 121.81, 61.92, 33.38, 29.70, 14.08. 

HRMS ESI+ C10H12N2O3 [M+H]+ Expected: 209.0921, Found: 209.0903. 
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Ethyl 2-(hydroxyimino)-3-(quinolin-2-yl)propanoate (2.17): Procedure 2 was followed 

using ethyl 2-((tert-butyldimethylsilyl)oxy)-3-(quinolin-2-yl)acrylate (2.6, 134.9 mg, 0.38 

mmol) in 4:1 ethanol/chloroform (3.87 mL). Yield 52% (51 mg, 0.20 mmol).  1H NMR (600 

MHz, CDCl3) δ 8.10 (d, J = 8.25, 1H), 8.03 (d, J = 8.34, 1H), 7.89 (d, J = 8.88, 2H), 7.77 

(d, J = 7.92, 1H), 7.66-7.62 (m, 5H), 7.57 (d, J = 8.22, 2H), 7.50 (m, 1H), 7.41-7.36 (m, 

3H), 7.02 (d, J = 8.94, 2H), 6.37 (s, 2H), 4.40 (s, 2H), 4.35 (q, J = 6.96, 4H), 4.28 (q, J = 

7.08, 2H), 1.62 (br s, 2H), 1.40 (t, J = 6.96, 6H), 1.28 (t, J = 7.02, 3H). 13C NMR (150 

MHz, CDCl3) δ 170.44, 164.48, 163.71, 157.08, 155.19, 147.42, 137.88, 137.10, 131.63, 

129.73, 128.70, 127.85, 127.48, 126.90, 126.28, 125.27, 124.34, 121.89, 121.26, 119.56, 

93.65, 61.91, 61.67, 34.17, 14.22, 14.11. HRMS ESI+ C14H14N2O3 [M+H]+ Expected: 

259.1077, Found: 259.1068. 

 

Ethyl 2-(hydroxyimino)-3-(pyridazin-3-yl)propanoate (2.18): Procedure 2 was followed 

using ethyl 2-((tert-butyldimethylsilyl)oxy)-3-(pyridazin-3-yl)acrylate (2.7, 173.3 mg, 0.56 

mmol) in 4:1 ethanol/chloroform (5.7 mL). Yield 83% (97.3 mg, 0.47 mmol).  1H NMR (600 

MHz, CDCl3) δ 12.48 (s, 1H), 9.06 (d, J = 4.08, 1H), 7.62-7.59 (m, 1H), 7.53 (d, J = 8.34, 

1H), 4.18-4.15 (m, 4H), 3.32 (s, 1H), 1.18 (t, J = 6.78, 4H). 13C NMR (150 MHz, CDCl3) δ 

163.52, 159.42, 150.08, 148.02, 127.09, 126.65, 60.93, 45.75, 30.93, 13.95. HRMS ESI+ 

C9H11N3O3 [M+H]+ Expected: 232.0693, Found: 232.0687. 
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Ethyl 2-(hydroxyimino)-3-(indolizin-2-yl)propanoate (2.19): Procedure 2 was followed 

using ethyl 2-((tert-butyldimethylsilyl)oxy)-3-(indolizin-2-yl)acrylate (2.8, 33.6 mg, 0.097 

mmol) in 4:1 ethanol/chloroform (1 mL). Yield 70% (16.8 mg, 0.07 mmol). 1H NMR (600 

MHz, CDCl3) δ 7.78 (d, J = 6.84, 1H), 7.25-7.21 (m, 2H), 6.58 (t, J = 7.65, 1H), 6.38 (t, J 

= 6.6, 1H), 6.34 (s, 1H), 4.29 (q, J = 6.92, 2H), 4.02 (s, 2H), 1.34-1.32 (m, 4H). 13C NMR 

(150 MHz, CDCl3) δ 163.33, 151.50, 132.60, 124.73, 122.52, 118.56, 116.77, 111.57, 

109.85, 99.55, 61.76, 30.13, 22.64, 14.01. HRMS ESI+ C13H14N2O3 [M+Na]+ Expected: 

269.0897, Found: 269.0886. 

 

Ethyl 2-(hydroxyimino)-3-(1H-pyrazol-3-yl)propanoate (2.20): Procedure 2 was followed 

using ethyl 2-((tert-butyldimethylsilyl)oxy)-3-(1H-pyrazol-3-yl)acrylate (2.9, 125.3 mg, 

0.42 mmol) in 4:1 ethanol/chloroform (4.29 mL). 1H NMR (600 MHz, CDCl3) δ 7.61 (s, 

1H), 6.23 (s, 1H), 4.29 (q, J = 7.12, 2H), 3.99 (s, 2H), 3.21-3.17 (m, 16H), 1.27 (t, J = 

7.29, 28H). 13C NMR (150 MHz, CDCl3) δ 163.57, 145.92, 128.73, 103.23, 60.74, 54.89, 

45.28, 23.29, 13.95, 13.92, 8.37. HRMS ESI+ C8H11N3O3 [M+Na]+ Expected: 220.0693, 

Found: 220.0688.  
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Ethyl 2-(hydroxyimino)-3-(pyrazin-2-yl)propanoate (2.21): Procedure 2 was followed 

using ethyl 2-((tert-butyldimethylsilyl)oxy)-3-(pyrazin-2-yl)acrylate (2.10, 76.6 mg, 0.25 

mmol) in 4:1 ethanol/chloroform (2.55 mL). Yield 78% (40.8 mg, 0.20 mmol).  1H NMR 

(600 MHz, CDCl3) δ 12.47 (s, 1H), 8.57 (s, 1H), 8.49 (s, 1H), 8.47 (s, 1H), 4.18-4.16 (m, 

2H), 4.06 (s, 2H), 1.19-1.18 (m, 3H). 13C NMR (150 MHz, CDCl3) δ 163.45, 153.14, 

147.95, 144.56, 143.85, 142.37, 60.90, 30.19, 13.93. HRMS ESI+ C9H11N3O3 [M+Na]+ 

Expected: 232.0693, Found: 232.0693.  

 

Ethyl 3-(benzofuran-2-yl)-2-(hydroxyimino)propanoate (2.22): Procedure 2 was followed 

using ethyl 3-(benzofuran-2-yl)-2-((tert-butyldimethylsilyl)oxy)acrylate (2.11, 197.3 mg, 

0.57 mmol) in 4:1 ethanol/chloroform (5.85 mL). Yield 62% (87.2 mg, 0.35 mmol).  1H 

NMR (600 MHz, CDCl3) δ 9.13 (br s, 1H), 7.46 (d, J = 7.62, 1H), 7.41 (d, J = 8.10, 1H), 

7.22-7.19 (m, 1H), 7.16 (t, J = 7.11, 1H), 6.48 (s, 1H), 4.32 (q, J = 7.14, 2H), 4.17 (s, 2H), 

1.33 (t, J = 7.14, 3H). 13C NMR (150 MHz, CDCl3) δ 162.77, 154.71, 151.84, 148.24, 

128.60, 123.66, 122.64, 120.49, 111.02, 103.99, 62.21, 24.12, 14.05. HRMS ESI+ C-

13H13NO4 [M+Na]+ Expected: 270.0737, Found: 270.0724.  
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Ethyl 2-(hydroxyimino)-3-phenylpropanoate (2.23): Procedure 2 was followed using ethyl 

2-((tert-butyldimethylsilyl)oxy)-3-phenylacrylate (2.12, 381.3 mg, 1.24 mmol). Yield 77% 

(198.9 mg, 0.96 mmol) in 4:1 ethanol/chloroform (12.6 mL).  1H NMR (600 MHz, CDCl3) 

δ 8.78 (br s, 1H), 7.31-7.30 (m, 2H), 7.28-7.25 (m, 4H), 7.21-7.19 (m, 1H), 4.27 (q, J = 

7.14, 2H), 3.97 (s, 2H), 1.60 (s, 1H) 1.31 (t, J = 7.14, 3H). 13C NMR (150 MHz, CDCl3) δ 

163.28, 151.67, 135.70, 129.17, 128.04, 128.53, 126.66, 61.95, 30.53, 14.05, 13.76. 

HRMS ESI+ C11H13NO3 [M+Na]+ Expected: 230.0788, Found: 230.0779. 

 

Ethyl 3-(4-chlorophenyl)-2-(hydroxyimino)propanoate (2.24): Procedure 2 was followed 

using ethyl 2-((tert-butyldimethylsilyl)oxy)-3-(4-chlorophenyl)acrylate (2.13, 154 mg, 0.45 

mmol). Yield 71% (77.2 mg, 0.32 mmol) in 4:1 ethanol/chloroform (4.58 mL).  1H NMR 

(600 MHz, CDCl3) δ 8.86 (s, 1H), 7.25 (d, J = 7.8, 5H), 4.29 (q, J = 7.02, 2H), 3.94 (s, 

2H), 1.62 (s, 1H), 1.33 (t, J = 7.02, 3H). 13C NMR (150 MHz, CDCl3) δ163.11, 151.16, 

134.12, 132.56, 130.58, 128.65, 62.08, 29.89, 14.05. HRMS ESI+ C11H12ClNO3 [M+Na]+ 

Expected: 264.0398, Found: 264.0390. 

 

N-methoxy-N-methylindolizine-2-carboxamide (2.25): In an oven-dried, 50-mL round 

bottom flask, indolizine-2-carboxylic acid (161.16 mg, 1 mmol, 1 eq) was dissolved in N,N-
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dimethylformamide (2.5 mL, 0.4M) at 28°C. N-methoxymethanamine (146.33 mg, 1.5 

mmol, 1.5 eq), 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-

oxide hexafluorophosphate (468.29 mg, 1.2 mmol, 1.2 eq), and triethylamine (0.28 mL, 2 

mmol, 2 eq) were added sequentially. The reaction mixture was degassed and purged 

with nitrogen gas 3 times, then stirred for 12 h at 28°C. Then the reaction mixture was 

partitioned between water (5 mL) and ethyl acetate (5 mL). The organic phase was 

separated and washed with water (2 x 5 mL), and brine (2 x 5 mL). The organic phase 

was dried with sodium sulfate, filtered and concentrated in vacuo. The filtrate was then 

purified using an automated CombiFlash MPLC system (silica gel, 5% 

methanol/dichloromethane), followed by pumping down overnight to yield the product as 

a dark brown oil (80.1 mg, 39% yield).  1H NMR (600 MHz, CDCl3) δ 7.86 (br s, 2H), 7.36 

(d, J = 9.06, 1H), 6.92 (s, 1H), 6.66 (t, J = 7.71, 1H), 6.51 (t, J = 6.69, 1H), 3.74 (s, 3H), 

3.40 (s, 3H). 13C NMR (150 MHz, CDCl3) δ 165.20, 132.18, 125.27, 120.75, 120.18, 

117.77, 116.60, 111.90, 101.35, 61.16, 33.21. HRMS ESI+ C11H12N2O2 [M+Na]+ 

Expected: 227.0791, Found: 227.0781. 

 

Indolizin-2-ylmethanol (2.27): In an oven-dried, 50-mL round-bottom flask under nitrogen 

atmosphere, indolizine-2-carboxylic acid (500 mg, 3.1 mmol, 1 eq) was dissolved in 

tetrahydrofuran (10.32 mL, 0.3M) and cooled to 0°C. Lithium aluminum hydride (470.58 

mg, 12.4 mmol, 4 eq) was added as a solid in three portions. After gas evolution ceased, 

the reaction was heated to 63°C and refluxed overnight. After cooling to 0°C, water (0.93 

mL) was added dropwise, followed by 10% aqueous sodium hydroxide (0.93 mL), and 

water (2.79 mL), The quenched reaction mixture was then warmed to room temperature 
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and stirred for 10 minutes, followed by filtering over celite and washing with THF. The 

filtrate was then concentrated in vacuo and purified using an automated CombiFlash 

MPLC system (silica gel, 5% methanol/dichloromethane), followed by pumping down 

overnight to yield product as a brown solid (342 mg, 75% yield). 1H NMR (600 MHz, 

CDCl3) δ 7.84 (d, J = 6.84, 1H), 7.30 (d, J = 7.08, 2H), 6.63 (t, J = 7.71, 1H), 6.43 (t, J = 

6.63, 1H), 6.39 (s, 1H), 4.77 (d, J = 4.14, 2H), 1.56-1.53 (m, 1H). 13C NMR (150 MHz, 

CDCl3) δ 133.15, 129.20, 125.14, 119.05, 117.28, 110.74, 110.35, 97.90, 59.24. HRMS 

ESI+ C9H9NO [M+H]+ Expected: 148.0757, Found: 148.0754. 

 

Indolizine-2-carbaldehyde (2.26): In an oven-dried, 100-mL round-bottom flask under 

nitrogen atmosphere, indolizine-2-ylmethanol (2.27, 315 mg, 2.14 mmol, 1 eq) was 

dissolved in tetrahydrofuran (17.8 mL, 0.12M) at room temperature. Manganese (IV) 

oxide (2.04 g, 23.54 mmol, 11 eq) was added as a solid and the reaction was allowed to 

stir for 16h. The reaction mixture was then filtered over celite and washed with THF. The 

filtrate was then concentrated in vacuo and purified using an automated CombiFlash 

MPLC system (silica gel, 30% ethyl acetate/hexanes), followed by pumping down 

overnight on high-vac to yield the product as a dark red solid (54.5 mg, 17% yield).1H 

NMR (600 MHz, CDCl3) δ 10.05 (s, 1H), 7.88 (d, J = 7.02, 1H), 7.78 (s, 1H), 7.38 (d, J = 

9.12, 1H), 6.82 (s, 1H), 6.71 (t, J = 7.77, 1H), 6.56 (t, J = 6.66, 1H), 1.55 (s, 1H). 13C NMR 

(150 MHz, CDCl3) δ 187.61, 133.88, 128.68, 125.86, 121.04, 119.11, 117.40, 113.19, 

99.13. HRMS ESI+ C9H7NO [M+Na]+ Expected: 168.0420, Found: 168.0412. 
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General Procedure 3: In an oven-dried, 16-mL vial, the corresponding hydroxyimino-

ester (2.14-2.22, 1 eq) was dissolved in ethanol (0.5 M) under nitrogen at room 

temperature. Sodium hydroxide (1 M, 3 eq) was added and the reaction was stirred at 

room temperature overnight. The reaction mixture was then concentrated by removal of 

EtOH in vacuo, diluted with DI water, and acidified with 1M hydrochloric acid. The product 

was then extracted with ethyl acetate (3x). The organic phase was then dried with MgSO4, 

filtered and concentrated in vacuo to yield the crude product.  

 

2-(Hydroxyimino)-3-(naphthalen-2-yl)propanoic acid (2.31): Procedure 3 was followed 

using ethyl 2-(hydroxyimino)-3-(naphthalen-2-yl)propanoate (2.14, 50 mg, 0.19 mmol) in 

ethanol (0.38 mL). Yield 97% (42.3 mg, 0.18 mmol). 1H NMR (600 MHz, CDCl3) δ 12.83 

(br s, 1H), 12.34 (s, 1H), 7.85-7.81 (m, 3H), 7.64 (s, 1H), 7.48-7.43 (m, 2H), 7.37-7.35 (m, 

1H), 3.97 (s, 2H). 13C NMR (150 MHz, CDCl3) δ 165.22,150.05, 134.40, 133.03, 131.65, 

127.87, 127.45, 127.34, 127.28, 126.58, 126.13, 125.50, 30.08. HRMS ESI+ C13H11NO3 

[M-H]- Expected: 228.0666, Found: 228.0671. 

 

2-(Hydroxyimino)-3-(1H-indol-2-yl)propanoic acid (2.32): Procedure 3 was followed using  

ethyl 2-(hydroxyimino)-3-(1H-indol-2-yl)propanoate (2.15, 48.2 mg, 0.196 mmol) in 

ethanol (0.39 mL). Yield 86% (36.7 mg, 0.17 mmol). 1H NMR (600 MHz, CDCl3) δ 12.83 

(br s, 1H), 12.35 (s, 1H), 10.82 (s, 1H), 7.37 (d, J = 7.8, 1H), 7.29 (d, J = 8.1, 1H), 6.97 (t, 
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J = 7.53, 1H), 6.90 (t, J = 7.41, 1H), 6.00 (s, 1H), 3.93 (s, 2H). 13C NMR (150 MHz, CDCl3) 

δ 165.07, 148.62, 135.78, 134.00, 128.11, 120.22, 119.09, 118.67, 110.87, 98.85, 23.21. 

HRMS ESI+ C11H10N2O3 [M-H]- Expected: 217.0619, Found: 217.0623. 

 

2-(Hydroxyimino)-3-(pyridin-2-yl)propanoic acid (2.33): Procedure 3 was followed using  

ethyl 2-(hydroxyimino)-3-(pyridin-2-yl)propanoate (2.16, 19.3 mg, 0.093 mmol) in ethanol 

(0.19 mL). 1H NMR (600 MHz, CDCl3) δ 12.61 (d, J = 33.12, 1H), 10.32 (d, J = 25.92, 

1H), 8.66 (d, J = 12.96, 1H), 8.17 (d, J = 27.9, 1H), 7.63 (d, J = 25.5, 1H), 7.49 (s, 1H), 

4.16 (d, J = 15.84, 2H). 13C NMR (150 MHz, CDCl3) δ 164.68, 152.85, 146.28, 145.12, 

142.03, 125.73, 124.61, 29.20. HRMS ESI+ C8H8N2O3 [M-H]- Expected: 179.0462, Found: 

179.0458. 

