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ABSTRACT OF THE DISSERTATION 

 

 

Early Drug Discovery Approaches Against the SUMOylation System and Down 

Syndrome Related Protein 

 

by 

 

 

Jingyi Xu 

 

Doctor of Philosophy, Graduate Program in Cell, Molecular, and Developmental Biology 

University of California, Riverside, September 2023 

Dr. Jeff Perry, Chairperson 

 

Drug discovery is a costly and time-consuming process. It has four major stages: 

early drug discovery, pre-clinical phase, clinical trials, and regulatory approval. Early drug 

discovery is the steps of target validation, hit identification (hit ID), hit-to-lead, and lead 

optimization for new chemical entities (NCEs) and therapeutic targets. Basic research 

identifies and validates disease-relevant targets. Hit ID is the process of testing a group of 

compounds against a target protein. Thermal shift assay (TSA) can detect slight changes 

in protein melting point and stability, and, therefore, be used to screen for hit ID. X-ray 

crystallography studies can determine the binding between target protein and hits. In vitro 

enzymatic assays can confirm the inhibition of hits and measure IC50 (inhibitory 

concentration 50%). Hit-to-lead can be done by ‘SAR by catalog’, in which the features of 

the hits are used to identify commercially available compounds. During the hit-to-lead 

stage, hits are developed to improve the binding affinity to move along as a final drug. 

Structural-based drug discovery (SBDD) is one of the early-stage drug discovery 

approaches and has been wildly used in academic and industrial settings since the 1990s. 
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SBDD uses small molecules that follow Lipinski's Rule of Five that ensures that the small 

molecules can be administered orally once they become drugs. Fragment-based lead 

discovery (FBLD) evolved from SBDD. Fragments follow the Rule of Three that helps 

reduce off-target effects and for a broad search of chemical diversity using smaller libraries 

in the low thousands of compounds. In silico artificial intelligence-computer-aided drug 

discovery (AI-CADD) is used to identify hits and develop leads using computer tools and 

the simulation of human intelligence processed by machines.  

  Post-translational modifications (PTMs) are the last stage in protein biosynthesis, 

being either reversible or irreversible chemical events occurring after protein translation. 

One type of PTM is ubiquitin-like protein is the Small-Ubiquitin-Related Modifier 

(SUMO) modification. SUMOylation of a target protein occurs via an enzyme cascade that 

involves three steps: First, the SUMO E1 activation enzyme, the Aos1/Uba2 complex, 

activates matured SUMO protein and form a high-energy thioester bond to the Uba2 

subunit. Next, the activated SUMO is transferred to cysteine 93 of Ubc9 (SUMO E2 

conjugating enzymes). Ubc9 conjugates SUMO onto the substrates, or SUMO E3 enzyme, 

such as Pias1, often aids in this conjugation event to increase substrate specificity. 

SUMOylation has been studied extensively and found involved in cancer as “non-oncogene 

addiction”. SUMO enzymes are not mutated or classical oncogenes, but cancer cells 

essentially depend on them for survival. Notably, non-oncogene addiction may provide 

novel targets for intractable and undruggable cancers. Another target for cancer is the dual-

specificity tyrosine phosphorylation-regulated kinase 1A (Dyrk1a). It plays multiple roles 

in animal development, with critical effects on neuronal cell cycle regulation and cancer 
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development. We hypothesis that targeting the SUMOylation modification and Dyrk1a 

will impact cancer cells as therapeutic treatments. Utilizing SBDD, FBDD, and AI-CADD, 

we have identified a small molecule, AW2 F5, targets the ATP binding pocket and inhibits 

Aos1/Uba2 with an IC50 of 497.7 nM. We have identified a fragment, LC B3, covalently 

bind to the backside of Ubc9 as a potential degrader. We also have found a small molecule, 

DTP C1, targets the ATP binding pocket and inhibit Dyrk1a with IC50 of 35.7 nM. In the 

future, each compound will be optimized and tested in cancer cells for their therapeutic 

effects.  
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Chapter 1 

A brief introduction of drug discovery 
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Chapter 1: A brief introduction of drug discovery 

1.1 Abstract  

The drug discovery process has four major stages: early drug discovery, pre-clinical phase, 

clinical trials, and regulatory approval. Early drug discovery is the steps of target 

validation, hit identification (hit ID), hit-to-lead, and lead optimization. Structural-based 

drug discovery (SBDD) is one of the early drug discovery approaches. SBDD uses small 

molecules that follow Lipinski's Rule of Five, which ensures that the small molecules can 

be administered orally once they become drugs. Fragment-based lead discovery (FBLD) 

evolved from SBDD, which follows the Rule of Three. The rule provides fragments with 

high ligand efficiencies (LE), allowing for developing drug-like leads that are typically 

smaller and have simpler chemistries. Covalent fragments are those with warheads that can 

form covalent bonds with amino acid such as Cys. Covalent fragments/inhibitors form 

irreversible bonds with the target protein. They potentially have higher potency and longer 

duration than non-covalent fragments/inhibitors. Artificial intelligence-computer-aided 

drug discovery (AI-CADD) is used to identify hits and develop leads using computer tools 

and the simulation of human intelligence processed by machines. AI-CADD is being used 

more and more in the drug discovery process since it increases the change to pass tests in 

development with ideal drug properties. 
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1.2 Drug discovery strategies and steps 

Drug discovery is a costly and time-consuming process. It has four major stages: early drug 

discovery, pre-clinical phase, clinical trials, and regulatory approval [1, 2]. It requires the 

collaboration of academic labs, research institutions, biotech companies, and 

pharmaceutical companies (Figure 1).  

 

 

Figure 1. drug discovery pipeline. A summary of drug discovery pipeline. It usually uses 

more than 10,000 compounds to begin the early drug discovery. About 250 compounds 

can move to pre-clinic and only 5 pass clinic trials.  