 

2-(Hydroxyimino)-3-(quinolin-2-yl)propanoic acid (2.34): Procedure 3 was followed using 

ethyl 2-(hydroxyimino)-3-(quinolin-2-yl)propanoate (2.17, 13.4 mg, 0.052 mmol) in 

ethanol (0.11 mL). 1H NMR (600 MHz, CDCl3) δ 8.93 (d, J = 8.64, 1H), 8.19 (d, J = 8.16, 

1H), 8.14 (d, J = 8.58, 1H), 8.08 (t, J = 7.71, 1H), 7.88 (t, J = 7.59, 1H), 7.81 (d, J = 8.64, 

1H), 4.55 (s, 2H), 3.21 (q, J = 7.32, 2H), 1.29 (t, J = 7.32, 3H). 13C NMR (150 MHz, CDCl3) 

δ 165.60, 154.29, 147.21, 137.40, 135.04, 129.68, 128.94, 127.47, 124.03, 121.95, 

119.59, 46.69, 8.28. HRMS ESI+ C12H10N2O3 [M-H]- Expected: 229.0619, Found: 

229.0618. 
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2-(Hydroxyimino)-3-(pyridazin-3-yl)propanoic acid (2.35): Procedure 3 was followed 

using ethyl 2-(hydroxyimino)-3-(pyridazin-3-yl)propanoate (2.18, 32.7 mg, 0.156 mmol) in 

ethanol (0.31 mL).  1H NMR (600 MHz, CDCl3) δ 12.42 (s, 1H), 10.33 (s, 1H), 9.14 (d, J 

= 4.86, 1H), 7.75-7.73 (m, 1H), 7.65 (d, J = 8.34), 4.16 (s, 2H). 13C NMR (150 MHz, CDCl3) 

δ 164.91, 160.39, 149.25, 147.76, 130.12, 129.72, 30.59. HRMS ESI+ C7H7N3O3 [M-H]- 

Expected: 180.0415, Found: 180.0410. 

 

2-(Hydroxyimino)-3-(indolizin-2-yl)propanoic acid (2.36): Procedure 3 was followed using  

ethyl 2-(hydroxyimino)-3-(indolizin-2-yl)propanoate (2.19, 30.5 mg, 0.124 mmol) in 

ethanol (0.25 mL). 1H NMR (600 MHz, CDCl3) δ 12.21 (br s, 1H), 10.42 (s, 4H), 8.22 (d, 

J = 6.72, 1H), 8.15 (d, J = 6.9, 1H), 7.84 (s, 1H), 7.33-7.26 (m, 3H), 6.64-6.59 (m, 3H), 

6.50-6.42 (m, 3H), 3.79 (s, 2H). 13C NMR (150 MHz, CDCl3) δ 165.84, 157.07, 152.61, 

148.56, 144.92, 144.35, 140.52, 122.20, 121.76, 121.16, 120.99, 22.20. HRMS ESI+ C-

11H10N2O3 [M-H]- Expected: 217.0619, Found: 217.0608. 

 

2-(Hydroxyimino)-3-(1H-pyrazol-3-yl)propanoic acid (2.37): Procedure 3 was followed 

using ethyl 2-(hydroxyimino)-3-(1H-pyrazol-3-yl)propanoate (2.20, 238.3 mg, 1.21 mmol) 

in ethanol (2.4 mL). 1H NMR (600 MHz, CDCl3) δ 12.40 (s, 1H), 10.69 (br s, 1H), 7.71 (s, 
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1H), 6.07 (s, 1H), 3.82 (s, 2H), 3.04-3.00 (m, 2H), 1.18 (t, J = 7.26, 4H). 13C NMR (150 

MHz, CDCl3) δ 164.94, 148.24, 143.32, 132.68, 104.15, 45.21, 21.98, 8.38. HRMS ESI+ 

C6H7N3O3 [M-H]- Expected: 168.0415, Found: 168.0415. 

 

2-(Hydroxyimino)-3-(pyrazin-2-yl)propanoic acid (2.38): Procedure 3 was followed using 

ethyl 2-(hydroxyimino)-3-(pyrazin-2-yl)propanoate (2.21, 40.8 mg, 0.195 mmol) in ethanol 

(0.39 mL). 1H NMR (600 MHz, CDCl3) δ 12.33 (s, 1H), 10.31 (br s, 1H), 8.53 (s, 1H), 8.53 

(s, 1H), 8.48 (s, 1H), 8.44 (s, 1H), 4.02 (s, 2H). 13C NMR (150 MHz, CDCl3) δ 165.04, 

153.39, 148.44, 144.50, 143.88, 142.28, 30.14. HRMS ESI+ C7H7N3O3 [M-H]- Expected: 

180.0415, Found: 180.0409. 

 

 

3-(Benzofuran-2-yl)-2-(hydroxyimino)propanoic acid (2.39): Procedure 3 was followed 

using ethyl 3-(benzofuran-2-yl)-2-(hydroxyimino)propanoate (2.22, 28.9 mg, 0.117 

mmol). Yield 57% (14.5 mg, 0.07 mmol) in ethanol (0.23 mL). 1H NMR (600 MHz, CDCl3) 

δ 12.97 (br s, 1H), 12.50 (s, 1H), 7.52 (d, J = 7.5, 1H), 7.48 (d, J = 7.98, 1H), 7.21 (t, J = 

7.62, 1H), 7.18 (t, J = 7.35, 1H), 6.50 (s, 1H), 4.00 (s, 2H). 13C NMR (150 MHz, CDCl3) δ 

164.74, 153.85, 153.39, 146.87, 128.37, 123.53, 122.73, 120.49, 110.71, 103.06, 23.71. 

HRMS ESI+ C11H9NO4 [M-H]- Expected: 218.0459, Found: 218.0456. 
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General Procedure 4: In an oven-dried, 100-mL round bottom flask, sodium hydroxide 

(3 eq) was dissolved in water (1.22 M) under argon gas at room temperature. The 

corresponding pyruvic acid (1 eq) and hydroxylamine hydrochloride (2 eq) were added 

sequentially as solids, and the reaction was stirred at room temperature overnight. The 

reaction mixture was then acidified with 1M hydrochloric acid, filtered, and the precipitate 

was collected to yield the final product.  

 

2-(Hydroxyimino)-3-phenylpropanoic acid (2.40): Procedure 4 was followed using 

phenylpyruvic acid (2 g, 12.2 mmol) in water (30 mL). Yield 76% (1.67 g, 9.3 mmol). 1H 

NMR (600 MHz, CDCl3) δ 12.27 (br s, 1H), 7.26 (t, J = 7.26, 2H), 7.17 (t, J = 7.26, 3H), 

3.79 (s, 2H). 13C NMR (150 MHz, CDCl3) δ 165.18, 150.10, 136.68, 128.53, 128.43, 

128.32, 126.14, 29.85. HRMS ESI+ C9H9NO3 [M-H]- Expected: 178.0510, Found: 

178.0516.  

 

3-(4-Chlorophenyl)-2-(hydroxyimino)propanoic acid (2.41): Procedure 4 was followed 

using 4-chlorophenylpyruvic acid (1 g, 5 mmol) in water (15 mL). 1H NMR (600 MHz, 

CDCl3) δ 12.86 (br s, 1H), 12.35 (s, 1H), 7.32 (d, J = 8.4, 2H), 7.19 (d, J = 8.28, 2H), 3.78 

(s, 2H). 13C NMR (150 MHz, CDCl3) δ 165.09, 149.76, 135.79, 130.82, 130.43, 128.32, 

29.31. HRMS ESI+ C9H8ClNO3 [M-H]- Expected: 212.0120, Found: 212.0130. 
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2.4: Conclusions and Future Directions 

 In order to develop an inhibitor of CtBP for the treatment of cancer that is more 

potent in cell and animal models, we began a modeling study to prioritize synthesis of 

heteroaromatic HIPP analogues. A library of 36 heteroaromatic HIPP analogues were 

designed and modeled in docking studies against CtBP1. We hypothesized that 

modulating the amount and nature of electron density in the aromatic ring system would 

strengthen inhibitor binding to CtBP. The modeling was performed utilizing two different 

docking software packages, and the docking results were scored with three scoring 

functions. From these docking studies it was decided to synthesize nine (9) new 

compounds that replaced the phenyl ring on HIPP with a heteroaromatic ring. We then 

tested these compounds in cells for inhibition of cell viability and colony formation, and 

also tested them against CtBP2 in isothermal titration calorimetry experiments to 

determine their binding affinities.  

 In our ITC experiments, we identified that 4-Cl HIPP (2.41) had the best binding 

affinity for CtBP2. We also identified two compounds that had better binding affinity for 

CtBP2 than HIPP. These compounds replaced the phenyl ring with either a naphthyl ring 

(2.31) or a benzofuranyl ring (2.39). We determined that heteroaromatic rings that contain 

nitrogen have less affinity for CtBP2, and bicyclic compounds have higher affinity than 

monocyclic compounds. When we compare the measured dissociation constants with the 

docking studies, we cannot make a definitive conclusion about which modeling software 

was the most accurate. The GOLD docking studies appear to be slightly more accurate 

than those from AutoDock Vina, but we should re-score the rest of the GOLD docking 
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experiments with HINT before deciding between the CHEM-PLP scoring function and the 

HINT scoring function.  

 In our cellular assays, we learned that replacing the carboxylic acid in 4-Cl HIPP 

with an ethyl ester increases its potency 50-fold, and the same substitution on HIPP 

increases its potency 15-fold. We tested all of the compounds as ethyl esters in an MTT 

cell viability assay in A2780 cells, and found that the 4-Cl HIPP ester (2.24) was the most 

potent. The naphthyl (2.14) and benzofuranyl (2.22) compounds were also more potent 

in A2780 cells than the HIPP ester (2.23) but less potent than 2.24. 2.14 also exhibited 

improved potency compared to 4-Cl HIPP in the HEY and HCT116 cell lines. In breast 

cancer cells 2.14 was 8-fold more potent in MDA-MB-231 cells than in MCF-7 cells, which 

suggests that triple negative breast cancer is more dependent on CtBP than hormone-

dependent breast cancer. We also found that replacing HIPP’s phenyl ring with a bicyclic 

heteroaromatic ring resulted in compounds that were more potent in ovarian and 

colorectal cancer cells, but it is unclear whether all of these compounds are actually 

targeting CtBP due to the ITC data we obtained. In our clonogenic assays, 2.14 was the 

most potent compound in A2780 cells and 2.19 was the most potent in Patu8988T cells.  

To get a fuller picture of the activity of these compounds, it is important to test 

compounds 2.31-2.39 in vitro to determine their ability to inhibit CtBP’s dehydrogenase 

activity. Our collaborators lab is set up to test this in the NADH disappearance assay 

detailed in Korwar et al (2016),68 and the compounds have been synthesized and shipped 

for testing. This assay will measure CtBP’s ability to convert NADH to NAD+ at different 

concentrations of the inhibitor compounds to calculate a functional IC50. We also intend 

to undergo crystallography studies with these inhibitors to determine their binding modes. 
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This will also help answer our hypothesis about Trp318, and whether its orientation can 

be affected by an inhibitor.   

 One of the future directions of this project involves treating cells with CtBP 

inhibitors in conjunction with GMX-1778, an inhibitor of NAD+ biosynthesis.96 As cancer 

cells have a high rate of NAD+ turnover due to the Warburg effect, modulation of NAD+ is 

an attractive approach to cancer chemotherapy. As mentioned in section 1.2.2, CtBP1/2 

are overexpressed in cancer cells, in part due to the Warburg effect. When 4-Cl HIPP and 

GMX-1778 are combined in Panc1 or Patu8988T pancreatic cancer cells, this leads to a 

lower EC50 compared to treatment with either drug alone. Compounds 2.14-2.16 were 

also tested in A2780 cells with GMX-1778, and all three compounds were more active in 

A2780 cells than when A2780 cells were treated with the HIPP analogue alone.  

 Compounds 2.24 and 2.14 are both also in the process of being tested in mice. 

The compounds have been synthesized in 1g quantity, and there is an animal protocol in 

place for testing of the maximum tolerable dose (MTD). This protocol involves human 

xenografts of pancreatic cancer cells, and will be tested in 12-24 mice, where groups of 

3 mice will be administered increasing doses of either compound. However, while 

preparing for these mouse studies, we ran into an issue with the solubility of these 

compounds. It appears the ethyl ester, while increasing cell permeability, is not soluble in 

water and may crash out of solution after treatment. We intend to continue these MTD 

studies by dissolving the compounds in corn oil and delivering the compounds to mice 

orally. We also intend to synthesize novel analogues of these compounds with different 

ester moieties to increase solubility for future in vivo studies.  
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 Our laboratory also hopes to continue structure activity relationships studies of 

compounds 2.31 and 2.36. A small library of compounds will be docked in GOLD by 

another graduate student in our lab. This project focuses on the addition of substituents 

to the aromatic rings of these compounds. Specifically, electronically and sterically 

diverse substituents will be appended to different positions on the ring system. With this 

project, we plan to prioritize synthesis of fourth generation CtBP inhibitors based on the 

docking results.  
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Chapter 3: PROteolysis TArgeting Chimeras 

3.1: Ubiquitination and Endogenous Protein Degradation 

3.1.1: Ubiquitin Background 

 Ubiquitin (Ub) is a regulatory protein made up of 76 amino acids and has a 

molecular weight of 8.5 kDa.97,98 It is highly conserved across eukaryotes and plays an 

important role in cellular processes including regulation of the cell cycle, modulation of 

immune system processes, and control of signal transduction.99 Originally called 

chromosomal protein A24, Ub was discovered and isolated in 1975 by Gideon Goldstein 

and colleagues.100 It is a branched protein that has two amino termini and one carboxyl 

terminus.101  

A common post-translational modification of proteins is ubiquitination, or 

attachment of Ub to lysine side chains via an isopeptide bond.102,103  Importantly, Ub has 

seven lysine residues that can be ubiquitinated, allowing it to form poly-Ub chains.103 

Poly-Ub chains that are linked at the residue Lys48 are known to tag the substrate protein 

for degradation by recruitment of the proteasome.104 Endogenous protein degradation is 

controlled by the ubiquitin/proteasome system (UPS). 
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3.1.2: The Ubiquitin/Proteasome System 

 Ubiquitination, also called ubiquitylation, involves a cascade of three enzymes: an 

E1 Ub activating enzyme, an E2 Ub conjugating enzyme, and an E3 Ub protein ligase, 

also known as an E3 ligase (Figure 3.1).103,105,106 The cascade begins with the 

adenylation of Ub, and the Ub-adenylate intermediate reacts with a cysteine residue on 

the E1 activating enzyme, forming an E1-Ub thioester.107 The Ub is then transferred from 

the E1 cysteine residue to a cysteine residue on the E2 conjugating enzyme via trans-

thioesterification.103,107 Finally, an E3 ligase associates with both the E2 thioester and a 

protein that is to be degraded, and catalyzes the transfer of Ub from the E2 thioester to a 

lysine residue on the bound substrate protein. This results in poly-ubiquitination of the 

substrate protein.103  

 This process has two discrete steps: polyubiquitination of the protein to be 

degraded, and subsequent degradation by the 26S proteasome.108 The 26S proteasome 

consists of a 20S core complex (shown in red and yellow in Figure 3.1) and two 19S cap 

complexes (shown in purple in Figure 3.1). The core complex is made up of two 7-

 

Figure 3.1: Overview of the ubiquitin/proteasome system. Adapted from reference 103. 
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membered rings of β subunits (yellow) surrounded by two 7-membered rings of α subunits 

(red), and possesses a narrow channel down the center. The 19S cap is responsible for 

substrate recognition, and deubiquitinates and unfolds the substrate protein to enter the 

pore of the 20S subunit. The β subunits then proteolyze the substrate into smaller 

peptides.109–111 The substrate protein that is degraded by the proteasome is determined 

by the E3 ligase that binds to it. 

3.1.3: E3 Ligases 

 There are three main types of E3 ligases: those that catalyze ubiquitin transfer 

from the E2 enzyme to a lysine residue on the substrate protein via an aminolysis 

reaction, known as RING (really interesting new gene) E3 ligases, and those that transfer 

the ubiquitin to a cysteine residue on the E3 ligase via a transthioesterification reaction, 

known as HECT (homologous to E6-AP carboxy terminus) and RBR (RING-Between-

RING) E3 ligases.112,113 Each type of E3 ligase can be further divided into families of 

proteins. The human genome codes for more than 700 E3 ligases.114  

RING E3 ligases transfer the ubiquitin molecule directly from the E2 active site to 

the substrate. The amino group on the substrate lysine performs a nucleophilic attack on 

the thioester bond between the E2 enzyme and the ubiquitin molecule, causing hydrolysis 

of the thioester and subsequent formation of an isopeptide bond with the substrate.113 

These enzymes contain a RING domain, which optimizes the position of the E2-Ub 

complex in preparation for Ub transfer to the substrate.112 In this way, the RING functions 

as a scaffold protein that orients the E2-Ub complex in relation to the substrate.  

HECT E3 ligases transfer ubiquitin to the substrate by catalyzing two distinct 

reactions: a transthioesterification reaction that transfers Ub from the E2 enzyme onto a 
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cysteine residue on the E3 ligase, and a subsequent nucleophillic attack on that Hect-Ub 

thioester bond by a lysine residue on the substrate.113 These enzymes possess a C-

terminal HECT domain, which consists of an N-terminal lobe containing the binding site 

for the E2 enzyme, and a smaller C-terminal lobe containing the conserved catalytic 

cysteine residue.112  

RBR E3 ligases are fairly new, and share similarities with both HECT and RING 

E3 ligases. RBRs have two ring domains, known as RING1 and RING2, which are 

separated by the in-between-ring (IBR) domain.113 The RING1 domain acts similarly to 

RING E3 ligases in that it engages with the E2-Ub complex, while the RING2 domain 

contains a catalytic cysteine and mediates ubiquitination of the substrate in a HECT-like 

mechanism.112,113  

3.1.4: Dimeric RING E3 Ligases 

 Many RING-type E3 ligases tend to form homo- or heterodimers. Typically, each 

monomeric unit of the dimer is able to bind to an E2 enzyme and bring about ubiquitination 

of its substrate. RING-type dimers are formed either through interaction of sequences 

outside of the RING domain, or through direct interaction of the RING domains. In both 

instances, the E2 binding surfaces of each monomer face away from each other.115  

 One example of a homodimeric RING E3 includes the family of Inhibitors of 

Apoptosis Proteins (IAPs). Five IAPs specifically possess a RING domain with E3 ligase 

activity: XIAP, cIAP1, cIAP2, ILP2, and ML-IAP.116  In the case of cIAP1, the RING 

interface is sequestered in a “closed,” inactive form until activation by an IAP antagonist, 

such as SMAC (second mitochondrial activator of caspases) or DIABLO (direct IAP-

binding protein with low isoelectric point). The IAP antagonist stabilizes the “open,” active 
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conformation, which allows RING dimerization and subsequent E2 binding and ubiquitin 

transfer.115 The endogenous substrate for IAPs is the Rho GTPase Rac1.116 

 Another well studied E3 ligase that is able to form dimers is coded for by the murine 

double minute gene 2 (MDM2). MDM2 is able to form homodimers, as well as 

heterodimers with MDM4 (also called MDMX in some of the literature).115 MDM2 acts as 

an E3 ligase for the tumor suppressor p53.117 MDM4, on the other hand, does not have 

any intrinsic E3 ligase activity, though it does have some role in regulation of p53 in 

conjunction with MDM2.118  A class of imidazoline derivatives, called nutlins, have 

demonstrated the ability to inhibit binding between MDM2 and p53 with IC50 values in the 

nanomolar to micromolar range.119  

3.1.5: Cullin-RING E3 Ligases 

 The majority of E3 ligases are RING-type E3 ligases.115,120 These can be further 

divided into subfamilies, one of which comprises the cullin-based E3 superfamily.115 

There are seven subfamilies of cullin-based E3 ligases, also known as cullin-Ring E3 

ligases (CRLs).114,120,121  CRLs are multi-subunit enzymes, and each subfamily is contains 

a cullin protein (Cul1, 2, 3, 4a, 4b, 5, 7, or 9), a small RING protein (Rbx1 or Rbx2), and 

a substrate recognition subunit (SRS), also referred to as a substrate receptor 

protein.114,115,122  
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The cullin acts as a scaffold protein that brings together the E2 enzyme and the 

substrate. The C-terminus of the cullin associates with the RING protein, which is required 

for interaction with the E2 enzyme. The N-terminus of the cullin binds to an adaptor 

protein, which links the cullin to the variable 

substrate recruitment subunit.114  Cullins are 

activated by covalent conjugation (or neddylation) 

with Nedd8, a ubiquitin-like protein.122 A well-

studied example is the Skp1-Cul1-F-box protein 

(SCF) family (Figure 3.2), where Skp1 is an adaptor 

subunit that binds to the variable F-box protein that 

recognizes the substrate. In humans, there are about 69 interchangeable F-box proteins 

that can recognize different substrates.114,115  

 CRLs make up the largest known class of E3 ligases. CRLs can be differentiated 

based on the cullin subunit, i.e. a CRL that uses Cul2 can be referred to as a CRL2, a 

CRL that uses Cul4 can be referred to as a CRL4, etc. Each cullin associates with a 

different family of SRSs; there are as many as 400 distinct CRLs.122,123 The SRS 

determines what substrates can bind to the CRL. CRL2s have a similar structure to the 

SCF complex, where the adaptor proteins are Skp1-related proteins called Elongin B and 

Elongin C, and the SRS is a von-Hippel-Lindau (VHL)-box protein.122 CRL4 complexes 

 
Figure 3.2: A simplified SCF complex 
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are more 

complicated in that 

there are two 

closely related Cul4 

proteins that are 

coded for by two 

different genes: 

Cul4a and Cul4b. 

CRL4s typically associate with the adaptor (or linker) protein DDB1 (damaged DNA 

binding protein 1), and several different SRSs.123,124 One specific SRS that is found in 

both Cul4a and Cul4b complexes is known as cereblon (CRBN).124 The CRL2 and CRL4 

complexes are shown in Figure 3.3.  

3.1.6: VHL and CRBN 

 The VHL gene was discovered in 1993, and 

is named for von Hippel-Lindau disease, a familial 

cancer syndrome.125 The VHL gene codes for two 

splice variants of the VHL protein: VHL30, which has 

213 amino acids and a molecular weight of 30 kDa, and VHL19, which as 160 amino acids 

and a molecular weight of 19 kDa.126–129 As mentioned previously, VHL acts as an 

substrate receptor for CRL2s. A small molecule inhibitor of VHL has been developed, 

known as VH032 (Figure 3.4), which has a dissociation constant of 185 nM.130,131  

 
Figure 3.3: Depictions of CRL2VHL and CRL4CRBN. Adapted from 
https://njbio.com/targeted-protein-degraders/  

 
Figure 3.4: VHL Inhibitor VH032 
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The CRBN gene was discovered in 2004.132,133 The gene encodes for the CRBN 

protein, which is made up of 442 amino acids and has a 

molecular weight of 51 kDa.134 It encompasses an ATP-

dependent Lon proteas domain in the N-terminal region, a 

seven α helical bundle domain that is involved in binding to 

DDB1, and a substrate binding domain in the N-terminus.135 As mentioned previously, 

CRBN acts as a substrate receptor for CRL4s and is involved in endogenous protein 

degradation. In 2010, it was discovered that CRBN is responsible for thalidomide’s 

teratogenic effects. Thalidomide (Figure 3.5) binds to CRBN and inhibits its activity as a 

ubiquitin E3 ligase.136 This lead to the investigation of thalidomide as a drug for treating 

multiple myeloma. The mechanism of action is that thalidomide binds to CRBN and acts 

as a molecular glue between CRBN and the transcription factors IKZF1 and IKZF3, which 

are important for the survival of multiple myeloma. This catalyzes the ubiquitination and 

degradation of these transcription factors.137 Thalidomide exists as two enantiomers; 

racemic thalidomide binds to CRBN with a dissociation constant of 18.1 µM. (S)-

thalidomide has slightly higher affinity for CRBN (Kd = 3.5 µM) compared to (R)-

thalidomide (Kd = 20 µM).138 

 VHL and CRBN are the most commonly targeted E3 ligases in PROteolysis 

TArgeting Chimeras (PROTAC) research. The known inhibitors of both CRBN and VHL 

have been exploited to target the endogenous UPS in order to catalyze the ubiquitination 

and degradation of a protein of interest (POI).139 

 
Figure 3.5: Thalidomide 
structure 
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3.2: PROTACs 

3.2.1: PROTAC Background 

 Most inhibitory drugs function on two main principles: high equilibrium target 

occupancy, and maintaining exposure in the diseased tissue.140 This utilizes what is 

termed “occupancy-driven pharmacology,” in which an inhibitor binds to the target protein 

(typically in the active site) and blocks the function of the protein. The more of the protein 

that is blocked by the inhibitor, the more effective the drug, typically in a stoichiometric 

fashion. Selectivity of the inhibitor is determined by the binding affinity to the target 

protein. This model is in contrast to what is known as “event-driven pharmacology,” in 

which protein function is controlled by decreasing the concentration of the target protein 

in the cell, i.e., controlling protein abundance. In event-driven pharmacology, restoration 

of protein function requires resynthesis of the protein. This is the principle that PROTACs 

are based on – that one can control the abundance of the target protein through 

pharmacologically-induced catalysis of ubiquitination and degradation.141,142 

A PROTAC is a bivalent chemical probe (Figure 3.6) that binds to a POI as well 

as an E3 ligase, and catalyzes the ubiquitination and degradation of the POI  by the 

proteasome.143 Essentially, a PROTAC molecule “highjacks” the UPS to bring about 

degradation of a POI as a form of disease therapy. The first PROTAC was reported in 

2001 by Craig Crews and colleagues. A proof of concept, the first PROTAC (named 

Protac-1) sought to recruit an unrelated protein, methionine aminopeptidase-2 (MetAP2) 

 

Figure 3.6: A simplified PROTAC structure.   
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to SCFβ-TRCP and catalyze the ubiquitination and degradation of MetAP2. Indeed, Protac-

1 was shown to specifically bind to MetAP2, recruit MetAP2 to SCF, mediate the 

ubiquitination of MetAP2, and degrade MetAP2 in Xenopus egg extracts. Protac-1 

consisted of a peptide moiety that binds to SCF and a small molecule moiety that binds 

to MetAP2, and demonstrated the ternary complex that is formed between the E3 ligase, 

the PROTAC, and the protein of interest.144  

Functional inhibitors target proteins with druggable active or allosteric sites, which 

only accesses approximately 20% of the human proteome. PROTACs introduce the idea 

of targeting the undruggable proteome, as a PROTAC does not need to functionally inhibit 

its target protein. The PROTAC’s sole purpose is to bring the protein of interest in close 

contact with an E3 ligase. Further, PROTACs can be used in sub-stoichiometric 

concentrations, because once the target protein has been degraded by the proteasome, 

the PROTAC is free to bind to another protein molecule.145,146 A schematic for how a 

PROTAC works in theory is shown in Figure 3.7.  

 
Figure 3.7: A schematic of the PROTAC mechanism. Adapted from reference 146. 
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3.2.2: Peptide-based PROTACs 

 Protac-1 was a hybrid molecule in that it utilized a small molecule to bind to the 

protein of interest and a peptide to bind to an E3 ligase. The small molecule ovalicin 

covalently binds to MetAP2, and is linked to the IκB-α phosphopeptide, which is 

recognized by the F-box SRS of the SCFβ-TRCP complex (Figure 3.8).144,147  

After the initial success of the first PROTAC in 2001, in 2003 the Crews group 

developed peptide-based PROTACs targeting the estrogen receptor (ER) and the 

androgen receptor (AR). They synthesized a 10-aa IκB-α peptide and linked it to either 

17β-estradiol (E2) or dihydroxytestosterone (DHT). These PROTACs are known as 

Protac-2 and Protac-3, respectively. It was observed that Protac-2 catalyzed Cul1-

dependent ubiquitination of ER at 10 µM concentration. Further, Protac-3 was observed 

to promote degradation of GFP-AR in HEK-293 cells.148 

Though the early peptide-based PROTACs were successful at targeting the UPS 

and catalyzing degradation of a POI, cell permeability remained an issue. In 2004, Crews 

introduced Protac-4 as a cell permeable PROTAC.108 This PROTAC contained the small 

molecule AP21998 to bind to the F36V mutant of FK506 binding protein (FKBP12). Rather 

than targeting the SCF, this PROTAC was the first to target the E3 ligase VHL. This was 

done by using the 7-aa sequence ALAPYIP to mimic the minimum recognition domain of 

hypoxia inducible factor 1α (HIF1α) by VHL. Appended to the end of this peptide was a 

poly-D-arginine cell-permeating peptide (CPP) to increase cell permeability of the 

PROTAC. Protac-4 was evidenced to mediate EGFP-FKBP12 degradation in HeLa cells 

 
Figure 3.8: The structure of Protac-1. Asterisks indicate phosphorylated residues. 
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in a VHL-dependent manner.108 This group then went on to create Protac-5, which linked 

the same HIF1α-polyarginine peptide sequence to DHT to induce degradation of  GFP-

AR in HEK-293 cells.108  

 Following in Crews’ footsteps, Zhang et al developed a cell permeable PROTAC 

that degraded ER in MCF-7 cells in a VHL-dependent manner.149 A combination of 

Protacs-2 and -5, Zhang’s PROTAC was comprised of the octapeptide MLAPYIPM to 

exploit the HIF1α-VHL interaction and E2 to involve the ER. Other PROTACs were then 

designed utilizing HIF1α to target VHL. These include PROTACs targeting ER for the 

treatment of breast cancer,150,151 AR for the treatment of prostate cancer,151 and the aryl 

hydrocarbon receptor (AHR) for the treatment of liver cancer.152,153  

  Montrose and colleagues then designed a peptide-based PROTAC targeting the 

cancer-forming X-protein from the hepatitis B virus (HBV).154 Unlike its predecessors, 

both ligands of this PROTAC were peptides. Specifically, this PROTAC was comprised 

of the N-terminal dimerization domain of the X-protein fused to its C-terminal degron 

domain, which acted as a novel E3 ligase recognition signal. Each peptide was attached 

at the N-terminus to a poly-arginine CPP. This PROTAC was shown to bind to and 

degrade both full-length and truncated X-protein in HEPG2 cells.154 Other homo-peptide 

PROTACs were created, including those targeting Tau for the treatment of Alzheimer’s 

disease.155,156  

 Though a good proof-of-concept and introduction to PROTAC technology, peptide-

based PROTACs typically demonstrated activity in only the micromolar range. This is 

thought to be in part due to poor cell permeability, though this problem was aided by the 

addition of CPPs. However, due to their large size, it is also possible that peptide-based 
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PROTACs are recognized by the immune system and neutralized by antibodies, 

dampening their clinical applications.147 Fortunately, the attempts to improve peptide-

based PROTACs promoted the development of small molecule-based PROTACs. 

3.2.3: Small molecule-based PROTACs  

 Small molecule-based PROTACs offer several advantages over peptide-based 

PROTACs. As mentioned previously, small molecule-based PROTACs have a lower 

molecular weight, which aids in cell penetration. Further, small molecules are more drug-

like than peptides and are easier for the human body to absorb. Four main E3 ligases are 

targeted by small molecule-based PROTACs: VHL, CRBN,  MDM2, and IAP.147  

The first all-small-molecule PROTAC capable of inducing proteasomal 

degradation was reported in 2008.157 Like many of the peptide-based PROTACs, this 

targets the androgen receptor (AR). This is in part because of the previous success of 

peptide-based PROTACs in degrading AR.108 However, AR has also been shown to 

promote growth in prostate tumor cells, and inhibition of AR has demonstrated repression 

of cell growth in prostate tumors.158 Rather than DHT, the ligand chosen to bind to AR  

was a selective androgen receptor modulator (SARM) that inhibits AR with a KI of 4 nM.159 

The E3 ligase recruited by this PROTAC is the RING E3 ligase MDM2. A nutlin derivative, 

known as nutlin-3, was synthesized to be the MDM2-binding ligand. The two ligands were 

connected by a PEG3 linker. The structure of the SARM-nutlin PROTAC is shown in 
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Figure 3.9. This PROTAC was able to degrade AR in HeLa cells at a concentration of 10 

µM.157  

 In 2010, the Hashimoto group designed their own type of small molecule PROTAC 

known as Specific and Nongenetic IAPs-dependent Protein ERasers (SNIPERs).160 They 

chose to target the E3 ligase cellular inhibitor of apoptosis protein 1 (cIAP1), which is an 

IAP and is overexpressed in some tumor cells. The group chose methyl bestatin (MeBS) 

to target cIAP1, which is from a class of bestatin ester analogues that bind to the BIR3 

domain of cIAP1 and promote autoubiquitination and degradation of cIAP1.161,162 The first 

SNIPER molecule was a proof-of-concept, so the researchers selected cellular retinoic 

acid binding proteins (CRABP-I and -II) as the target proteins to be degraded. ATRA (all-

trans retinoic acid), is a specific small molecule ligand for CRABP-I and –II. The two 

ligands were separated by PEG linkers of varying lengths. These PROTACs were able to 

degrade CRABP-I in MOLT-4 cells and CRABP-II in HT1080 cells at a concentration of 1 

µM.160 This showed that the SNIPER approach to PROTACs was a viable option; cIAP1 

can be targeted by a PROTAC to induce ubiquitination and degradation of a POI.  
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Figure 3.9: Structure of the first all-small-molecule PROTAC, linking 
together a SARM (blue) to target AR and nutlin-3 (red) to target MDM2. 