Early drug discovery is the steps of target validation, hit identification (hit ID), hit-to-

lead, and lead optimization for leads of interest, aiming to create new chemical entities 

(NCEs) or drugs for therapeutic targets. The leads of interest are then tested in animals or 

other models with the target diseases in the pre-clinical phase. Once the leads of interest 

pass the pre-clinical phase, they are identified as investigational new drugs (INDs). Then, 

the IDNs are tested through clinical trials for drug tolerance, effectiveness, dosage, and 

interactions with other drugs under current good manufacturing practice (cGMP) by Food 
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and Drug Administration (FDA) protocol. The clinical trials typically have Phases I, II, 

and III at this stage, and IV will be done later. The last is regulatory approval when the 

FDA or similar authorities in other countries approve the new drug application drugs 

(NDAs) to be sold in the relevant country. Phase IV, the Post-Marketing Surveillance Trial, 

will test the drugs' long-term effects.  

 1.2.1 Structural-based drug discovery (SBDD) 

Early drug discovery steps are target identification and validation, hit ID, hit-to-lead, and 

lead optimization. Structural-based drug discovery (SBDD) is one of the early drug 

discovery approaches. SBDD has been widely used in academic and industrial settings 

since the 1990s [3], first beginning with the development of HIV-1 inhibitors. SBDD 

begins by identifying a target protein essential to the progression of a disease pathway [4]. 

This protein target is then analyzed in detail, either through previously characterized 

structural data or utilizing bioinformatic predictions, to determine the binding site(s) 

essential to facilitate the target's function that allows for disease progression [5, 6]. SBDD 

uses small molecules that follow Lipinski's Rule of Five [7, 8] where: the molecular weight 

is less than 500 Da, cLogP is less than five, H-bond donors are less than five, and H-bond 

acceptors are less than 10, polar surface area is less than 140 Å, and rotatable bond are less 

than 10. Rule of Five ensures that the small molecules can be administered orally once they 

become drugs.  

 1.2.2 Fragment-based lead discovery (FBLD) 

Fragment-based lead discovery (FBLD) evolved from SBDD. It has several advantages in 

drug discovery, resulting in 6 FDA-approved drugs (Vemurafenib approved in 2011 [9], 
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Venetoclax approved in 2016 [10], Erdafitinib approved in 2019 [11], Pexidartinib 

approved in 2020 [12], Sotorasib approved in 2021 [13], Asciminib approved in 2021 

[14]),  and more than 50 drugs in clinical trials [15] since the first report of FBLD in 1996 

[16]. Fragments follow the Rule of Three [17], where molecule weight is less than 300 Da 

(100-250 Da original), cLogP is less than three, and H-bond acceptors are less than three. 

The Rule of Three ensures that the fragments probe interaction with the targets with 

minimal change of unfavorable interaction [18]. The rule provides fragments with high 

ligand efficiencies (LE), allowing for developing drug-like leads that are typically smaller 

and have simpler chemistries. High LE is a good starting point for designing leads. 

Fragments have less molecular complexity than small molecules; thus, a fragment hit may 

provide a pathway to drugs with simpler chemistry and high specificity to limit off-site 

toxicities. Due to the small size of fragments, their binding affinity/impact on the targets 

in activity assays is low. Fortunately, X-ray crystallography efficiently detects weak 

interaction (mM – μM). A few thousand highly diverse fragments can provide the 

equivalent diversity of a few million compounds with high throughput (HTS) screens, with 

the advantages of far fewer chemicals to screen through and reduced costs in acquiring and 

storing the libraries. Therefore, FBLD allows for a broad search of chemical diversity using 

smaller libraries in the low thousands of compounds. FBLD is regarded as a bottom-up 

approach. Fragment screening can reveal protein hot spots, new binding pockets, allostery, 

and protein-protein interaction sites. Once a fragment hit is identified, it can be developed 

into leads and new chemical entities (NCEs) in new areas of IP space [19, 20].  
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 Fragment libraries are designed with different functions. For example, covalent 

fragments are those with warheads that can form covalent bonds with amino acid residues, 

for example, Cys, Lys, Ser, His, and Tyr. Covalent fragments are acrylamides, sulfonate 

esters, thioureas and thiones, Michael acceptors, and other types. Covalent 

fragments/inhibitors form irreversible bonds with the target protein. They potentially have 

higher potency and longer duration than non-covalent fragments/inhibitors [21, 22]. When 

mutations occur, covalent fragments/inhibitors can still bind to the target protein if the 

mutations do not impact the binding residues. However, covalent fragments/inhibitors 

might have high toxicity if they bind to off-target proteins [23]. Therefore, the tests to 

ensure the selectivity of covalent fragments are crucial in the early drug discovery stage. 

Non-covalent fragments may have very weak electron density, making them difficult to 

locate in X-ray crystallography studies. On the other hand, brominated fragments can 

overcome this difficulty since bromine is easy to detect using anomalous scattering with 

its heavy electron density. Pan-Assay-Interference Compounds (PAINS) are fragments 

known to react with many proteins and would show false positive results [24]. They are 

removed from all fragment libraries.   

 Successful fragment hits will be modified during lead optimization by three main 

strategies: linking, growing, and merging [25]. From the first linking by structure-activity 

relationship (SAR) study [16], linking follows five main steps: 1. The first fragment hit ID 

with the target protein; 2. First hit optimization; 3. The second fragment hit ID with the 

target protein with the first optimized hit; 4. The second fragment hit optimization; 5. Link 

the two optimized hits. Growing can be done by SAR by catalog, i.e., Astex [26]. It utilizes 
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the fragment hit of the target protein and searches for larger molecules that contain the 

fragment hit / the part binding to the target protein. The larger molecules will be tested 

against the target protein. Merging uses two fragments as linking. However, the two 

fragments bind to two different but close enough sites of the target protein in linking; the 

two fragments bind to overlapping sites of the target protein [27]. If the two fragment hits 

(optimized) merge, it may yield a bigger and more potent molecule, i.e., Vernalis [28]. 

 1.2.3 Target identification and validation 

Basic research identifies and validates disease-relevant targets, which can be proteins, 

RNA, or genes [1]. Good targets should be safe and "druggable". Therefore, it is vital to 

determine if the targets are "druggable" in early drug discovery. Since SBDD and FBLD 

rely on purified and homogeneous target proteins, it could be problematic if post-

translational modification and other proteins impact the binding sites of target proteins 

[25].  

 In the early drug discovery, the target protein will be purified. With the plasmids with 

the gene of protein of interest, using expression systems such as bacterial (E. coli) or yeast, 

etc., as host, protein will be expressed and then be purified, i.e., by fast protein liquid 

chromatography (FPLC). The protein purification strategies are to capture the tag attached 

to the protein using affinity columns to separate the protein of interest from others and 

further purify based on the target protein's charge and size using ion exchange and size 

exclusive columns.  
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1.2.4 Hit identification (Hit ID) 

Hit ID is the process of screening a group of compounds against a target protein. The output 

of the screening is hits that can inhibit the target protein. The target protein is purified first. 

The screening methods/strategies include but are not limited to HTS, fragment screening, 

structural aided drug design, and virtual screening [1]. HTS can detect the target protein’s 

activity with compounds but will need a secondary assay to determine the binding sites 

[29]. Fragment screening uses fragments with high concentrations. The benefits of using 

fragments have been talked about in the FBLD section. Structural-aided drug design uses 

the crystal structure of the target protein and then docks the compounds into it. Regardless 

of the methods or assays, the Z-factor, a parameter to determine if a screening assay is 

suitable for hit identification, needs to be determined first. Any value between 0.5 to 1 is 

acceptable. 

 Docking can predict and modify the compounds to increase potency. Virtual screening 

can build compound libraries for the target protein. Structure-based virtual screening 

(SBVS) and ligand-based virtual screening (LBVS) are the two major strategies of virtual 

screening [30]. One of the strategies of SBVS is molecular docking, which predicts the 

pose of compounds with the binding site of the target protein using its crystal structure. 

LBVS uses chemical databases and similarity principles. Using one of the known binders 

of the target protein, LBVS can search for other compounds with similar basic scaffolds 

but better biochemical activity [31, 32], which refers to the scaffold hopping concept. 

LBVS, such as machine learning, can also be used during lead optimization.  
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           Thermal shift assay (TSA), also known as differential scanning fluorimetry, DSF, 

can detect slight changes in protein melting point and stability, and, therefore, be used to 

screen for hit ID. TSA is a rapid fluorescence-based assay that can help identify potential 

binders by their effect on protein thermal stability in solution [33]; this significantly 

reduces the hit ID time. TSA indirectly identifies compound-protein interaction by 

measuring the protein's thermal stability (Tm). Tm is the temperature when 50 % of protein 

is denatured. When the target protein is fully folded, SYPRO Orange is surrounded by 

water, and fluorescence is reduced by water quenching. The target protein is heated and 

unfolded when the real-time PCR system raises the temperature. When the target protein 

starts unfolding, SYPRO Orange dye binds to any hydrophobic residues of the target 

protein. Then, fluorescence has less water quenching and can be detected by real-time PCR 

systems. The more hydrophobic residues expose / the more protein unfolding, the higher 

signal SYPRO Orange can send. SYPRO Orange will fluoresce, and the real-time PCR 

system detects the signal and calculates Tm. If a compound binds and stabilizes the protein, 

causing Tm increases (positively Δ Tm) by at least 0.5 °C, then the compound is defined as 

a hit. The hit rate of screening helps determine if the protein target of interest is 

"druggable". For example, in an FBLD screen, a less than 1% hit rate (1% of compounds 

causing Δ Tm 0.5 °C) suggests that the protein is likely undruggable and 3% or higher infers 

highly druggable [34]. There may be some false positives (and false negatives) from the 

screening. Initial TSA screening identifies hits (hits at this stage are binders/shifters of the 

target protein), and then a dosage test is used to confirm binding, where a higher 

concentration of the hit should result in higher Δ Tm, or vice versa.  
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 The hits are then tested/confirmed by protein structural analysis to characterize hit-

protein interactions. X-ray crystallography studies can determine the binding between 

target protein and compound. Coupled with SAR and virtual screening, X-ray 

crystallography will used to involve hits in the hit-to-lead stage. Other assays, such as mass 

spectrometry and activity assays, can detect covalent fragment or small molecule-protein 

interactions as well. Therefore, covalent fragments are of strong interest to an early-stage 

drug discovery project. 

 In vitro enzymatic assays can confirm that the hits identified by TSA are both binders 

and inhibitors. It tests hits affinity/inhibition efficiency and the desired therapeutic effect 

[35], too. Such an assay could be a fluorescence resonance energy transfer (FRET)-based 

assay, luminescent signal-based assay, etc., and this step may require new assay 

development. Potencies such as IC50 (inhibitory concentration 50%) can be measured 

during this step and are expected in the μM range. IC50 is the concentration of an inhibitor 

that can reduce the activity of the target in the assay by 50%; therefore, it is assay specific. 

Low IC50 indicates that the inhibitor is potent at low concentrations and will show lower 

systemic toxicity during medication administration [36].  

 Binding studies such as isothermal calorimetry (ITC) or surface plasmon resonance 

(SPR) can measure Ki (inhibition constant) and Kd (dissociation constant). Ki and Kd 

describe binding affinity, so they are more precise than IC50 [37, 38]. Low Ki and Kd 

indicate strong binding and high binding affinity. However, a very tight binder could be an 

allosteric activator of the target. So, we need to measure IC50 as it represents the function 
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of the compound, which is how well the compound inhibits the target. We are looking for 

the inhibitor with low IC50 (high inhibition) and low Kd (strong binding). 

 1.2.5 Hit-to-lead 

During the hit-to-lead stage, hits are developed to improve the binding affinity to move 

along as a final drug. Hit-to-lead can be done by ‘SAR by catalog’, in which the features 

of the hits are used to identify commercially available compounds. Hits can be linked 

together, growing, or merging. In silico docking can also be conducted based on the hits to 

search for leads. Potential leads are tested against the protein of interest, and only the best 

ones move to the next step that is lead optimization, in which the potency should be in the 

nM range.  