105 

 

 In 2011, the Hashimoto group expanded their SNIPER approach to target nuclear 

receptors (NRs), specifically ER, AR, and retinoic acid 

receptor (RAR).163 To target binding to cIAP1, they used 

either MeBS or a related molecule known as BE04 (Figure 

3.10).  A compound known as Ch55 was chosen to target 

RAR due to its known selectivity for RAR over CRABP-II.164,165 DHT was chosen as the 

binding ligand for AR, and estrone was chosen as the binding ligand for ER. It was 

confirmed via Western Blot that these RAR, AR, and ER SNIPERs  effectively reduce the 

levels of the target protein.163 However, it was later determined that bestatin is not highly 

selective for cIAP1 and can also recruit the anaphase-promoting complex/cyclosome 

(APC/C).166  

 Since 2015, VHL and CRBN have become the main E3 ligase targets for small 

molecule-based PROTACs.167 This is due to the discovery of small-molecule ligands for 

VHL to replace the HIF1α peptide,168,169 and immunomodulatory drugs (IMiDs) 

thalidomide, pomalidomide, and lenalidomide that bind to CRBN.170 VHL-based small 

molecule PROTACs have been designed, synthesized and shown to degrade many 

proteins including GFP-HaloTag fusions,171 ERRα,172 RIPK2,172 BCR-ABL,173 BRD4,174–

176 TBK1,177 several receptor tyrosine kinases (RTKs),178 and TRIM24.179 CRBN-based 

small molecule PROTACs have also been developed to target many proteins, including 

BRD2/3/4,180–182 FKBP12,180 BCR-ABL,173 BRD9,183 Sirt2,184 CDK9,185,186 FLT3,187 

BTK,187,188 and ALK.189   

 
Figure 3.10: Bestatin ester 
analogues MeBS (X = O), 
and BE04 (X = NH).   
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 An attractive PROTAC target is the class of proteins known as Bromodomain and 

Extra-Terminal (BET) proteins, specifically the BRomoDomain containing proteins 2, 3, 

and 4 (BRD2/3/4).190 This is because BRD2/3/4 are epigenetic readers that bind to AR 

directly, which has implications in castration-resistant prostate cancer (CRPC). Further, 

when BRD2/3/4 are inhibited, this abrogates AR-mediated transcription.191 BRD4 is also 

known to form a fusion gene with NUclear protein in Testes (NUT) to cause a rare, 

aggressive form of cancer called NUT midline carcinoma (NMC).192 The compound (+)-

JQ1 inhibits BRD4 with an IC50 of 77 nM, and binds to BRD4 with a Kd of 50 nM.193 Due 

to this high affinity and potency, (+)-JQ1 has been used in several VHL- and CRBN-based 

BRD4 degraders.190  A BET degrader known as ARV-771 (Figure 3.11) utilizes a glycol 

linker to connect (+)-JQ1 and VH032 to catalyze VHL-dependent ubiquitination and 

degradation of 

BRD2/3/4. ARV-771 

is more potent than 

(+)-JQ1 alone, with 

an IC50 less than 1 nM and a Kd of 9.6 nM. ARV-771 is also able to degrade BRD4 with a 

DC50 (drug concentration that results in 50% protein degradation) less than 5 nM in 

22Rv1, VCaP, and LnCaP95 cells.174 

 Zhou et al then optimized (+)-JQ1 through traditional SAR and identified the 

compound HJB97 as a more potent inhibitor of BRD4 with an IC50 of 7 nM and a KI of 0.5 

nM.194 HJB97 was then utilized as the BET-binding ligand in a series of PROTACs with 

 
Figure 3. 11: The structure of the BET degrader ARV-771, which combines 
the BRD4 inhibitor (+)-JQ1 (blue) with the VHL inhibitor VH032 (red). 
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varying linker lengths and types. In these PROTACs, thalidomide or its analogue 

lenalidomide were used to bind 

CRBN. This study resulted in an 

even more potent BET degrader 

known as BETd-260 (Figure 

3.12), which links together 

lenalidomide and HJB97 with a 5-carbon aliphatic chain. BETd-260 effectively degrades 

BRD4 in RS4;11 cells at concentrations as low as 30 pM, and inhibits cell growth with an 

IC50 of 51 pM.182 Both ARV-771 and BETd-260 show that small molecule-based 

PROTACs can effectively degrade BRD4 at very low concentrations when compared to 

treatment with small molecule inhibitors alone.  

3.2.4: Linker Composition 

 As mentioned above, a PROTAC is a heterobifunctional molecule that consists of 

two “warheads” that target a POI and an E3 ligase, separated by a linker. While most 

PROTAC research has focused on development of new POI targets and potent E3-

binding ligands, an important part of PROTAC research is determining the proper linker 

length and composition for effective ternary complex formation, and subsequent POI 

ubiquitination and degradation. To date, it is believed that linker length, composition, and 

attachment point must be optimized for each E3/POI pair.195 For example, in 2011 Cyrus 

et al showed that in VHL/ER PROTACs, increasing the linker length from 9 atoms to 16 

atoms increased potency in cell viability assays 5-fold in MCF-7 cells.196  

 The most popular linker compositions to date include PEG and alkyl chains, with 

some researchers opting for glycol chains that introduce extra methylene groups to PEG 

 
Figure 3.12: The structure of the BET degrader BETd-260, 
which combines the BRD4 inhibitor HJB97 (blue) with the 
CRBN inhibitor lenalidomide (red)
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linkers to extend the chain length.195 In 2018, the Crews lab published structures of 

VHL/TBK1 PROTACs with PEG or glycol linkers ranging in length from 7-29 atoms. In 

this study, PROTACs with linker lengths less than 12 atoms did not degrade TBK1, and 

the optimal linker length was determined to be 21 atoms (DC50 = 3 nM).177 More diverse 

linkers have been reported in the literature as well, including those that introduce rigidity 

such as alkynes, piperazine, and piperidine moieties.197–199 Triazole-containing linkers 

have also become more attractive in the field due to their compatibility with click 

chemistry.200  

3.2.5: PROTACs in the Clinic 

  Since the first PROTAC was pioneered in 2001, the field of targeted protein 

degradation has grown immensely. In 2019, Arvinas Therapeutics inaugurated the first 

PROTAC to enter into human clinical trials: an AR degrader known as ARV-110.201,202 

Today, 13 PROTAC molecules have entered into human trials (Figure 3.13), with diverse 

targets including AR, ER, BCL-XL, IRAK4, STAT3, BTK, TRK, and BRD9. All but one of 

these degraders are for cancer treatment. This field continues to grow: to date there are 

more than 1600 published PROTAC molecules, acting on more than 100 different 

molecular targets.201  
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Chapter 4: Development of CtBP PROTACs 

4.1: Design of CtBP PROTACs 

4.1.1: Ligand for E3 Ligase 

 Pomalidomide (Figure 4.1), a thalidomide analogue, 

was chosen as the ligand for the E3 ligase. Pomalidomide 

binds to the E3 ligase CRBN with a dissociation constant of 3 

µM.203 We decided to target CRBN as the E3 ligase because 

it is ubiquitously expressed.139 The aniline nitrogen was chosen as the point of attachment 

to the ligand because this can be expanded with amide bond coupling chemistry. A 

glycine residue was attached at this point by reductive amination.  

4.1.2: Ligand for CtBP 

 HIPP was chosen as the CtBP-binding ligand. It has a dissociation constant for 

CtBP1 of 370 nM at biological pH.87 To determine the point of attachment to the linker of 

the PROTAC, the HIPP-CtBP1 co-crystal structure was observed in PyMOL v2.4.1 as a 

 
Figure 4.1: 
Pomalidomide Structure 

 
Figure 3.13: A summary of PROTAC molecules in human clinical trials in 2021. Adapted from reference 201.  
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space-filling surface model (Figure 4.2). The 4-position of the phenyl ring (para to the 

HIA moiety) was selected as the optimal point of attachment for HIPP-based CtBP 

a)  

b)  
Figure 4.2: a) HIPP-CtBP1 cocrystal structure (PDBID: 4u6q) as a space filling model with the HIPP 
ligand boxed in red. b) A close-up view of HIPP in the CtBP1 binding pocket with an arrow pointing at 
the 4-position on the phenyl ring to indicate the optimal point of attachment for HIPP-based 
PROTACs. 
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PROTACs due to its position in the binding pocket of CtBP1.  With this in mind, we 

appended an aminomethyl moiety at the 4-position of the phenyl ring for coupling to the 

linker.  

4.1.3: Linker Composition 

 Aliphatic Fmoc amino acids are commercially available (n = 1-6, Figure 4.3) and 

can be connected to ligands using amide coupling chemistry. In 

most PROTAC molecules, the linker length is between 10-14 

atoms. For the first PROTAC molecule synthesized, Fmoc-amino-

heptanoic acid (Fmoc-7-AHP-OH, n = 6) was selected for use as the linker because it is 

inexpensive and could be used as a proof-of-concept when optimizing synthesis of the 

PROTACs.  

 Once the chemistry was optimized, we opted to use Fmoc-protected PEG linkers 

(PEG2 and PEG3, Figure 4.4) as these are more 

commonly seen in PROTAC molecules in the 

literature and are more soluble than fully aliphatic 

linkers.  

 
Figure 4.3: Aliphatic 
Fmoc amino acids.  

a)  

b)  
Figure 4.4: PEG2 (a) and PEG3 (b)  
Fmoc-protected linker molecules. 
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4.1.4: Design of 3 HIPP-based CtBP PROTACs 

 In total, we designed and synthesized three HIPP-based CtBP PROTACs, which 

utilized pomalidomide to bind CRBN. These PROTACs (Figure 4.5) differ only in linker 

length and composition. 

Once assembled, we 

predicted that these 

PROTACs would bind to 

both CtBP and CRBN, 

which would result in the 

ubiquitination of CtBP 

and subsequent 

degradation by the proteasome. As CtBP degradation is catalytic, the PROTAC is a 

catalyst that would then be reused to degrade more CtBP (Figure 4.6).  

 

 
Figure 4.5: Structures of the 3 HIPP-based CtBP PROTACs. 

 
Figure 4.6: The predicted mechanism of HIPP-based CtBP PROTACs.  
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4.2: Experimental 

4.2.1: Synthesis of HIPP-based CtBP PROTACs 

 We started with synthesis of the CRBN binding partner, POM-Gly-OH based on 

previously published work by another lab in the VCU Medicinal Chemistry department 

(Scheme 4.1).204 First, 3-nitrophthalic anhydride (1.5 eq) and 3-aminopiperidine-2,6-

dione hydrochloride (1 eq) were heated to reflux in glacial acetic acid with sodium acetate 

(1.2 eq). This nucleophilic ring opening and closing reaction afforded nitro-pomalidomide 

(4.1). We then performed a one-pot reduction-reductive amination series of reactions to 

append a glycine linker on pomalidomide. Nitro-pomalidomide was reacted with 5% 

palladium on carbon (10 wt%) and 50 psi H2 gas to reduce the nitro functional group to 

the primary amine. This was followed by addition of glyoxylic acid monohydrate (5 eq) 

and sodium sulfate (1 g/mmol) in a reductive amination to give Pom-Gly-OH (4.2).205 With 

this compound in hand, we began pilot reactions to couple the pomalidomide fragment to 

the linker fragment.  

 First we protected the carboxylic acid of Fmoc-7-AHP-OH as a benzyl ester (4.3, 

Scheme 4.2) by addition of thionyl chloride (10 eq) in benzyl alcohol (14 eq) at 0°C, and 

refluxing for 24 h.206 The Fmoc group was then deprotected using piperidine (11 eq) to 

 
Scheme 4.1: Synthesis of compounds 4.1 and 4.2. Reagents and conditions: 
(a) NaOAc, AcOH, 110°C, 5 h. (b) 5% Pd/C, H2 (50 psi), Na2SO4, glyoxylic acid 
monohydrate, dioxane, rt, 16 h.  
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afford the fragment NH2-7-AHP-OBn (4.4).207 NH2-7-AHP-OBn (1.2 eq) was then coupled 

using amide coupling chemistry182 to the Pom-Gly-OH fragment (1 eq) with HATU (1.2 

eq) and DIPEA (3 eq) to yield Pom-Gly-7-AHP-OBn (4.5, Scheme 4.3). Unfortunately, in 

our hands we were unable to effectively purify this molecule in either normal or reversed 

phase column chromatography.  

Given these results, we chose to reorder the synthetic steps and instead attach 

the linker fragment to the CtBP-binding ligand HIPP prior to attachment to Pom-Gly-OH, 

as the Fmoc-7-AHP-HIPP intermediate can be purified with normal phase automated 

MPLC.  

 Synthesis of the HIPP fragment began with 4-(aminomethyl)benzoic acid (1 eq), 

which was reduced by LAH (4 eq) to 

yield (4-(aminomethyl)phenyl)methanol 

(4.6, Scheme 4.4). Next, the free 

amino group needed to be protected in 

 
 Scheme 4.2: Synthesis of compounds 4.3 and 4.4. Reagents and conditions: 
(a) SOCl3, BnOH, 0→100°C, 24 h. (b) Piperidine, DCM, rt, 24 h.  

 
 Scheme 4.3: Synthesis of compound 4.5. Reagents and 
conditions: (a) HATU, DIPEA, DMF, rt, 2 h.   

 
Scheme 4.4: Synthesis of compound 4.6. Reagents 
and conditions: (a) LAH, THF, 0→ 63°C, 16 h.  
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order for us to perform further chemistry on the alcohol moiety. Our lab had previously 

tried to use a carboxybenzyl (Cbz) protecting group at this position, but we were unable 

to remove the Cbz group cleanly. Next we attempted a strategy with an allyloxycarbonyl 

(Alloc) protecting group.  

 As seen in Scheme 4.5, amine 4.6 (1 eq) was reacted with allyl oxycarbonyl 

chloride (1.1 eq) to afford allyl (4-(hydroxymethyl)benzyl)carbamate (4.7). The alcohol of 

4.7 was then oxidized with MnO2 (11 eq) to produce allyl (4-formylbenzyl)carbamate (4.8). 

With the aldehyde 4.8 (1.5 eq) in hand, we performed a HWE reaction with compound 2.2 

(1 eq, from Scheme 2.1) in the presence of LiHMDS (1.1 eq) to yield ethyl 3-(4-

((((allyloxy)carbonyl)amino)methyl)phenyl)-2-((tert-butyldimethylsilyl)oxy)acrylate (4.9) 

as a mixture of E and Z isomers. Similar to the reactions performed in Section 2.2.4, this 

product then underwent a two-step, one-pot reaction to convert the silyl enol ether 4.9 to 

an oxime. 4.9 was reacted first with triethylamine trihydrofluoride (1.7 eq), followed by 

hydroxylamine hydrochloride (1.7 eq) to create ethyl 3-(4-

((((allyloxy)carbonyl)amino)methyl)phenyl)-2-(hydroxyimino)propanoate (4.10).  

 For attachment to Fmoc-7-AHP-OH, we first had to remove the Alloc protecting 

group and produce ethyl 3-(4-(aminomethyl)phenyl)-2-(hydroxyimino)propanoate (4.11, 

 
Scheme 4.5: Synthesis of compounds 4.7-4.10. Reagents and conditions: (a) allyl oxycarbonyl 
chloride, dioxane/1N NaOH (2:1), 0°C → rt, 16 h. (b) MnO2, THF, rt, 16 h. (c) 2.2, LiHMDS, THF,         
-78°C → rt, 15 h. () 3HF٠NEt3, H2NOH٠HCl, EtOH/CHCl3 (4:1), rt, 19 h. 
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Scheme 4.6). We attempted this with 

several different sets of conditions, all 

involving the palladium catalyst 

known as tetrakis (Pd(PPh3)4, 0.1 

eq).208 These reactions were 

attempted in MeOH, THF, and DCM. 

We tried to several bases (3 eq) including K2CO3, NaOH, and K+ -OtBu. We also 

experimented with addition of 1,3-dimethylbarbituric acid (DMBA, 1.5 eq) to act as a 

scavenger for Pd. None of these reactions were successful, unfortunately. We were able 

to determine by 13C NMR that the oxime was not stable to these Alloc deprotection 

conditions.  

Looking in the literature,209 we chose to attempt a reaction with 4.10, tetrakis (0.15 

eq), and N,N,1,1,1-pentamethylsilanamine (1 eq) to yield ethyl (2-(hydroxyimino)-3-(4-

(((((trimethylsilyl)oxy)carbonyl)amino)methyl)phenyl)propanoate (4.12) in hopes that the 

trimethylsilyl carbamate would be easier to remove, but this reaction was not successful 

(Scheme 4.7). As a final attempt to remove the Alloc protecting group, we TBS protected 

the oxime oxygen by reacting 

4.10 with imidazole (3 eq), 

DMAP (0.15 eq), and TBS 

chloride (2 eq) to afford ethyl 3-(4-((((allyloxy)carbonyl)amino)methyl)phenyl)-2-(((tert-

butyldimethylsilyl)oxy)imino)propanoate (4.13), which we then carried into a reaction with 

tetrakis (0.15 eq) and potassium carbonate (3 eq) to remove the Alloc group and yield 

ethyl (Z)-3-(4-(aminomethyl)phenyl)-2-(((tert-butyldimethylsilyl)oxy)imino)propanoate 

 
Scheme 4.7: Synthesis of compound 4.12. Reagents and 
conditions: (a) Pd(PPh3)4, (Me)2NTMS, DCM, rt, 2 h.  

 
Scheme 4.6: Synthesis of compound 4.11. Reagents 
and conditions: (a) Pd(PPh3)4, K2CO3, MeOH, rt, 12 h. 
(b) Pd(PPh3)4, DMBA, K2CO3, MeOH, rt, 12 h.            
(c) Pd(PPh3)4, DMBA, K+ -OtBu, THF, rt, 12 h.           
(d) Pd(PPh3)4, DMBA, K+ -OtBu, DCM, rt, 12 h.           
(e) Pd(PPh3)4, DMBA, NaOH, THF, rt, 12 h.                   
(f) Pd(PPh3)4, DMBA, NaOH, DCM, rt, 12 h.               
(g) Pd(PPh3)4, DMBA, THF, rt, 12 h.                           
(h) Pd(PPh3)4, DMBA, DCM, rt, 12 h. 
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(4.14), but the oxime was unstable to these conditions as well (Scheme 4.8). This led us 

to turn to a different protecting group strategy. 

 With amine 4.6 in hand, we next decided to synthesize the HIPP fragment utilizing 

a Boc protecting group strategy (Scheme 4.9). In our initial synthesis, we combined 4.6 

with Boc anhydride (1.2 eq) and sodium bicarbonate (3 eq) to Boc protect the free amine 

and afford tert-butyl (4-hydroxymethyl)benzyl)carbamate (4.15). This then underwent an 

oxidation reaction with MnO2 (11 eq) to yield tert-butyl (4-formylbenzyl)carbamate (4.16). 