 Another way to improve the hits in silico is artificial intelligence-computer-aided drug 

discovery (AI-CADD). AI-CADD is used to identify hits and develop leads using computer 

tools and the simulation of human intelligence processed by machines [39]. CADD has 

already been used in drug discovery as it reduces time and expense. Combining AI and 

deep learning (DL), AI-CADD can screen and identify the most promising compounds at 

a binding site of a target protein from a library of several million compounds. The 

multilayered artificial neural network utilizes numerous layers of ‘neurons’ composed of 

hundreds or thousands of neurons to screen if the compound interacts with the target 

protein and predict properties such as ADMET [40], detail in 1.2.7. The docking 

compounds using AI-CADD are not only against to the target protein but also have ideal 

drug properties. They have relatively higher change to pass tests in development. Hence, 

AI-CADD is being used more and more in the drug discovery process. 
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 1.2.6 Lead optimization 

Leads are generated and further optimized for better drug properties such as effectiveness 

and absorption. The same methods or bioassays during hit ID can be used to test leads. The 

last stage in the early drug discovery / SBDD coupled with FBLD and AI-CADD is testing 

the leads by in vivo assays. The bioavailability will be addressed while maintaining 

selectivity and potency, i.e., if the lead has oral bioavailability. If any leads fail in the toxic 

screen, the leads will not be candidates. Back-up leads are also necessary if the preferred 

lead fails in later pre-clinical phase and clinic trials [1]. From the hit ID to lead 

optimization, the testing compounds number is from several thousand or even million down 

to a few candidates for the next step.  

 1.2.7 Pre-clinical phase 

The pre-clinical phase is for drug metabolism and pharmacokinetics (DMPK). DMPK 

influences the drug candidates from pre-clinical to clinical trials [41], and it describes the 

drug candidates from ADME(T) (absorption, distribution, metabolism, and excretion) and 

toxicity and pharmacokinetics (PK). The ADME concept has derived from resorption, 

distribution, consumption, and elimination [42 & 43] and then became a standard term in 

drug regulation [44]. It describes the drugs entering the body (absorption), moving in the 

body (distribution), changing in the body (metabolism), and leaving the body (excretion). 

Absorption is how drugs enter the body from administration to the desired locations [45]. 

The administration can be oral, intravenous, intramuscular, etc. The desired locations of 

absorption are tissues, bloodstream, and stomach (especially vital for oral drugs) 

anatomically, cellular, and molecular. Bioavailability is one of the major factors of 
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determining administration based on the properties of the drug in question. For example, 

suppose an oral medication is processed in large amount by the liver or gut wall and leaves 

a low amount in circulation, the bioavailability of the medication would be low. 

Distribution is how drugs spread in the body, and diffusion and convection in the body are 

the two major factors that influence it, affected by the polarity, size, and binding affinity 

of drugs. Metabolism is how drugs are inactivated and converted to more hydrophilic 

subsequent compounds or how pro-drugs are activated and converted to the active parent 

drugs [46]. According to the data from Phase I and II, the common areas in the body where 

drugs metabolize are the liver, gastrointestinal tract, skin, kidney, etc. Excretion is the last 

step in which drugs are removed from the body. When examining excretion and clearance, 

the ratio of the elimination rate is calculated. The ratio is influenced by the drug and the 

patients, i.e., the kidney status. Toxicity is a major factor that eliminates drug candidates 

[47]. On-target toxicity, off-target toxicity, immune hypersensitivity, and bioactivation can 

contribute to drug toxicity. The development of short-term assays for drug toxicity 

screening has been the goal. However, pre-clinical toxicity tests in animals and advanced 

events in human are still the main test for toxicity.  

 Pharmacodynamics (PD) is the effect of the drug candidates in the body, while PK 

determines how the drug candidates interact with the body. PK-PD modeling can be used 

to guide the formula and dosage design during development [48]. The benefit is that the 

drug candidates themselves and the dosage can be connected to the physiological response 

in the body. During the pre-clinical (nonclinical) laboratory studies, the FDA required good 

laboratory practices (GLP) (CFR - Code of Federal Regulations Title 21, n.d.). GLP 
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provides the requirements for study conduct, personnel, facilities, equipment, written 

protocols, etc. 

 1.2.8 Clinic trials and registration 

Gathering the information from FDA, Phase I is usually 20 – 100 healthy volunteers with 

the disease and tests the safety and dosage of the INDs. Low doses and high specificity are 

needed to meet the safety and efficacy requirements. Phase I can take several months and 

about 70% of drugs can move to Phase II, which is about several hundred patients with the 

disease and to further test the efficacy and side effects of the drug from several months up 

to two years. Phase III is hundreds to thousands of patients with the disease and to further 

test efficacy. Finally, NDAs are allowed to enter the market, and Phase IV can start. Unlike 

other phases in the clinical trial, several thousand patients are involved in Phase IV, and 

more comprehensive data will be collected. Therefore, the long-term benefits, side effects, 

safety, and even interaction with other drugs will be addressed.  

 About 90% of INDs fail in clinical trials [2]. They fail mainly because of low efficacy, 

high toxicity, and poor drug-like properties. The best lead must be selected to increase the 

chance of any INDs passing the clinic trials. Therefore, high standard must apply to every 

step in early drug discovery. For example, we ensure that the fragments and AI-CADD 

small molecules have proper drug-like properties when we build the libraries. During the 

hit ID, we utilize TSA to identify binders/hits and confirm the hits with dosage test. We 

utilize in vitro enzymatic activity assay to confirm the inhibition of the hits to the target 

proteins. If possible, we use more than one activity assay. We determine the binding site 

and pattern of the hits and the target proteins by perform crystallography studies. We select 
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the ones with the lowest IC50 from the hits, and then perform SAR with virtual docking in 

hit-to-lead. For those target proteins containing high homologues structures with other 

proteins, we test the hits with the off-target to rule out off-target effect. We ensure that the 

hits with high efficacy, and therefore low systemic toxicity move to the next step. Hits are 

future tested by binding assays for potency measurement and in vivo tests in lead 

optimization. We ensure the best leads during the rigorous early drug discovery so that to 

increase the chance of passing the pre-clinic test and clinic trials. 
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Chapter 2 

SUMOylation and SUMO E1 early drug discovery  
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Chapter 2: SUMOylation and SUMO E1 early drug discovery 

2.1 Abstract 

One type of Post-translational modifications, SUMOylation plays a vital role in the 

regulation of protein stability, activity, and localization. SUMOylation of a target protein 

occurs via an enzyme cascade that involves three steps: First, the SUMO E1 activation 

enzyme, the Aos1/Uba2 complex activates matured SUMO protein. Next, the activated 

SUMO is transferred to cysteine 93 of Ubc9, and Ubc9 conjugates SUMO onto the 

substrates. SUMO E3 ligase enzyme, such as Pias1, often aids in this conjugation event to 

increase substrate specificity. Since the first time SUMO1 was found to bind RanGAP1 in 

the nuclear pore complex protein in 1997, SUMOylation has been studied extensively and 

found involved in a variety of diseases, such as cancer, human heart failure, atherosclerosis, 

diabetes, immunology, seizure, and even sudden death. SUMOylation function in human 

tumorigenesis, as non-oncogene addiction, as it can alter a protein’s structure and function, 

therefore inducing cell proliferation, impacting apoptosis, and metastasis. Uba2 is a 

synthetic lethal partner of Myc, one of the undruggable oncogenes. Myc-high breast cancer 

patients show significantly higher metastasis-free survival rate, if they have low level of 

Uba2, compared with high Uba2-level patients. UBA2 gene is amplified in epithelial cells 

from a fibrocystic breast and Uba2 protein level is higher in non-small cell lung cancer 

than normal tissue. There are only a couple of non-clinical inhibitors of Uba2. In this 

chapter, In this chapter, we utilize SBDD coupled with FBLD and AI-CADD to identify 

inhibitors of Aos1/Uba2. Our overarching hypothesis is that said inhibitors will inhibit the 

SUMOylation and impact Myc-driven cancer cells. 
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2.2 PTM & SUMOylation pathway and function  

Post-translational modifications (PTMs) are the last stage in protein biosynthesis, being 

either reversible or irreversible chemical events occurring after protein translation [49, 50]. 

PTMs can change protein stability, conformation, folding, localization, and protein-protein 

interactions. PTMs also regulate protein functions, metabolism, signal transduction, and 

cellular physiological status [51, 52, 53]—PTMs impact proteins' complex formation and 

all aspects of protein function. 

 One type of PTM is the ubiquitin-like modification. The first studied was the Ran-

GTPase-activating protein (RanGAP1) regulated by ubiquitin-like modification [54]. Now 

we know this ubiquitin-like protein is the Small-Ubiquitin-Related Modifier (SUMO), and 

the modification by SUMO is SUMOylation or SUMO modification. SUMO proteins are 

highly conserved [55, 56, 57], and there are five proteins in this group (SUMO1-5) that are 

added to specific target proteins [54, 58, 59, 60, 61]. Although the amino acid sequence of 

SUMO isoforms is only 18% homology to ubiquitin, another well-studied PTM protein, 

they are both formed from a  fold [62]. The SUMO precursors contain a flexible 

N-terminal, a ubiquitin fold, and a short C-terminal tail. SUMO proteases (i.e., SENP1 or 

SENP2) cleave off four amino acids from the C-terminal tail to reveal a di-Glycine at the 

C-terminal tail and convert the precursors to their mature forms [64]. All SUMO isoforms 

modulate target proteins with a ΨK(Q/T)E (or ΨKxD/E for SUMO2) consensus motif, 

where Ψ is a hydrophobic residue and K reversibly conjugates to SUMO proteins. SUMO2 

and SUMO3 are highly homologous and functionally redundant. SUMO2 and SUMO3 are 

97% identical to each other, and 46% identical to SUMO1. There is no antibody specific 
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for SUMO2 and SUMO3. Thus, they are referred to as SUMO2/3. SUMO1 [65] or SUMO3 

[66] null mice are viable and have normal development, but SUMO2 null mice die at 

embryonic day 10 because of reduced cell proliferation. Data suggest that SUMO2 is the 

most important SUMO isoform due to SUMO2 higher expression level than the other two. 

SUMO1 and SUMO2/3 are readily expressed in human tissues, but SUMO4 is only 

expressed in the kidney and has not been studied as well as the others. SUMO4 is stable 

only under serum-starved condition and modify the stress response proteins [67]. SUMO5 

mediates promyelocytic leukemia nuclear bodies and cell growth [68]. Like 

ubiquitinoylation, SUMOylation can modify substrate proteins in either a mono- or a poly-

SUMO manner. SUMO1 can form the mono-SUMO on the target protein, while SUMO2/3 

can form mono-SUMO and poly-SUMO chains, as SUMO2/3 contains a conserved Lysine 

11 for poly-SUMO, but SUMO1 does not. Data show that the level of SUMOylation alters 

substrate proteins' function during cellular events [69, 70]. The related ubiquitin moiety 

was first identified as a marker for protein degradation, while SUMOylation functions have 

been shown to be involved in the regulation of protein stability, activity, and localization 

[71, 72, 73]. 