This aldehyde (1.5 eq) was then combined with 2.2 (1 eq) in a HWE reaction, in the 

presence of LDA, to produce ethyl 3-(4-(((tert-butoxycarbonyl)amino)methyl)phenyl)-2-

((tert-butyldimethylsilyl)oxy)acrylate as a mixture of E/Z isomers (4.17).92 The TBS group 

was removed from the silyl enol ether with triethylamine trihydroflouride (1.7 eq) and the 

enol was converted to an oxime with hydroxylamine hydrochloride (1.7 eq) to afford the 

Boc-protected HIPP fragment (4.18). Finally, we were able to remove the Boc protecting 

 
 Scheme 4.8: Synthesis of compounds 4.13 and 4.14. Reagents and conditions: (a) Imidazole, 
DMAP, TBS chloride, DCM, rt, 18h. (b) Tetrakis, K2CO3, MeOH, rt, 3 h.   

H2N
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88% 79%

 
Scheme 4.9: Synthesis of compounds 4.15-4.18. Reagents and conditions: (a) Boc2O, NaHCO3, 
H2O/dioxane (1:1), 0°C → rt, 16 h. (b) MnO2, THF, rt, 16 h. (c) 2.2, LDA, THF, -78°C → rt, 15 h. 
(d) 3HF٠NEt3, H2NOH٠HCl, EtOH/CHCl3 (4:1), rt, 19 h. 
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group cleanly with 

hydrochloric acid (4 eq) to 

generate compound 4.11 as 

an HCl salt (Scheme 4.10).210  

 As a proof of concept (Scheme 4.11), we coupled 4.11 (1.2 eq) to Fmoc-7-AHP-

OH (1 eq) with HATU (1.2 eq) and DIPEA (3 eq) to yield ethyl 3-(4-((7-((((9H-fluoren-9-

yl)methoxy)carbonyl)amino)heptanamido)methyl)phenyl)-2-(hydroxyimino)propanoate 

(4.19).211 The Fmoc protecting group was removed with piperidine (11 eq) to afford ethyl 

3-(4-((7-aminoheptanamido)methyl)phenyl)-2-(hydroxyimino)propanoate (4.20).207 The 

HIPP-linker fragment (1.2 eq) was then coupled to Pom-Gly-OH (1 eq) with HATU (1.2 

eq) and DIPEA (3 eq) to produce the fully synthesized aliphatic CtBP PROTAC, ethyl 3-

(4-((7-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-

yl)amino)acetamido)heptanamido)methyl)phenyl)-2-(hydroxyimino)propanoate (4.21), 

which we purified by preparative HPLC. However, through this method we were only able 

to obtain 5 mg of final product and the yield was quite poor (6%). We next optimized select 

reactions of this total synthetic scheme.   

 
Scheme 4.10: Synthesis of compound 4.11. Reagents and 
conditions: (a) 4N HCl, dioxane, rt, 30 min.  

 
Scheme 4.11: Synthesis of compounds 4.19-4.21. Reagents and conditions: (a) HATU, DIPEA, DMF, 
rt, 16 h. (b) Piperidine, DCM, rt, 24 h. () 4.2, HATU, DIPEA, DMF, rt, 16 h.   
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We chose to optimize the Boc protection step (Scheme 4.12), because when the 

reaction was scaled up from 3.6 mmol (494 mg) to 13.23 mmol (1.81 g), the yield 

decreased from 84% to 31%. We identified several Boc protection methods in the 

literature. First we attempted reacting amine 4.6 with Boc anhydride (1.16 eq) in MeOH 

at rt for 12 h,212 but this only resulted in 24% yield. Next we reacted 4.6 (1 eq) with TEA 

(1.03 eq) and Boc anhydride (1.06 eq) in THF at rt overnight,213 and while we were able 

to obtain 66% yield we did not get a pure product. Next we mixed  4.6 (1 eq) with TEA (1 

eq) for 10 min at rt in THF, followed by addition of Boc anhydride (1 eq) and further stirring 

at rt for 90 min,214 but this reaction afforded a 41% yield. Finally, we found optimized 

conditions in which 4.6 (1 eq) is dissolved in tert-butanol/1M NaOH (2:1), followed by 

addition of Boc anhydride and stirred for 2 hours.215 We chose to carry this reaction into 

the MnO2 oxidation without purification, and obtained a 64% yield over two steps.  

Next, we optimized the Boc deprotection step of the synthetic scheme (Scheme 

4.13), because in our previous conditions we recovered 65% yield while the yield reported 

in the literature was much higher. We continued to react 4.18 with 4N HCl, but optimized 

the time of the reaction and the work-up. We determined the reaction goes to completion 

after 19 h through careful monitoring of the reaction by TLC and LC-MS. We also opted 

to use gentler work-up 

conditions, where rather than 

using the rotovap to 

 
Scheme 4.12: Optimized synthesis of compounds 4.15 and 4.16. Reagents and conditions: (a) 
Boc2O, tBuOH/1M NaOH (2:1), 0°C → rt, 2 h. (b) MnO2, THF, rt, 16 h.   

 
Scheme 4.13: Optimized synthesis of compound 4.11. 
Reagents and conditions: (a) 4N HCl, dioxane, rt, 19 h.   
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evaporate dioxane, we blew nitrogen gas into the reaction flask overnight for a slower 

evaporation of solvent. This afforded us a 93% yield on this step. 

Once we optimized synthesis of the CtBP-binding ligand of the PROTAC, we 

moved into optimization of the amide bond coupling steps. In our original coupling 

conditions to append 4.11 to Fmoc-7-AHP-OH (Scheme 4.14), we were unable to purify 

the reaction product effectively on 

larger scales. However, we felt it 

was important to bring pure 

product into the following steps. 

We opted to continue utilizing 

HATU (1.2 eq) as the coupling reagent, but chose to use Fmoc-7-AHP-OH in excess 

(1.05 eq). To aid in purification, we added an aqueous wash step to the work-up followed 

by extraction with ethyl acetate. We then were able to purify the reaction product by 

automated MPLC (CombiflashRf) in DCM/MeOH, where each solvent was treated with 

0.1% TEA.  

We next optimized the Fmoc deprotection of the HIPP-linker fragment 4.19 

because through LC-MS analysis we were able to determine that piperidine was not an 

efficient reagent for this reaction. This is because the piperidine cannot be separated from 

the reaction product, and is carried over into the final coupling to Pom-Gly-OH. The 

piperidine then forms an unintended side product 

with 4.2 (Figure 4.7) that inhibits this coupling 

reaction from going to completion. We first 

attempted an Fmoc deprotection with 1,8-

 
Scheme 4.14: Optimized synthesis of compound 4.19. 
Reagents and conditions: (a) HATU, DIPEA, DMF, rt, 16 

 
Figure 4.7: Structure of the product 
of the side reaction between 4.2 and 
piperidine. 
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Diazabicyclo[5.4.0]undec-7-ene (DBU, 3 eq)216 but the reaction product was unstable. We 

also attempted to deprotect with a catalytic amount of DBU (0.1 eq) using dodecanethiol 

(10 eq) as a scavenger for the dibenzofulvene side product,217 but this resulted in 

degradation of the product. We 

found a clean, efficient 

deprotection reagent in polymer-

bound piperazine (Scheme 

4.15).218 We reacted 4.19 with 

polymer-bound piperazine (10 eq) to afford compound 4.20. We were able to filter off the 

solid-supported piperazine and carry 4.20 into the final coupling reaction without further 

purification.  

For the final coupling reaction (Scheme 4.16), we chose to optimize the coupling 

reagent utilized, as well as the purification step. We tested reaction conditions utilizing 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) with hydroxybenzotriazole (HOBt), 

or benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP). The 

optimal conditions for this reaction involved mixing 4.2 with PyBOP (1.2 eq) in DMF for 1 

 
Scheme 4.15: Optimized synthesis of compound 4.20. 
Reagents and conditions: (a) DMF, rt, 24 h.  

 
Scheme 4.16: Optimized synthesis of compound 4.21. Reagents and 
conditions: (a) PyBOP, DIPEA, DMF, rt, 16 h.  
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hour, followed by addition of 4.20 and DIPEA sequentially, which was then stirred 

overnight at rt. For purification, we dried the reaction product on C18 and purified by 

reversed phase automated MPLC (CombiflashRf), to yield ~100 mg of pure aliphatic 

PROTAC product (4.21).  

Once we successfully synthesized and purified the aliphatic PROTAC, we were 

ready to synthesize the PROTACs with the PEG linkers (Scheme 4.17). We coupled 

HIPP fragment 4.11 (1 eq) to either 1-(9H-fluoren-9-yl)-3-oxo-2,7,10-trioxa-4-azatridecan-

13-oic acid (Fmoc-PEG2-OH) or 1-(9H-fluoren-9-yl)-3-oxo-2,7,10,13-tetraoxa-4-

azahexadecan-16-oic acid (Fmoc-PEG3-OH) with HATU (1.2 eq) and DIPEA (3 eq) to 

afford ethyl 3-(4-(1-(9H-fluoren-9-yl)-3,13-dioxo-2,7,10-trioxa-4,14-diazapentadecan-15-

yl)phenyl)-2-(hydroxyimino)propanoate (4.22) and ethyl 3-(4-(1-(9H-fluoren-9-yl)-3,16-

dioxo-2,7,10,13-tetraoxa-4,17-diazaoctadecan-18-yl)phenyl)-2-

(hydroxyimino)propanoate (4.23). The HIPP-linker fragments 4.22 and 4.23 were then 

Fmoc-deprotected using polymer-bound piperazine (10 eq) to yield ethyl 3-(4-((3-(2-(2-

aminoethoxy)ethoxy)propanamido)methyl)phenyl)-2-(hydroxyimino)propanoate (4.24) 

and ethyl 3-(4-(14-amino-3-oxo-6,9,12-trioxa-2-azatetradecyl)phenyl)-2-

 
Scheme 4.17: Optimized synthesis of compounds 4.22-4.27. Reagents and conditions: (a) HATU, 
DIPEA, DMF, rt, 16 h. (b) Polymer-bound piperazine, DMF, rt, 24 h. (c) 4.2, PyBOP, DIPEA, DMF, rt, 
16h.  
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(hydroxyimino)propanoate (4.25) respectively. Finally, 4.24 and 4.25 were coupled to 4.2 

utilizing PyBOP (1.2 eq) and DIPEA (3 eq) to afford the final PROTAC products: ethyl 3-

(4-(14-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)-3,13-dioxo-6,9-dioxa-

2,12-diazatetradecyl)phenyl)-2-(hydroxyimino)propanoate (4.26) and ethyl 3-(4-(17-((2-

(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)-3,16-dioxo-6,9,12-trioxa-2,15-

diazaheptadecyl)phenyl)-2-(hydroxyimino)propanoate (4.27). For purification, we dried 

the reaction products on C18 and purified by reversed phase automated MPLC 

(CombiflashRf), to yield ~100 mg of pure PROTAC product (4.26 and 4.27). 

4.2.2: Biological evaluation of CtBP PROTACs 

 A2780 cells were cultured according to standard protocol. CtBP PROTACs 4.21, 

4.26, and 4.27 were dissolved in DMSO and mixed into the full medium for an overnight 

period. The original cell medium was then replaced with drug medium. Cells were 

incubated for 48 h, then lysed by RIPA buffer and supplemented with protease and 

phosphatase inhibitors. The cell lysates were separated by 4-12% SDS-PAGE (sodium 

dodecyl-sulfate polyacrylamide gel electrophoresis) gels and blotted into PVDF (polyvinyl 

diflouride) membranes. The transblotted membranes were blocked with TBST containing 

5% milk for 1 h, and probed with CtBP1 or CtBP2 antibody for an overnight period at 4°C. 

The membranes were then washed with TBST and incubated with conjugated secondary 

antibody in blocking buffer at room temperature for 1 h. ImageJ was used to quantify the 

relative intensity of each band. The net protein bands and loading controls are calculated 

by deducting the background from the inverted band value. The final relative 

quantification values are the ratio of the net band to the net loading control. Percent band 

intensity data were normalized to the no inhibitor control well, converted to a percentage, 
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and plotted against the log of the concentrations of PROTAC. Curve fitting and the 

determination of the DC50 were performed in Prism (Graphpad, Version 9) using non-

linear regression to the log(inhibitor) vs normalized response equation. DC50 values 

represent the drug concentration that results in 50% band intensity of the control. Cellular 

assays and western blots were performed by Dr. Boxiao Ding and Dr. Martin M. Dcona 

from the University of Southern California.  

4.3: Results and Discussion 

4.3.1: Results from the biological evaluation of CtBP PROTACs 

Initially, our three PROTAC molecules (4.21, 4.26 and 4.27) were tested for their 

ability to degrade CtBP1/2 in 

A2780 cells at concentrations 

ranging from 0.1-10 µM (Figure 

4.8) in both short- and long-term 

exposures. In our initial 

experiments, PROTAC 4.26 was 

able to degrade approximately 25% of CtBP1 and CtBP2 at 10 µM (Figure 4.9). PROTAC 

4.27 showed no degradation of CtBP1 or 

CtBP2 and was not tested further. 

 
Figure 4.8: Initial Western Blots of PROTACs 4.21, 4.26, 
and 4.27. 
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Figure 4.9: Degradation of CtBP1/2 by 4.26.  
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We next measured degradation of CtBP with higher concentrations of PROTACs 

4.21 and 4.26 (0.1-100 µM). The 

western blots are shown in 

Figure 4.10. Compound 4.21 

showed degradation of CtBP2 

but not CtBP1 at concentrations 

of 1 and 10 µM. We performed a 

nonlinear regression in Prism to fit the curve, and 4.21 exhibited a DC50 of 3.20 µM for 

CtBP2 (Figure 4.11). Compound 4.21 also showed some degradation of CtBP1 at 100 

µM concentrations. We calculated the DC50 of 4.21 to be 16.43 µM for CtBP1 (Figure 

4.12).  

We were unable to calculate DC50 values for PROTAC 4.26 because we did not 

obtain any bands that displayed a relative intensity of 50% or less. However, 4.26 

exhibited degradation of CtBP2 at 10 µM concentration, but at 100 µM, the concentration 

of CtBP increases. This could be due to the hook effect, where rather than forming a 

ternary complex between the PROTAC, CRBN and CtBP, PROTAC molecules form 

 
Figure 4.11: Degradation of CtBP1 by 4.21.   

 
Figure 4.12: Western Blots of PROTACs 4.21 and 4.26.  

 
Figure 4.10: Degradation of CtBP2 by 4.21.  
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binary complexes with either 

CRBN or CtBP. PROTAC 4.26 

degraded approximately 35% of 

CtBP2 at 10 µM in this experiment 

(Figure 4.13). The DC50 is likely 

greater than 10 µM but less than 

100 µM. PROTAC 4.26 did not 

display degradation of CtBP1 at 

these concentrations.  

4.3.2: Discussion  

 Previous attempts to design an inhibitor of CtBP for use as a cancer therapeutic 

have focused on substrate-competitive functional inhibitors. Our lab had previously 

designed, synthesized, and evaluated two lead inhibitors – HIPP and 4-Cl HIPP. While 

these two compounds are potent inhibitors of CtBP in vitro with IC50 values of 240 nM and 

180 nM respectively, this potency did not translate when these compounds were tested 

in cells. HIPP exhibited a cellular IC50 of 4.12 mM and 4-Cl HIPP exhibited a cellular IC50 

of 1.74 mM.68 The literature was consulted and we hypothesized that degradation of CtBP 

with a PROTAC would have a strong anti-oncogenic effect in cells.  

We designed three PROTAC molecules that utilized HIPP to bind to CtBP and 

pomalidomide to bind to the E3 ligase CRBN, with linkers of varying length and 

composition. The point of attachment of the linker to HIPP was chosen based on analysis 

of the HIPP-CtBP1 co-crystal structure (PDBID: 4U6Q). A modular synthetic route to 

make these PROTACs was designed using an HWE reaction and amide coupling 

 
Figure 4.13: Degradation of CtBP1/2 by 4.26.   
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reactions as key steps, along with standard protection, deprotection, reduction and 

oxidation reactions and then executed in the laboratory. After determining the optimal 

protecting group strategy and optimization of selected synthetic steps, each PROTAC 

was synthesized in 9 sequential steps in 100 mg quantities. Each compound was 

synthesized as described in Section 4.2.1. Each compound was confirmed by HRMS, 

and purity was confirmed by analytical, reversed-phase HPLC.   

From our western blotting experiments, we found that HIPP-based CtBP 

PROTACs are able to degrade CtBP1/2 in cells. 4.21 degrades CtBP2 with a DC50 of 3.2 

µM, and degrades CtBP1 with a DC50 of 16.43 µM. 4.26 degrades CtBP2 with a DC50 that 

is greater than 10 µM but is less than 100 µM. 4.27 did not degrade CtBP1 or CtBP2. It 

is interesting that we see more degradation of CtBP2 than CtBP1 from our two biologically 

active PROTAC molecules. This is likely because degradation is dependent on the 

subcellular localization of CRBN.219 CRBN is mainly expressed in the nucleus, though it 

is expressed some in the cytoplasm as well.136 While CtBP2 contains an NLS sequence 

and is expressed in the nucleus, CtBP1 is only localized to the nucleus when part of a 

heterodimer with CtBP2. If the PROTAC molecules are able to keep CtBP1/2 from 

forming dimers, i.e. inhibit dimerization, then it would make sense that there would be 

less degradation of CtBP1 because there is less CRBN in the cytoplasm. The PROTACs’ 

ability to inhibit dimerization can be measured experimentally using analytical 

ultracentrifugation to test this hypothesis. 