 SUMOylation of a target protein occurs via an enzyme cascade that involves three 

steps: First, the SUMO E1 activation enzyme, ubiquitin-like 1 activating enzyme 

(Uba2)/activator of SUMO1(Aos1) complex, serves to bind ATP and activates matured 

SUMO protein at the C-terminal carboxyl group [74]. This step forms SUMO-adenylate 

using ATP. The activated SUMO has then transferred to cysteine 113 residue of Uba2 to 

form a high-energy thioester bond to the Uba2 subunit, with the release of AMP. The 
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activity site of SUMO E1 is Cys173 of Uba2. Uba2 contains an adenylation domain, a 

catalytic domain, a ubiquitin-like domain, and a nuclear localization signal at the C-

terminal [75, 76]. Inactive Aos1/Uba2 and failed to active SUMO lead to a globally 

reduced SUMOylation in the cells [77]. Next, the activated SUMO is transferred to cysteine 

93 of Ubc9 (ubiquitin conjugating enzyme 9, the only human SUMO E2 conjugating 

enzymes). Ubc9 interacts with the ubiquitin fold domain of Aos1/Uba2 and then forms a 

thioester bond with SUMO. Although there is a negatively charged ridge next to the Cys93 

of Ubc9, the surface of Cys93 of Ubc9 is positively charged, which interacts with the 

negatively charged C-terminal of SUMO [78]. A Lys101 residue next to Cys93 generates 

a positive charge to mask off the negative charge from Cys93. Then, Ubc9 conjugates 

SUMO onto the substrates [79]. Many of the substrates contain the SUMO consensus 

motif, and the motif is required for Ubc9 binding. The knockoff Ubc9 is embryonal lethal, 

but haplo-deficiency is viable [80]. Ubc9 can be degraded by autophagy [81]. Ser71 of 

Ubc9 can be phosphorylated by Cyclin dependent kinase 1 (CDK1), increasing the 

thioester bond between Ubc9 and SUMO [82]. SUMO E3 ligase enzyme, such as protein 

inhibitor of activated STAT 1 (Pias1), often aids in this conjugation event to increase 

substrate specificity [83, 84]. Coupled with deSUMOylation, which removes SUMO from 

target proteins catalyzed by SUMO protease family members [85], SUMOylation is 

reversible and highly dynamic. Six Sentrin/SUMO-specific proteases (SENPs) in 

mammalian cells can deSUMOylate substates and contain a conserved catalytic domain in 

the C-terminal. The number of enzymes involved in SUMOylation is less than 
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ubiquitinylating, but the number of substrates of SUMOylation is large. The specificity of 

SUMOylation is still unknown. 

 Functionally, there is a crosstalk between SUMOylation and ubiquitylation, as both 

can target the same lysine residue [86]. They can compete while ubiquitylation degrades 

IκBα, but SUMOylation stabilizes it [87]. There are also sequential SUMOylation and then 

ubiquitylation. SUMO2 modification of cystic fibrosis transmembrane conductance 

regulator (CFTR) leads to ubiquitylation of CFTR [86]. F508del CFTR (the mutant of 

cystic fibrosis disease) is modified by SUMO2/3 first, and then SUMO2/3 directs F508del 

CFTR to the ubiquitin-proteasome pathway via SUMO-targeted ubiquitin ligase 

(STUbLs). Poly-SUMO chain serve as targeting signals for STUbLs that ubiquitinate the 

target, typically leading to proteasome degradation [88, 89]. SUMO-interaction motif 

(SIM) contains hhXSXS/Taaa, in which h represents any hydrophobic amino acid, and a 

represents any acidic amino acid [90]. STUbLs contain SIMs that bind to the SUMO 

moiety attached to the protein target and then recruit ubiquitin modification. SUMOylation 

can also modify the enzyme involved in ubiquitylation and vice versa. For example, 

SUMOylation can inactivate E2-25k as a ubiquitin-conjugating enzyme [91]. The 

ubiquitin-proteasome modification degrades SENP2 and SENP3 as SUMO proteases [85]. 

2.3 Non-oncogene addiction  

Since the first time SUMO1 was found to bind RanGAP1 in the nuclear pore complex 

protein in 1997, SUMOylation has been studied extensively and found involved in a variety 

of diseases [70], such as cancer [92], heart failure [286], atherosclerosis [93], diabetes [94], 

immunology [95], seizure [96], and even sudden death [97]. 
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 Drugs that can target the activation of oncogenes (e.g., trastuzumab targeting HER-2 

the first anti-HER2 therapies), but many of the oncogenes are hard to target (i.e., Myc and 

Ras as undruggable oncogenes) [98, 99, 100]. Non-oncogene addiction refers to specific 

genes that are not mutated or classical oncogenes, but cancer cells essentially depend on 

them for survival. SUMOylation plays a vital role in human tumorigenesis, as non-

oncogene addiction, as it can alter a protein’s structure and function, therefore inducing 

cell proliferation, impacting apoptosis, and metastasis [101, 102]. Notably, non-oncogene 

addiction may provide novel targets for intractable and undruggable cancers [103, 104].  

2.4 SUMO E1 in cancer 

 2.4.1 Myc driven cancer 

There are a subset of targets known as the ‘undruggable’ because they show little impact 

with or resistance to current treatment regimes, and these undruggable targets include Myc 

and KRas-driven cancers [105, 106]. The Myc family, including the most common 

member, proto-oncogene c-Myc, has been found to be mutated in more than 70% of human 

cancers, including breast, liver, colorectal cancer, and leukemia [107, 108, 109]. Myc has 

been considered to belong to the “undruggable” group because it lacks a pocket for 

traditional small molecules to bind [110]. Common mutations of Myc occur at its N-

terminal region and T58A. N-terminal mutations cause the induction of cell growth and 

transformation abnormalities [111]. T58A mutation prevents phosphorylation at this 

residue and ubiquitinylation of Myc, which subsequently prevents ubiquitin-proteasome 

degradation of Myc, leading to Myc overexpression [112].  
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The most common mutation of Myc is an amplification [113]. In acute myeloid 

leukemia (AML), overexpression or amplification of Myc is caused by AML-associated 

fusion proteins, such as mutations of Flt3 receptor tyrosine kinase [114]. Overexpressed 

Myc binds and activates EZH2 to induce cell proliferation. The 5-year survival rate of 

AML is 25-68% among different ages. In a 2018 study with 132 AML patients, 39% had 

high Myc protein level, and 61% had low Myc [115], and the low Myc level patients were 

observed to have a significantly longer overall survival than high Myc patients. In chronic 

myeloid leukemia (CML), a fusion of BCR and ABL1 genes activates ABL to its oncogenic 

form, leading to the deregulation of several proteins, including overexpression of Myc 

[116, 117, 118]. BCR/ABL and overexpression of Myc block differentiation and induce 

genetic instability. Diagnosed CML patients commonly show high level of Myc mRNA 

[119]. Among the 66 CML patients, 15 patients (>22%) showed poor responses to imatinib, 

a front-line tyrosine kinase inhibitor to treat leukemias. Those 15 patients had more than 

two-fold Myc mRNA expression levels compared to others that showed a response to 

imatinib. Highly expressed c-Myc with its partner MAX up-regulates BCR/ABL1 

expression levels of both mRNA and protein, and depletion of Myc in BCR/ABL1 cell 

lines leads to cell death [120].  