 The PROTAC with the fully aliphatic linker (4.21) was more potent in A2780 cells 

than either PROTAC that contained PEG linkers (4.26 and 4.27). 4.21 had a linker length 

of 12 atoms between the aniline of pomalidomide and the phenyl ring of HIPP. 4.26 had 
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a linker length of 14 atoms and degraded less CtBP1/2 than 4.21. 4.27 had a linker length 

of 17 atoms and failed to degrade either CtBP1 or CtBP2. From this data we can conclude 

that the optimal linker length is around 12 atoms, and the optimal linker composition is an 

aliphatic carbon chain. However, further research should be performed with HIPP-based 

PROTACs with more diverse linker lengths and compositions to make a definitive 

conclusion.  

One limitation of this project is that we were unable to measure the binding affinity 

of the three PROTAC molecules to CtBP due to time constraints. We had intended to 

measure the dissociation constants of these PROTACs with isothermal titration 

calorimetry. The CtBP-binding ligand is HIPP, so it is presumed that the PROTACs have 

similar binding affinities as HIPP. However, this will need to be determined experimentally 

as it is unknown what affect the rest of the PROTAC molecule would have on HIPP’s 

ability to bind to CtBP.  

It is important to note that the CtBP-binding ligand HIPP in our PROTAC molecules 

is an ethyl ester, as opposed to a carboxylic acid. We showed in Chapter 2 that 

replacement of the carboxylic acid of HIPP to an ethyl ester increases its potency in the 

MTT cell viability assay in HCT116 cells 15-fold. We believe this is due to the ethyl ester 

being more cell permeable than the carboxylic acid, because the acid would be 

deprotonated and therefore charged at physiological pH. It is also our assumption that 

the ester will be hydrolyzed to the acid prior to delivery to the target protein. To test these 

hypotheses, 4.21 should by hydrolyzed and tested in cells again to see if there is a 

difference in degradation of CtBP1/2. We may also want to consider utilizing a different 

ester, as the ethyl ester may limit solubility in vivo.   
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 While we were able to conclude that CtBP can be effectively degraded in cells by 

treatment with a PROTAC, we do not know that this degradation will lead to restoration 

of expression of TSGs or induce apoptosis. 4.21 should be tested in an MTT cell viability 

assay to determine whether this compound is effective at inducing apoptosis. This will 

also allow us to compare the efficacy of 4.21 with the potent CtBP inhibitors we designed 

and synthesized in Chapter 2. We also propose to test the PROTAC molecules in a 

luciferase assay that will measure the restoration of Bik transcription.68  

4.3.3: Chemistry Experimental Data 

General Chemical Methods 

Reagents/chemicals, catalysts, solvents were purchased from Sigma-Aldrich, Fisher, 

Oakwood, AstaTech Inc., Alfa-Aesar and Enamine. Analytical Thin Layer 

Chromatography (TLC) was performed using silica gel GHLF plates (Analtech Inc.). 

Automated MPLC was performed on TELEDYNE ISCO CombiFlash® Rf instrument 

using RediSep Rf Normal-phase Flash Columns (4-gm, 12-gm, 24-gm, or 40-gm) with 

gradients of either Hexanes/Ethyl Acetate or Dichloromethane/Methanol, or RediSep Rf 

Reversed-phase C18 Columns (4.3-gm, 13-gm, 26-gm, or 43-gm) with a gradient of 

water/acetonitrile. 1H NMR and 13C NMR experiments were recorded on BRUKER 

600MHz NMR instrument in deuterated solvents – chloroform (CDCl3), dimethyl sulfoxide 

((CD3)2SO) or deuterium oxide (D2O). All chemical shifts are reported in parts per million 

(ppm) with reference to chloroform, DMSO, and H2O residual peaks at 7.26, 2.50 and 

4.80 respectively (1H NMR spectra); 77.16 and 39.52 respectively (13C NMR spectra). 

The data is reported as: chemical shifts (ppm), multiplicity (s = singlet, d = doublet, t = 

triplet, q = quartet, m = multiplet), coupling constant(s) (Hz) and integral values.  
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(4-(Aminomethyl)phenyl)methanol (4.6): In an oven-dried, 100 mL round-bottom flask 4-

(aminomethyl)benzoic acid (2.0 g, 13.23 mmol, 1 eq) was dissolved in anhydrous 

tetrahydrofuran (40 mL, 0.3 M) under nitrogen and cooled to 0°C. Lithium aluminum 

hydride (1 g, 52.92 mmol, 4 eq) was added as a solid in three equal portions at 0 °C. After 

gas evolution ceased, the reaction was heated to 63 °C and refluxed for 16 h. After cooling 

to 0 °C, water (4 mL) was added dropwise, followed by 10% aqueous sodium hydroxide 

(4 mL) and water (12 mL). The quenched reaction mixture was then warmed to room 

temperature and stirred for 10 minutes, followed by filtering over celite and washing with 

THF. The filtrate was then concentrated in vacuo followed by pumping down overnight on 

high-vac to yield the product as a white solid (1.72 g, 95% yield). 1H NMR (600 MHz, 

CDCl3) δ 7.33 (d, J = 8.04 Hz, 2H), 7.30 (d, J = 8.04 Hz, 2H), 4.67 (s, 2H), 3.85 (s, 2H). 

13C NMR (150 MHz, CDCl3) δ 142.61, 139.61, 127.30, 127.27, 65.01, 46.19. HRMS ESI+ 

C8H12NO [M+H]+ Expected: 138.0913, Found: 138.0907.  

 

Tert-butyl (4-hydroxymethyl)benzyl)carbamate (4.15): In an oven-dried, 100 mL round-

bottom flask, 4-(aminomethyl)phenyl)methanol (4.6, 1 g, 7.3 mmol, 1 eq) was dissolved 

in a 2:1 mixture of tert-butanol and 1M aqueous sodium hydroxide at 0 °C. Di-tert-butyl 

dicarbonate (3.98 g, 18.25 mmol, 2.5 eq) was added as a solid at 0 °C. The reaction was 

warmed to room temperature and allowed to stir for 2 h. The reaction was then washed 

with sodium bicarbonate (2 x 50 mL) and the product was extracted with ethyl acetate (3 
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x 50 mL). The combined ethyl acetate layers were washed with brine, dried with sodium 

sulfate, and filtered. The filtrate was then concentrated in vacuo followed by pumping 

down overnight on high-vac to yield the product as a mixture with excess di-tert-butyl 

dicarbonate that was carried over into the next step. 1H NMR (600 MHz, CDCl3) δ 7.33 

(d, J = 7.32, 2H), 7.27 (d, J = 7.5, 2H), 4.68 (d, J = 5.7, 2H), 4.30 (s, 2H), 1.46 (s, 9H). 

13C NMR (150 MHz, CDCl3) δ 155.75, 139.88, 1378.25, 127.54, 127.15, 79.42, 64.91, 

44.27, 28.27. HRMS ESI+ C13H19NO3 [M+Na]+ Expected: 260.1263, Found: 260.1258.  

 

Tert-butyl (4-formylbenzyl)carbamate (4.16): In an oven-dried, 250 mL round-bottom 

flask, tert-butyl (4-hydroxymethyl)benzyl)carbamate (4.15, 1.73 g, 7.3 mmol, 1 eq), was 

dissolved in anhydrous tetrahydrofuran (58.75 mL, 0.12 M) under nitrogen at room 

temperature. Manganese (IV) oxide (6.98 g, 80.3 mmol, 11 eq) was added as a solid and 

the reaction was allowed to stir over 16 h. The reaction mixture was then filtered over 

celite and washed with THF. The filtrate was then concentrated in vacuo and purified 

using  an automated CombiFlash MPLC system (silica gel, 30% ethyl acetate/hexanes), 

followed by pumping down overnight on high-vac to yield the product as a white solid 

(1.10 g, 64% yield). 1H NMR (600 MHz, CDCl3) δ 10.00 (s, 1H), 7.85 (d, J = 8.04, 2H), 

7.45 (d, J = 7.92, 2H), 4.40 (d, J = 5.76, 2H), 1.47 (s, 9H). 13C NMR (150 MHz, CDCl3) δ 

191.89, 155.91, 146.12, 135.55, 130.10, 127.72, 79.92, 44.37, 28.38. HRMS ESI+ C-

13H17NO3 [M+Na]+ Expected: 258.1101, Found: 258.1101.  
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Ethyl 3-(4-(((tert-butoxycarbonyl)amino)methyl)phenyl)-2-((tert-

butyldimethylsilyl)oxy)acrylate (4.17): In an oven-dried, 50 mL round-bottom flask, ethyl 

2-((tert-butyldimethylsilyl)oxy)-2-(dimethoxyphosphoryl)acetate (2.2, 923.71 mg, 2.83 

mmol, 1 eq) was dissolved in tetrahydrofuran (7.22 mL, 0.4 M) and added dropwise to a 

stirring solution of lithium diisopropylamide in tetrahydrofuran (3.12 mL, 1 M, 1.1 eq) at    

-78 °C. After stirring for 30 minutes, tert-butyl (4-formylbenzyl)carbamate (4.16, 1 g, 4.25 

mmol, 1.5 eq) was dissolved in tetrahydrofuran (7.22 mL, 0.6 M) and added dropwise to 

the reaction mixture. The reaction was then stirred at -78 °C and warmed to room 

temperature over 15 h. The reaction mixture was then quenched with ammonium chloride 

(24 mL) and diluted with ethyl acetate (120 mL). This was washed with ammonium 

chloride (3 x 24 mL), water (3 x 24 mL), and saturated sodium chloride (3 x 24 mL). The 

organic phase was then dried with sodium sulfate and filtered. The filtrate was then 

concentrated in vacuo and purified using  an automated CombiFlash MPLC system (silica 

gel, 20% ethyl acetate/hexanes), followed by pumping down overnight on high vac to yield 

the product as a yellow oil (1.08 g, 88% yield). 1H NMR (600 MHz, CDCl3) δ 7.22-7.19 

(m, 4H), 6.38 (s, 1H), 4.29 (d, J = 5.52, 2H), 4.13 (q, J = 7.14, 2H), 1.46 (s, 9H), 1.16 (t, 

J = 7.14, 3 H), 0.98 (s, 9H), 0.22 (s. 6H). 13C NMR (150 MHz, CDCl3) δ 164.94, 155.86, 

142.15, 137.81, 133.72, 128.98, 127.09, 120.07, 79.50, 60.95, 44.45, 28.42, 25.84, 25.60, 

18.29, 14.21, 13.85, -3.85, -4.74. HRMS ESI+ C23H37NO5Si [M+Na]+ Expected: 458.2333, 

Found: 458.2312.  
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Ethyl 3-(4-(((tert-butoxycarbonyl)amino)methyl)phenyl)-2-(hydroxyimino)propanoate 

(4.18): In an oven-dried, 100 mL round-bottom flask ethyl 3-(4-(((tert-

butoxycarbonyl)amino)methyl)phenyl)-2-((tert-butyldimethylsilyl)oxy)acrylate (4.17, 1.08 

g, 2.48 mmol, 1 eq) was dissolved in a 4:1 mixture of ethanol and chloroform (25 mL, 

0.1M) under nitrogen at room temperature. Triethylamine trihydrofluoride (0.69 mL, 4.22 

mmol, 1.7 eq) was added dropwise and the reaction was stirred. After 30 minutes, 

hydroxylamine hydrochloride (293.25 mg, 4.22 mmol, 1.7 eq) was added as a solid in two 

portions and the reaction was stirred for an additional 19 h at room temperature. The 

solvent was then evaporated and the reaction mixture was dissolved in dichloromethane 

(32 mL). This was washed with water (2 x 64 mL) and saturated aqueous sodium 

bicarbonate (97 mL). The organic phase was dried with sodium sulfate and filtered. The 

filtrate was concentrated in vacuo and purified by  an automated CombiFlash MPLC 

system (silica gel, 50% ethyl acetate/hexanes), followed by pumping down overnight on 

high-vac to yield the product as a white solid (658.44 mg, 79% yield).  1H NMR (600 MHz, 

CDCl3) δ 7.27 (d, J = 7.14, 2H), 7.19 (d, J = 7.44, 2H), 4.27-4.25 (m, 4H), 3.96 (s, 2H), 

1.45 (s, 9H), 1.30 (t, J = 7.02, 3H). 13C NMR (150 MHz, CDCl3) δ 163.27, 155.92, 151.06, 

137.24, 134.85, 129.41, 127.71, 79.56, 61.89, 44.36, 30.13, 28.40, 14.05. HRMS ESI+ 

C17H24N2O5 [M+Na]+ Expected: 359.1577, Found: 359.1564.  
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Ethyl 3-(4-(aminomethyl)phenyl)-2-(hydroxyimino)propanoate hydrochloride (4.11): In an 

oven-dried, 8-mL vial ethyl 3-(4-(((tert-butoxycarbonyl)amino)methyl)phenyl)-2-

(hydroxyimino)propanoate (4.18, 90.72 mg, 0.27 mmol, 1 eq) was dissolved in 1,4-

dioxane under nitrogen at room temperature, cooled to 0°C, and 4 M hydrochloric acid in 

1,4-dioxane solution (0.51 mL, 1.08 mmol, 4 eq) was added. The reaction was stirred at 

room temperature for 19 h. The solvent was then allowed to evaporate by blowing 

nitrogen into the reaction vial overnight followed by pumping down overnight on high-vac 

to yield the product as an HCl salt (68.52 mg, 93% yield). 1H NMR (600 MHz, CDCl3) δ 

12.51 (s, 1H), 8.15 (br s, 2 H), 7.36 (d, J = 7.98, 2H), 7.23 (d, J = 7.5, 2H), 4.16 (q, J = 

7.08, 2H), 3.97 (d, J = 5.52, 2H), 3.84 (s, 2H), 1.21 (t, J = 7.08, 3H). 13C NMR (150 MHz, 

CDCl3) δ 163.60, 149.25, 136.85, 132.07, 129.11, 128.70, 60.95, 41.84, 28.23, 13.98.  

HRMS ESI+ C12H16N2O3 [M+H]+ Expected: 237.1234, Found: 237.1226. 

 

Synthesis of HIPP-based CtBP PROTAC Intermediates 

General Procedure 1: In an oven-dried vial, the corresponding Fmoc-protected linker 

carboxylic acid (1.05 eq) was dissolved in N,N-dimethylformamide under nitrogen at room 

temperature. Ethyl 3-(4-(aminomethyl)phenyl)-2-(hydroxyimino)propanoate 

hydrochloride (4.11, 1 eq), HATU (1.2 eq), and DIPEA (3 eq) were added sequentially. 

The reaction was stirred at room temperature for 16 h. The reaction mixture was then 

washed with deionized water and the product was extracted with ethyl acetate (3x). The 

combined ethyl acetate layers were then washed with brine, dried with sodium sulfate, 
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and filtered. The filtrate was then concentrated in vacuo followed by pumping down 

overnight on high-vac to yield the crude product. The crude product was then purified 

using an automated CombiFlash MPLC system (silica gel, methanol/dichloromethane, 

0.1% TEA), followed by pumping down overnight on high-vac to yield the pure product.  

 

Ethyl 3-(4-((7-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)heptanamido)methyl)phenyl)-

2-(hydroxyimino)propanoate (4.19): Procedure 1 was followed using 7-((((9H-fluoren-9-

yl)methoxy)carbonyl)amino)heptanoic acid (84.88 mg, 0.231 mmol) in DMF (1.15 mL). 

Yield 72% (92.2 mg, 0.16 mmol). 1H NMR (600 MHz, CDCl3) δ 12.43 (br s, 1H), 8.23 (t, J 

= 5.79, 1H), 7.89 (d, J = 7.44, 2H), 7.68 (d, J = 7.32, 2H), 7.41 (t, J = 7.32, 2H), 7.32 (t, J 

= 7.32, 2H), 7.25 (d, J = 5.46, 1H), 7.13 (s, 3H), 5.76 (s, 1H), 4.29 (d, J = 6.72, 2H), 4.21-

4.18 (m, 2H), 4.15 (q, J = 6.48, 2H), 3.79 (s, 2H), 2.96-2.93 (m, 2H), 2.69 (s, 6H), 2.10 (t, 

J = 7.5, 2H), 1.51-1.49 (m, 3H), 1.38-1.37 (m, 2H), 1.23 (m, 6H), 1.19 (t, J = 6.81, 3H), 

1.01 (m, 9H).  13C NMR (150 MHz, CDCl3) δ 172.01, 163.61, 157.01, 149.57, 142.56, 

139.41, 137.72, 137.42, 134.83, 128.91, 128.47, 127.33, 127.28, 127.01, 124.19, 121.37, 

120.02, 109.74, 60.89, 60.34, 45.69, 41.69, 38.23, 35.29, 29.66, 29.49, 28.43, 26.03, 

25.27, 13.95, 11.43. HRMS ESI+ C34H39N3O6 [M+Na]+ Expected: 608.2731, Found: 

608.2720. 
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Ethyl 3-(4-(1-(9H-fluoren-9-yl)-3,13-dioxo-2,7,10-trioxa-4,14-diazapentadecan-15-

yl)phenyl)-2-(hydroxyimino)propanoate (4.22): Procedure 1 was followed using 1-(9H-

fluoren-9-yl)-3-oxo-2,7,10-trioxa-4-azatridecan-13-oic acid (276.81 mg, 0.693 mmol) in 

DMF (3.47 mL). Yield 61% (248.2 mg, 0.40 mmol). 1H NMR (600 MHz, CDCl3) δ 8.32 (br 

s, 2H), 7.89 (d, J = 7.38, 2H), 7.85 (d, J = 7.38, 2H), 7.42 (t, J = 7.02, 2H), 7.35 (t, J = 

7.32, 2H), 7.14 (m, 7H), 6.28 (s, 2H), 4.21 (d, J = 4.86, 4H), 4.16 (q, J = 6.96, 4H), 3.80 

(s, 4H), 3.64-3.62 (m, 4H), 3.51 (s, 5H), 3.48 (s, 3H), 3.45 (m, 3H), 2.46-2.43 (m, 13H), 

2.36 (m, 4H), 1.21 (t, J = 6.96, 6H). 13C NMR (150 MHz, CDCl3) δ 170.07, 170.02, 163.61, 

139.40, 137.41, 128.91, 128.45, 127.29, 121.37, 120.02, 109.75, 69.56, 69.41, 66.82, 

60.89, 45.70, 41.71, 36.08, 29.66, 13.96, 11.58. HRMS ESI+ C34H39N3O8 [M+Na]+ 

Expected: 640.2629, Found: 640.2599. 