 The 5-year survival rate of CML has been improved to 70% with advanced treatments 

from 2011 to 2017 using chemotherapy in combination with drugs targeting cells with the 

Philadephia chromosome [121]. However, these long-term treatments significantly impact 

patients’ everyday lives and life spans, as patients need at least three years of treatment and 

must be closely monitored after stopping treatment. After decades research, two inhibitors 
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have been found might affecting Myc, a peptide OmoMYC [122] and a small molecule 

APTO-253 [123]. OmoMYC has complete the phase I clinical trial at the end of 2022. 

APTO-253 has been terminated in phase I. ATPO-253 had a solubility problem first and 

then failed to show clinical response in the phase I.  

 Myc-dependent tumor growth requires SUMO activating enzyme E1 Aos1/Uba2 

[124]. Inhibition of Uba2 enzymatic activity represses a transcriptional subprogram of Myc 

and leads to Myc-high breast cancer cell death. Myc-high breast cancer patients show 

significantly higher metastasis-free survival rate, if they have low level of Uba2, compared 

with high Uba2-level patients. In more detail, when Uba2 is knocked down in Myc-high 

cancer cells, these cells show spindle defects that caused cell apoptosis. Therefore, Uba2 

is a synthetic lethal partner of Myc. (Synthetic lethality is a term from genetic studies 

referring that a mutation in gene A only cause lethality combined with a mutation in gene 

B, where mutations in gene A and B would not be lethal individually). SUMOylation is 

required for the stability of MYC [190, 195, 196], which will be discussed in section 3.7.1. 

 2.4.2 Breast cancer 

Breast cancer is the most diagnosed cancer globally (followed by lung and prostate 

cancers), with about 2.3 million new cases in both sexes [125, 126]. Breast cancers must 

be diagnosed with physical examination and screening. In many cases the tumor is already 

spread through blood or lymph when the patient is diagnosed [128, 129]. The standard 

treatments for breast cancer are surgical resection and chemotherapy [130], but the distant 

breast cancer 5-year survival rate is still low at only 30% [121]. RT-qPCR data show that 

the UBA2 gene is amplified in the MCF10 model, an epithelial cell from a fibrocystic 
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breast [131]. Monensin, a polyether ionophore antibiotic that can impact Na+ and K+ 

concentration gradient in the cell and the physiological function, has been shown to reduce 

the proliferation of cancers such as pancreatic and prostate cancer [132]. Using the same 

MCF10 model, Monensin has been found to inhibit MCF10 cell survival rate by apoptosis 

[129]. Moreover, RT-qPCR and western blot data show that Uba2 mRNA and protein level 

are significantly decreased in Monensin treated MCF10 cells. Overexpression of Uba2 

inhibits the impact of Monensin on MCF10 cells. Thus, inhibition of Uba2 in breast cancer 

is shown as a potential anti-breast cancer therapeutic target.  

 2.4.3 Lung cancer 

Lung cancer is the leading cause of cancer death and the second most common cancer, with 

about 2 million new cases in 2020 [125, 133]. Non-small cell lung cancer (NSCLC) is the 

most common type, for about 81% of lung cancer diagnoses. The 5-year survival rate of 

localized NSCLC is 65%. However, like breast cancer, about 70% of patients are diagnosed 

with advanced NSCLC, and the 5-year survival rate drops to 37% for regional NSCLC and 

9% for metastatic NSCLC.  

 Including Uba2, SUMOylation enzymes are highly expressed in NSCLC [134]. 

Immunostaining of Uba2 in the nucleus is significantly higher in NSCLC than in normal 

tissues [135]. Overexpression of Uba2 in NSCLC tissue is linked to large size and 

metastasis. In A549, the cancerous lung cell line, shUBA2 downregulates Uba2 RNA and 

protein levels. A549 cells show an increase of G1 and G2/M phases and a decreased of the 

S phase using flow cytometry, with an increase of apoptosis. shUBA2 also inhibits poly 

(ADP-ribose) polymerase 1 (PARP1), mini-chromosome maintenance (MCM) 2, 3, and 7, 
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which PARP1 is associated with chemotherapy resistance in NSCLC, and MCM2, 3, 7 is 

related to the primary tumor (T), regional lymph node involvement (N), and distant 

metastases (M) (TNM) stage in NSCLC. Knockdown of Uba2 in NSCLC inhibits tumor 

cell proliferation and shows a potential therapeutic approach.   

 2.4.4 Acute myeloid leukemia 

Acute myeloid leukemia (AML) is the most common leukemia for adults, where the 

average age of patients being diagnosed is 65 years old and is about 80% of all adult 

leukemia cases [136]. It is about 20,000 cases diagnosed every year in the United States. It 

shows as clonal of immature blast cells and causes bone marrow failure. Myelodysplastic 

syndrome is the most common risk factor of AML, and congenital disorders such as Down 

syndrome also increase the risk [137]. The 3-year survival rate of AML depends on the 

age, where it is 66% in patients younger than 60 years old and 33% in patients older than 

60 years old. The average 5-year survival rate is 50% [138]. The standard treatments are 

induction therapy, which is highly toxic to bone marrow and most likely for young patients, 

consolidation therapy with cell transplantation, and tyrosine kinase inhibitors [136]. 

summary in Vakiti et al., 2023). 