 

Ethyl 3-(4-(1-(9H-fluoren-9-yl)-3,16-dioxo-2,7,10,13-tetraoxa-4,17-diazaoctadecan-18-

yl)phenyl)-2-(hydroxyimino)propanoate (4.23): Procedure 1 was followed using 1-(9H-

fluoren-9-yl)-3-oxo-2,7,10,13-tetraoxa-4-azahexadecan-16-oic acid (307.35 mg, 0.693 

mmol) in DMF (3.47 mL). Yield 64% (278.8 mg, 0.42 mmol). 1H NMR (600 MHz, CDCl3) 

δ 8.37 (br s, 1H), 7.89 (d, J = 7.56, 2H), 7.84 (d, J = 7.5, 2H), 7.41 (t, J = 7.38, 2H), 7.34 

(t, J = 7.38, 2H), 7.15-7.12 (m, 8H), 6.28 (s, 2H), 4.21 (d, J = 5.64, 4H), 4.16 (q, J = 7.02, 
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4H), 3.80 (s, 4H), 3.63-3.61 (m, 4H), 3.59 (m, 4H), 3.54 (s, 6H), 3.50 (m, 10H), 2.94-2.94 

(t, J = 4.71, 4H), 2.37 (t, J = 6.24, 4H), 1.20 (t, J = 7.02, 6H). 13C NMR (150 MHz, CDCl3) 

δ 170.07, 163.62, 149.51, 142.55, 139.40, 137.46, 137.41, 134.86, 128.91, 128.44, 

127.29, 127.28, 121.37, 120.02, 109.75, 69.68, 69.64, 69.49, 66.88, 66.83, 60.88, 45.49, 

41.69, 38.63, 36.07, 29.65, 13.96, 9.64. HRMS ESI+ C36H43N3O9 [M+Na]+ Expected: 

684.2892, Found: 684.2879. 

 

General Procedure 2: In an oven-dried, 40-mL vial, polymer-bound piperazine (10 eq) 

was swollen by addition of 5-10 mL of DMF, which was allowed to stir for several minutes, 

followed by decantation of excess solvent. This was repeated 2-3 times, then the 

corresponding Fmoc-protected HIPP-linker fragment (4.19, 4.22, or 4.23) was dissolved 

in DMF (1.9 mL, 0.1M) and added at room temperature. The reaction was stirred at room 

temperature for 24 h. The piperazine was then filtered off using a solid-phase extraction 

cartridge under vacuum, and washed with DCM. The product was concentrated in vacuo 

and added to the following reaction without further purification. 

 

Ethyl 3-(4-((7-aminoheptanamido)methyl)phenyl)-2-(hydroxyimino)propanoate (4.20): 

Procedure 2 was followed using  ethyl 3-(4-((7-((((9H-fluoren-9-

yl)methoxy)carbonyl)amino)heptanamido)methyl)phenyl)-2-(hydroxyimino)propanoate 

(4.19, 110.1 mg, 0.19 mmol) in DMF (1.9 mL). 
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Ethyl 3-(4-((3-(2-(2-aminoethoxy)ethoxy)propanamido)methyl)phenyl)-2-

(hydroxyimino)propanoate (4.24): Procedure 2 was followed using ethyl 3-(4-(1-(9H-

fluoren-9-yl)-3,13-dioxo-2,7,10-trioxa-4,14-diazapentadecan-15-yl)phenyl)-2-

(hydroxyimino)propanoate (4.22, 313.3 mg, 0.51 mmol) in DMF (5.1 mL). 

O

OEt

N
OH

O

H
NO

O
O

H2N

 

Ethyl 3-(4-(14-amino-3-oxo-6,9,12-trioxa-2-azatetradecyl)phenyl)-2-

(hydroxyimino)propanoate (4.25): Procedure 2 was followed using ethyl 3-(4-(1-(9H-

fluoren-9-yl)-3,16-dioxo-2,7,10,13-tetraoxa-4,17-diazaoctadecan-18-yl)phenyl)-2-

(hydroxyimino)propanoate (4.23, 329.9 mg, 0.5 mmol) in DMF (5 mL). 

 

General Procedure 3: In an oven-dried, 100-mL round-bottom flask, (2-(2,6-

dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)glycine (4.2, 1.2 eq) was dissolved in DMF 

(0.1M) under nitrogen at room temperature. PyBOP (1.2 eq) was added as a solid, and 

the reaction was stirred at room temperature for 1 h. After 1 h, the corresponding HIPP-

linker fragment (4.20, 4.24, or 4.25, 1 eq) and DIPEA (3 eq) were added sequentially and 

the reaction was stirred at room temperature for 16 h. The reaction mixture was then dry-

loaded onto C18 silica gel, and purified using an automated CombiFlash MPLC system 
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(C18, acetonitrile/water), followed by pumping down overnight on high-vac to yield the 

pure product. 

 

Ethyl 3-(4-((7-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-

yl)amino)acetamido)heptanamido)methyl)phenyl)-2-(hydroxyimino)propanoate (4.21): 

Procedure 3 was followed using ethyl 3-(4-((7-aminoheptanamido)methyl)phenyl)-2-

(hydroxyimino)propanoate (4.20, 69.09 mg, 0.19 mmol) in DMF (1.9 mL). Yield 35% (45.1 

mg, 0.07 mmol). 1H NMR (600 MHz, CDCl3) δ 12.44 (br s, 1H), 11.10 (br s, 1H), 8.22 (br 

s, 1H), 8.17 (s, 2H), 8.07 (br s, 1H), 7.58 (t, J = 7.8, 1H), 7.12 (s, 4H), 7.06 (d, J = 6.9, 

1H), 6.94 (br s, 1H), 6.85 (d, J = 8.4, 1H) 5.08-5.05 (m, 1H), 4.19-4.13 (m, 5H), 3.91 (d, J 

= 5.16, 2H), 3.78 (s, 2H), 3.07-3.06 (m, 3H), 3.02-3.00 (m, 9H), 2.88 (m, 2H), 2.60-2.54 

(m, 2H), 2.10-2.01 (m, 8H), 1.86 (br s, 1H), 1.72 (s, 8H), 1.48 (m, 3H), 1.38 (m, 3H), 1.23-

1.18 (m, 12H). 13C NMR (150 MHz, CDCl3) δ 172.83, 172.06, 170.06, 168.71, 168.24, 

167.34, 163.63, 163.37, 149.59, 145.85, 137.73, 136.20, 134.86, 132.07, 128.49, 127.34, 

118.09, 117.45, 110.95, 109.86, 79.78, 60.92, 48.58, 45.88, 45.85, 45.18, 41.71, 38.56, 

35.30, 30.99, 29.67, 28.93, 28.40, 26.11, 25.94, 25.89, 25.25, 22.17, 13.97, 1.16. HRMS 

ESI+ C34H40N6O9 [M+Na]+ Expected: 699.2749, Found: 699.2729. 
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Ethyl 3-(4-(14-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)-3,13-dioxo-

6,9-dioxa-2,12-diazatetradecyl)phenyl)-2-(hydroxyimino)propanoate (4.26): Procedure 3 

was followed using ethyl 3-(4-((3-(2-(2-

aminoethoxy)ethoxy)propanamido)methyl)phenyl)-2-(hydroxyimino)propanoate (4.24, 

201.68 mg, 0.51 mmol) in DMF (5.1 mL). Yield 27% (97.1 mg, 0.14 mmol). 1H NMR (600 

MHz, CDCl3) δ 12.44 (s, 1H), 11.11 (s, 1H), 8.31 (m, 1H), 8.15 (s, 4H), 7.58 (t, J = 7.74, 

1H), 7.15-7.12 (m, 4H), 7.07 (d, J = 6.84, 1H), 6.95 (m, 1H), 6.86 (d, J = 8.46, 1H), 5.09-

5.06 (m, 1H), 4.21 (d, J = 5.46, 2H), 4.15 (q, J = 7.02, 2H), 3.94 (d, J = 5.28, 2H), 3.79 (s, 

2H), 3.62 (t, J = 6.24, 2H), 3.48 (s, 5H), 3.42 (t, J = 5.46m, 3H), 3.26-3.25 (m, 3H), 3.02-

3.01 (m, 19H), 2.92-2.86 (m, 1H), 2.61-2.54 (m, 2H), 2.36 (t, J = 6.15, 2H), 2.08 (s, 5H), 

1.73 (s, 18H), 1.24-1.19 (m, 6H). 13C NMR (150 MHz, CDCl3) δ 172.77, 170.04, 170.02, 

168.67, 168.56, 167.29, 163.58, 149.55, 145.79, 137.44, 136.17, 134.84, 132.03, 128.43, 

127.28, 117.43, 110.93, 109.82, 69.50, 69.41, 68.95, 66.82, 60.87, 48.54, 45.84, 45.82, 

45.10, 41.70, 40.04, 38.62, 36.09, 30.96, 30.66, 29.64, 25.91, 25.86, 22.13, 13.93, 1.12. 

HRMS ESI+ C34H40N6O11 [M+Na]+ Expected: 731.2647, Found: 731.2621. 
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Ethyl 3-(4-(17-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)-3,16-dioxo-

6,9,12-trioxa-2,15-diazaheptadecyl)phenyl)-2-(hydroxyimino)propanoate (4.27): 

Procedure 3 was followed using ethyl 3-(4-(14-amino-3-oxo-6,9,12-trioxa-2-

azatetradecyl)phenyl)-2-(hydroxyimino)propanoate (4.25, 219.76 mg, 0.5 mmol) in DMF 

(5 mL). Yield 30% (114.4 mg, 0.15 mmol). 1H NMR (600 MHz, CDCl3) δ 12.44 (br s, 1H), 

11.10 (s, 1H), 8.29 (m, 1H), 8.16-8.15 (m, 5H), 7.58 (t, J = 7.71, 1H), 7.14-7.11 (m, 4H), 

7.07 (d, J = 7.02, 1H), 6.94 (br s, 1H), 6.85 (d, J = 8.64, 1H), 5.08-5.05 (m, 1H), 4.20 (d, 

J = 5.52, 2H), 4.15 (q, J = 7.02, 2H), 3.93 (d, J = 5.22, 2H), 3.79 (s, 2H), 3.61 (t, J = 6.24, 

3H), 3.48 (s, 10H), 3.42-3.40 (m, 4H), 3.26-3.25 (m, 4H), 3.01 (m, 14H), 2.92-2.86 (m, 

2H), 2.60-2.24 (m, 2H), 2.35 (t, J = 6.09, 2H), 2.07 (s, 6H), 2.03-2.01 (m, 1H), 1.73 (s, 

13H), 1.23-1.18 (m, 6H). 13C NMR (150 MHz, CDCl3) δ 172.79, 170.03, 168.69, 168.58, 

167.31, 163.61, 163.16, 149.56, 145.81, 137.47, 136.20, 134.84, 132.05, 128.45, 127.29, 

118.06, 117.44, 110.96, 109.84, 69.73, 69.70, 69.57, 69.52, 68.95, 66.85, 60.89, 48.53, 

45.86, 45.84, 45.14, 41.71, 38.65, 36.11, 30.98, 30.68, 29.66, 25.93, 25.88, 22.16, 13.95, 

1.14. HRMS ESI+ C36H44N6O12 [M+Na]+ Expected: 775.2909, Found: 775.2878. 

 

 



142 

 

4.4: Conclusions and Future Directions 

 Three HIPP-based CtBP PROTACs were designed and successfully synthesized 

and purified in the laboratory. These were then tested in A2780 cells and subjected to 

western blotting to measure their ability to degrade CtBP. From the western blot data 

shown in Section 4.3.1, we showed that CtBP1/2 can be successfully degraded in cells 

with HIPP-based PROTACs. The PROTAC with a fully aliphatic linker (4.21) showed to 

be the most potent in cells with a calculated DC50 of 3.2 µM for CtBP2 and a DC50 of 16.43 

µM for CtBP1. We were unable to calculate DC50 values for 4.26, though it is likely higher 

than 10 µM but less than 100 µM because it is subject to the hook effect. PROTAC 4.27 

did not exhibit degradation of CtBP1/2.  

This project only used three different linkers – 1 aliphatic linker and 2 PEG linkers. 

From this data we determined the optimal linker composition to be an aliphatic chain 

connected by amide bonds, with a linker length of 12 atoms. The PEG2 linker containing 

14 atoms was less potent, and the PEG3 linker containing 17 atoms did not result in 

degradation of CtBP1 or CtBP2. Now that the basic scheme has been identified for HIPP-

based PROTACs, new PROTACs should be designed to determine the optimal linker 

length and composition experimentally for degradation of CtBP. These PROTAC 

molecules should contain HIPP to bind to CtBP and pomalidomide to bind to CRBN, but 

with chemically diverse linkers of varying lengths. 

The results from the ITC experiments detailed in Section 2.3.5 reveal that certain 

heteroaromatic analogues of HIPP are able to bind to CtBP with higher affinity than HIPP. 

A future direction of this project is synthesis of CtBP PROTACs that have a 

heteroaromatic HIPP analogue as the CtBP-binding ligand. We believe that by utilizing a 
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ligand that has more affinity for CtBP, a more potent 

PROTAC might result. A logical next step would be 

to synthesize CtBP PROTACs that employ 2.14 or 

2.22 (Figure 4.14) to bind to CtBP, as opposed to 

HIPP. Initial PROTACs based on this idea should 

keep pomalidomide to bind to CRBN, and contain 

the same 12-atom aliphatic linker, so that we can optimize the CtBP ligand and observe 

the differences in DC50 values.  

Our PROTAC molecules target the E3 ligase CRBN. Another future direction of 

this project includes synthesis and biological evaluation of a CtBP PROTAC that targets 

a different E3 ligase other than CRBN. There are a multitude of PROTACs designed to 

target and ubiquitinate BET proteins, especially BRD2/3/4. Two such PROTACs are ARV-

825 and ARV-771. Both PROTACs employ the small molecule (+)-JQ1 to bind to BRD4, 

but differ in the E3 ligase recruited for ubiquitination and degradation. ARV-825 has the 

CRBN ligand thalidomide while ARV-771 has a VHL ligand. ARV-825 has a DC50 for 

BRD4 degradation that is below 1 nM, while ARV-771 induces rapid BRD2/3/4 

degradation with DC50 less than 5 nM.190 This shows that the choice of E3 ligase can 

make a difference in terms of selectivity and potency. Novel PROTAC molecules should 

be designed and synthesized that use HIPP to target CtBP but contain VH032 or another 

VHL ligand as opposed to the CRBN ligand pomalidomide.  

Finally, our lab also intends to test CtBP degradation utilizing a hydrophobic tag as 

opposed to a PROTAC molecule. The theory behind this approach, as introduced by the 

Crews group, is that by introducing a hydrophobic tag (such as adamantane) to the 

 
Figure 4.14: Structures of HIPP, 4-Cl 
HIPP, 2.14, and 2.22. 
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surface of a protein, it could potentially destabilize the protein fold and result in 

degradation of that protein. We have designed a CtBP hydrophobic tag molecule that 

contains HIPP and the 12-atom aliphatic linker from 4.21, but instead of pomalidomide 

4.20 is appended to an adamantane moiety. This would introduce a hydrophobic tag to 

CtBP upon HIPP binding in the active site.  
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Appendix 1 

Docking and scoring against CtBP1 data tables 

  AutoDock   AutoDock   
  Rigid   Rigid   
  AM1BCC   AM1BCC   
  HSP315   HSD315   
Ranking Compound Score Compound Score 

1 Pyridazine-3-(C3HIA) -8.5 Pyridazine-3-(C3HIA) -8 
2 HIPP -8.3 Pyridine-2-(C3HIA) -7.9 
3 Pyridine-2-(C3HIA) -8.2 Indole-2-(C2HIA) -7.8 
4 Pyrrole-2-(C3HIA) -8.1 HIPP -7.7 
5 Naphthalene-2-(C3HIA) -8 Furan-2-(C3HIA) -7.7 
6 Quinoline-2-(C3HIA) -8 Pyrimidine-4-(C3HIA) -7.6 
7 Pyrazole-3-(C3HIA) -7.9 Isoxazole-5-(C3HIA) -7.6 
8 Pyrimidine-4-(C3HIA) -7.9 Naphthalene-2-(C2HIA) -7.6 
9 Furan-2-(C3HIA) -7.8 Benzofuran-2-(C2HIA) -7.6 

10 Triazine-2-(C3HIA) -7.8 Quinoline-2-(C3HIA) -7.5 
11 Imidazole-4-(C3HIA) -7.7 Isoquinoline-3-(C2HIA) -7.5 
12 Indole-2-(C3HIA) -7.7 Pyrrole-2-(C3HIA) -7.4 
13 Isoxazole-5-(C3HIA) -7.7 Naphthalene-2-(C3HIA) -7.4 
14 Pyrazine-2-(C3HIA) -7.7 Pyrazine-2-(C3HIA) -7.4 

15 Triazole-4-(C3HIA) -7.7 
Benzimidazole-2-
(C2HIA) -7.4 

16 Quinazoline-2-(C3HIA) -7.6 Triazine-2-(C3HIA) -7.3 

17 
Naphthyridine-2-
(C3HIA) -7.4 Triazole-4-(C3HIA) -7.3 

18 Benzofuran-2-(C3HIA) -7.2 Quinoxaline-2-(C2HIA) -7.3 
19 Quinoxaline-2-(C3HIA) -7.2 Pyrazole-3-(C3HIA) -7.2 

20 
Benzimidazole-2-
(C2HIA) -7.1 Isoindole-1-(C2HIA) -7.2 

21 Isoquinoline-3-(C3HIA) -7.1 Quinazoline-2-(C2HIA) -7.2 
22 Naphthalene-2-(C2HIA) -7.1 Oxazole-5-(C3HIA) -7.2 
23 Indole-2-(C2HIA) -7 Imidazole-4-(C3HIA) -7.1 
24 Isoquinoline-3-(C2HIA) -7 Quinazoline-2-(C3HIA) -7 
25 Indazole-3-(C3HIA) -6.9 Indazole-3-(C2HIA) -7 
26 Quinoline-2-(C2HIA) -6.9 Isoquinoline-3-(C3HIA) -6.9 
27 Isoindole-1-(C3HIA) -6.8 Indole-2-(C3HIA) -6.8 

28 Benzofuran-2-(C2HIA) -6.7 
Naphthyridine-2-
(C3HIA) -6.8 

29 Indolizine-2-(C2HIA) -6.6 Indolizine-2-(C2HIA) -6.8 

30 Indolizine-2-(C3HIA) -6.6 
Naphthyridine-2-
(C2HIA) -6.8 

31 
Naphthyridine-2-
(C2HIA) -6.6 Benzofuran-2-(C3HIA) -6.7 

32 Quinoxaline-2-(C2HIA) -6.6 Quinoxaline-2-(C3HIA) -6.7 
33 Isoindole-1-(C2HIA) -6.5 Quinoline-2-(C2HIA) -6.7 
34 Quinazoline-2-(C2HIA) -6.5 Indazole-3-(C3HIA) -6.6 
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35 
Benzimidazole-2-
(C3HIA) -6.1 Isoindole-1-(C3HIA) -6.4 

36 Indazole-3-(C2HIA) -6 
Benzimidazole-2-
(C3HIA) -6.4 

37 MTOB -6 Indolizine-2-(C3HIA) -6.3 
38 Oxazole-5-(C3HIA) -5.7 MTOB -5.9 

 

  AutoDock   AutoDock   
  Flexible   Flexible   
  AM1BCC   CHELPG   
  HSD315   HSD315   
Ranking Compound Score Compound Score 

1 Quinoline-2-(C3HIA) -9.2 Naphthalene-2-(C3HIA) -9.4 
2 Naphthalene-2-(C3HIA) -9.2 Quinoline-2-(C3HIA) -9.2 

3 
Naphthyridine-2-
(C3HIA) -9.2 

Naphthyridine-2-
(C3HIA) -9.2 

4 Isoindole-1-(C3HIA) -8.8 Isoindole-1-(C3HIA) -8.8 
5 Quinazoline-2-(C3HIA) -8.7 HIPP -8.7 
6 Pyridine-2-(C3HIA) -8.6 Quinazoline-2-(C3HIA) -8.7 
7 HIPP -8.6 Pyridine-2-(C3HIA) -8.6 
8 Isoquinoline-3-(C3HIA) -8.6 Indole-2-(C3HIA) -8.6 
9 Indole-2-(C3HIA) -8.6 Isoquinoline-3-(C3HIA) -8.6 

10 Indazole-3-(C3HIA) -8.6 Indazole-3-(C3HIA) -8.6 
11 Pyridazine-3-(C3HIA) -8.5 Pyridazine-3-(C3HIA) -8.5 
12 Naphthalene-2-(C2HIA) -8.5 Naphthalene-2-(C2HIA) -8.5 
13 Isoquinoline-3-(C2HIA) -8.5 Isoquinoline-3-(C2HIA) -8.5 
14 Benzofuran-2-(C3HIA) -8.5 Quinoxaline-2-(C3HIA) -8.5 
15 Quinoxaline-2-(C3HIA) -8.4 Benzofuran-2-(C3HIA) -8.4 

16 
Benzimidazole-2-
(C3HIA) -8.4 

Benzimidazole-2-
(C3HIA) -8.4 

17 Pyrrole-2-(C3HIA) -8.3 Pyrrole-2-(C3HIA) -8.3 
18 Indole-2-(C2HIA) -8.1 Indole-2-(C2HIA) -8.2 
19 Furan-2-(C3HIA) -8.1 Furan-2-(C3HIA) -8.1 
20 Pyrimidine-4-(C3HIA) -8.1 Pyrimidine-4-(C3HIA) -8.1 
21 Isoxazole-5-(C3HIA) -8.1 Isoxazole-5-(C3HIA) -8.1 
22 Pyrazole-3-(C3HIA) -8.1 Pyrazole-3-(C3HIA) -8.1 
23 Indolizine-2-(C3HIA) -8.1 Indolizine-2-(C3HIA) -8.1 
24 Triazine-2-(C3HIA) -8 Triazine-2-(C3HIA) -8 
25 Triazole-4-(C3HIA) -8 Triazole-4-(C3HIA) -8 
26 Benzofuran-2-(C2HIA) -7.9 Benzofuran-2-(C2HIA) -8 
27 Pyrazine-2-(C3HIA) -7.9 Pyrazine-2-(C3HIA) -7.9 
28 Quinazoline-2-(C2HIA) -7.9 Imidazole-4-(C3HIA) -7.9 
29 Imidazole-4-(C3HIA) -7.9 Quinazoline-2-(C2HIA) -7.9 
30 Quinoline-2-(C2HIA) -7.9 Quinoline-2-(C2HIA) -7.9 

31 
Benzimidazole-2-
(C2HIA) -7.8 Isoindole-1-(C2HIA) -7.9 

32 Quinoxaline-2-(C2HIA) -7.8 
Benzimidazole-2-
(C2HIA) -7.8 

33 Isoindole-1-(C2HIA) -7.8 Quinoxaline-2-(C2HIA) -7.8 
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34 Oxazole-5-(C3HIA) -7.8 Oxazole-5-(C3HIA) -7.8 

35 
Naphthyridine-2-
(C2HIA) -7.7 

Naphthyridine-2-
(C2HIA) -7.7 

36 Indazole-3-(C2HIA) -7.6 Indolizine-2-(C2HIA) -7.6 
37 Indolizine-2-(C2HIA) -7.6 Indazole-3-(C2HIA) -7.6 
38 MTOB -6 MTOB -6 

 

  Gold   Gold   
  Rigid   Rigid   
  AM1BCC   AM1BCC   
  HSD315   HSE315   
Ranking Compound Score Compound Score 

1 Indolizine-2-(C3HIA) 79.33 Indolizine-2-(C3HIA) 81.2 
2 Naphthalene-2-(C3HIA) 78.75 Naphthalene-2-(C3HIA) 80.93 
3 Isoquinoline-3-(C3HIA) 77.32 Isoquinoline-3-(C3HIA) 80.07 
4 Quinazoline-2-(C3HIA) 76.73 Quinoline-2-(C3HIA) 79.03 
5 Quinoline-2-(C3HIA) 76.34 Quinazoline-2-(C3HIA) 78.77 
6 Benzofuran-2-(C3HIA) 75.2 Isoindole-1-(C3HIA) 78.12 
7 Isoindole-1-(C3HIA) 75.19 Benzofuran-2-(C3HIA) 77.55 

8 
Naphthyridine-2-
(C3HIA) 74.96 Indole-2-(C3HIA) 77.28 

9 Indole-2-(C3HIA) 74.9 Quinoxaline-2-(C3HIA) 75.57 

10 Quinoxaline-2-(C3HIA) 73.08 
Naphthyridine-2-
(C3HIA) 75.56 

11 
Benzimidazole-2-
(C3HIA) 72.07 

Benzimidazole-2-
(C3HIA) 74.83 

12 Indazole-3-(C3HIA) 71.49 Indazole-3-(C3HIA) 71.25 
13 Indolizine-2-(C2HIA) 65 Pyridine-2-(C3HIA) 66.59 
14 Pyridine-2-(C3HIA) 63.9 Pyrrole-2-(C3HIA) 65.75 
15 HIPP 63.45 HIPP 65.62 
16 Pyrimidine-4-(C3HIA) 62.78 Furan-2-(C3HIA) 65.19 
17 Pyrazine-2-(C3HIA) 61.18 Pyrimidine-4-(C3HIA) 65 
18 Pyrrole-2-(C3HIA) 60.56 Indolizine-2-(C2HIA) 64.63 
19 Furan-2-(C3HIA) 60.09 Indole-2-(C2HIA) 63.52 
20 Pyridazine-3-(C3HIA) 60.07 Pyridazine-3-(C3HIA) 63.31 
21 Benzofuran-2-(C2HIA) 59.78 Pyrazine-2-(C3HIA) 63.14 
22 Indole-2-(C2HIA) 59.34 Benzofuran-2-(C2HIA) 62.11 
23 Quinoline-2-(C2HIA) 59.02 Indazole-3-(C2HIA) 61.07 
24 Isoquinoline-3-(C2HIA) 58.78 Imidazole-4-(C3HIA) 60.94 
25 Triazine-2-(C3HIA) 58.39 Oxazole-5-(C3HIA) 60.81 
26 Naphthalene-2-(C2HIA) 58.33 Triazine-2-(C3HIA) 60.78 

27 Isoxazole-5-(C3HIA) 57.96 
Benzimidazole-2-
(C2HIA) 60.78 

28 Quinazoline-2-(C2HIA) 57.62 Pyrazole-3-(C3HIA) 59.98 
29 Indazole-3-(C2HIA) 57.6 Isoxazole-5-(C3HIA) 59.77 

30 
Benzimidazole-2-
(C2HIA) 57.33 Isoquinoline-3-(C2HIA) 59.3 

31 Oxazole-5-(C3HIA) 57.32 Quinoline-2-(C2HIA) 59.22 
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32 
Naphthyridine-2-
(C2HIA) 57.3 Naphthalene-2-(C2HIA) 58.67 

33 Imidazole-4-(C3HIA) 57.2 Quinazoline-2-(C2HIA) 57.79 
34 Quinoxaline-2-(C2HIA) 55.56 Quinoxaline-2-(C2HIA) 57.05 
35 Pyrazole-3-(C3HIA) 54.71 Triazole-4-(C3HIA) 56.26 

36 Triazole-4-(C3HIA) 52.35 
Naphthyridine-2-
(C2HIA) 55.99 

37 Isoindole-1-(C2HIA) 51.05 Isoindole-1-(C2HIA) 55.3 
38 MTOB 50.63 MTOB 55.06 

 

  Gold   Gold   
  Flexible   Flexible   
  AM1BCC   AM1BCC   
  HSD315   HSE315   
Ranking Compound Score Compound Score 

1 Naphthalene-2-(C3HIA) 70.08 Indolizine-2-(C3HIA) 73.28 
2 Indolizine-2-(C3HIA) 67.99 Naphthalene-2-(C3HIA) 68.91 
3 Indole-2-(C3HIA) 67.91 Isoquinoline-3-(C3HIA) 67 
4 Isoquinoline-3-(C3HIA) 66.44 Quinoline-2-(C3HIA) 66.74 
5 Quinoline-2-(C3HIA) 66.42 Quinazoline-2-(C3HIA) 66.49 
6 Benzofuran-2-(C3HIA) 65.27 Naphthalene-2-(C2HIA) 65.57 
7 Naphthalene-2-(C2HIA) 64.79 Quinoline-2-(C2HIA) 62.72 
8 Isoquinoline-3-(C2HIA) 64.7 Indolizine-2-(C2HIA) 61.73 
9 Indolizine-2-(C2HIA) 64.13 Quinoxaline-2-(C3HIA) 61.05 

10 Quinoxaline-2-(C3HIA) 61.22 Indole-2-(C3HIA) 58.78 
11 Indole-2-(C2HIA) 61.07 Quinazoline-2-(C2HIA) 58.63 

12 
Benzimidazole-2-
(C3HIA) 60.85 

Naphthyridine-2-
(C3HIA) 57.49 

13 Indazole-3-(C3HIA) 59.83 
Benzimidazole-2-
(C3HIA) 57.38 

14 Quinazoline-2-(C3HIA) 59.21 Isoquinoline-3-(C2HIA) 56.99 

15 HIPP 59.01 
Benzimidazole-2-
(C2HIA) 56.97 

16 Benzofuran-2-(C2HIA) 56.86 
Naphthyridine-2-
(C2HIA) 56.73 

17 Quinazoline-2-(C2HIA) 56.65 Quinoxaline-2-(C2HIA) 55.91 

18 
Naphthyridine-2-
(C3HIA) 56.05 HIPP 55.39 

19 Quinoline-2-(C2HIA) 55.98 Isoindole-1-(C3HIA) 55.07 
20 Isoindole-1-(C2HIA) 55.7 Benzofuran-2-(C2HIA) 55.04 
21 Isoindole-1-(C3HIA) 55.39 Indazole-3-(C3HIA) 55.02 

22 
Naphthyridine-2-
(C2HIA) 55.15 Indole-2-(C2HIA) 54.46 

23 
Benzimidazole-2-
(C2HIA) 54.58 Pyridine-2-(C3HIA) 54.02 

24 Pyridazine-3-(C3HIA) 51.34 Benzofuran-2-(C3HIA) 53.21 
25 Quinoxaline-2-(C2HIA) 50.32 Pyrrole-2-(C3HIA) 52.39 
26 Imidazole-4-(C3HIA) 50.04 Indazole-3-(C2HIA) 52.02 
27 Pyrrole-2-(C3HIA) 48.55 Furan-2-(C3HIA) 49.19 
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28 Indazole-3-(C2HIA) 47.83 Pyrazine-2-(C3HIA) 48.54 
29 Pyrazine-2-(C3HIA) 47.11 Pyridazine-3-(C3HIA) 48.17 
30 Triazine-2-(C3HIA) 46.07 Imidazole-4-(C3HIA) 47.61 
31 Furan-2-(C3HIA) 45.92 Pyrimidine-4-(C3HIA) 46.77 
32 Pyridine-2-(C3HIA) 45.82 Isoxazole-5-(C3HIA) 46 
33 Pyrimidine-4-(C3HIA) 45.45 Oxazole-5-(C3HIA) 45.43 
34 Isoxazole-5-(C3HIA) 45.42 Isoindole-1-(C2HIA) 44.27 
35 Oxazole-5-(C3HIA) 42.22 Triazine-2-(C3HIA) 43.82 
36 Pyrazole-3-(C3HIA) 42.07 Pyrazole-3-(C3HIA) 42.61 
37 Triazole-4-(C3HIA) 41.97 MTOB 40.54 
38 MTOB 36.73 Triazole-4-(C3HIA) 38.22 

 

  HINT   HINT   
  Rigid   Rigid   
  AM1BCC   AM1BCC   
  HSD315   HSE315   
Ranking Compound Score Compound Score 

1 HIPP 1875.669 HIPP 1972.712 

2 
Quinoline-2-
(C3HIA) 1714.676 

Quinoline-2-
(C3HIA) 1650.191 

3 
Naphthalene-
2-(C3HIA) 1415.396 

Naphthalene-
2-(C3HIA) 1541.538 

4 
Quinoxaline-2-
(C3HIA) 1368.304 

Quinoxaline-2-
(C3HIA) 1540.226 

5 
Indolizine-2-
(C3HIA) 1339.607 

Indolizine-2-
(C3HIA) 1439.738 

6 
Quinazoline-2-
(C3HIA) 1292.323 

Quinazoline-2-
(C3HIA) 1398.002 

7 
Isoquinoline-3-
(C3HIA) 1285.102 

Isoquinoline-3-
(C3HIA) 1348.295 

8 
Indole-2-
(C3HIA) 1245.631 

Indole-2-
(C3HIA) 1272.356 

9 
Benzimidazole-
2-(C3HIA) 1072.769 

Benzimidazole-
2-(C3HIA) 1070.315 

 

  HINT   HINT   
  Flexible   Flexible   
  AM1BCC   AM1BCC   
  HSD315   HSE315   
Ranking Compound Score Compound Score 

1 
Quinoline-2-
(C3HIA) 1143.933 

Indolizine-2-
(C3HIA) 1226.436 

2 
Indole-2-
(C3HIA) 1129.534 

Quinoline-2-
(C3HIA) 1140.78 

3 
Naphthalene-
2-(C3HIA) 1099.549 

Indole-2-
(C3HIA) 1128.223 

4 
Quinoxaline-2-
(C3HIA) 990.4216 

Naphthalene-
2-(C3HIA) 1104.693 
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5 
Isoquinoline-3-
(C3HIA) 857.0989 HIPP 926.1904 

6 
Benzimidazole-
2-(C3HIA) 743.6815 

Quinoxaline-2-
(C3HIA) 893.2845 

7 HIPP 420.5435 
Quinazoline-2-
(C3HIA) 852.1588 

8 
Quinazoline-2-
(C3HIA) 40.13692 

Benzimidazole-
2-(C3HIA) 825.6909 

9 
Indolizine-2-
(C3HIA) -12.2078 

Isoquinoline-3-
(C3HIA) -431.305 
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Appendix 2 

Proton and Carbon NMR data for all small molecule intermediates characterized.  
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