 RNA sequencing data has identified the UBA2-WTIP fusion gene in 33.9% of AML 

patients by RT-PCR and Sanger sequencing [139]. As Uba2 is the catalytic subunit of 

SUMO E1 enzyme and functions in SUMOylation and has been found overexpressed in 

various cancers, WTIP functions as a tumor suppressor. Overexpression of the UBA2-

WTIP fusion leads to phosphorylation of STAT3 and 5, which promote cell proliferation 

in AML. Triptolide in AML cells degrades the protein level of the UBA2-WTIP fusion by 



 27 

western blot, where Triptolide shows induction of leukemia cell apoptosis [140]. 

Therefore, the UBA2-WTIP fusion has been suggested as a potential therapeutic target for 

AML.   

2.5 Current inhibitors/compounds targeting the SUMO and SUMO E1  

A couple of inhibitors are known to target the SUMOylation pathway, the most potent 

being TAK-981, which forms a covalent adduct with SUMO and decreases the level of 

protein SUMOylation [141]. TAK-981 is in phase 1 clinical trials since 2018 to check if 

there are any side effects in people with advanced solid tumors.  

 For SUMO E1 enzymes, there are a couple of non-clinical inhibitors. A few natural 

product small molecules, Ginkgolic acid, Anacardic acid, and Kerriamycin B, target 

SUMO E1 and inhibit SUMOylation [142, 143]. Ginkgolic acid and kerriamycin B block 

the formation of SUMO and SUMO E1, while anacardic acid is an analog of Ginkgolic 

acid. Davidiin [144] and Tannic acid [145] are natural products that inhibit SUMOylation. 

Among the natural products, Dacidiin has the lowest IC50 (0.15 μM), but it downregulates 

EZH2. IC50 of others are higher than 2μM. COH-000 is a covalent allosteric inhibitor of 

Aos1/Uba2 with IC50 0.2μM [146, 147]. COH-000 covalently binds to the Cys30 residue 

of Uba2 and then recruits ubiquitin-proteasome degradation of Uba2 [147]. COH-000 

reduces colorectal carcinoma by promoting apoptosis. Due to the 90% of clinical drug 

failures, rigorous research on the Uba2 drug/inhibitor is still needed.  

 In this chapter, we utilized SBDD coupled with FBLD and AI-CADD to identify 

inhibitors of Aos1/Uba2. Our overarching hypothesis was that said inhibitors can inhibit 

the SUMOylation and impact Myc-driven cancer cells.  
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2.6 Methods  

 2.6.1 Expression 

Human Uba2 (1–640) was cloned into vector pD441-CH with a C-terminal 6x His-tag 

(Uba2-6His) or vector pET21a (+) with a TEV-cleavable C-terminal 6x His-tag (Uba2-

TEV-6His). Human Aos1 (1–346) was cloned into vector pD454-GST with a PreScission-

cleavable N-terminal GST-tag (GST-Aos1). Human SUMO1 (1–97) and Human 

SUMO2/3 (1–93) were cloned individually into vector pGEX-6P-1 with a PreScission-

cleavable N-terminal GST-tag (GST-SUMO1 and GST-SUMO2/3, respectively). Human 

RanGap1 (1–587) was cloned into vector pET21a (+) with a TEV-cleavable C-terminal 6x 

His tag (RanGap1-TEV-6His). All plasmids were purchased from GenScript Biotech. 

Uba2-6His was co-expressed with GST-Aos1, and Uba2-TEV-6His, GST-Aos1, GST-

SUMO1, GST-SUMO2/3, and RanGap1-TEV-6His were individually expressed by 

transforming plasmids in different E. coli cell lines and then small-scale expression test 

was done for each to determine the optimal cell line and expression condition and saved 

glycerol stocks. The glycerol stocks were cultured in 50 mL of the desired medium with 

the desired antibiotic at 37℃ overnight (O/N) for large-scale expression. Each O/N culture 

was inoculated into 12L medium with antibiotic at 37℃ at 225 rpm (New Brunswick 

Scientific Innova©43R). When the OD600 reached 50% of the desired concentration, the 

temperature was lowered to the desired inducement temperature if the inducement 

temperature was lower than 37℃. Then, the cells were induced with 0.4 mmol/L isopropyl-

β-D-1-thiogalactoside (IPTG) at 100% of desired OD600 and kept shaking at the desired 

temperature. Cells were harvested by centrifugation (Sorvall LYNX 4000 Superspeed 
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Centrifuge with a FiberliteTM F9-6 x 1000 LEX Fixed Angle Rotor) at 4 ℃ and 4,000 rpm 

for 15 minutes, resuspended at a ratio of 3ml lysis buffer (6His-tagged proteins: 50 mM 

Tris-HCl pH 8, 300 mM NaCl, 25 mM imidazole, 10 mM BME; GST-tagged proteins: 0 

mM Tris-HCl pH 7.5, 300 mM NaCl, 10 mM BME) per gram pellet. Per 40 mL of the 

resuspended cell, it was sonicated (Q-Sonica Q125, ¼ inch probe) on the ice at 70% 

amplitude for 4 minutes, with 10 seconds on and 10 seconds off. The supernatant was 

obtained by centrifugation at 4℃ and 30,000 rpm for 40 minutes. The cell lysate was 

purified right after or stored at -80℃.  

 2.6.2 Purification 

Supernatant from cell lysate with 6His-tagged in 50 mM Tris-HCl pH 8, 300 mM NaCl, 

25 mM imidazole, 10 mM BME was purified by Ni-affinity chromatography (HisTrap FF; 

Cytiva) using NGC Quest 10 Plus Liquid Chromatography System (Bio-Rad) for fast 

protein liquid chromatography (FPLC) and eluted by a gradient of 1M imidazole buffer 

(after elution, TEV was added to cleavage 6His tag if needed), exchanged to a low salt 

buffer and then loaded onto anion exchange chromatography (HiTrap QFF; Cytiva) and 

eluted by a gradient of 1M NaCl buffer. Supernatant from cell lysate with GST-tagged in 

50 mM Tris-HCl pH 7.5, 300 mM NaCl, 10 mM BME was purified by GST-affinity 

chromatography (GSTPrep FF16/10; Cytiva) and eluted by a gradient of 25 mM 

glutathione buffer (PreScission was added to half of desired fractions to cleavage GST tag 

if needed), exchanged to a low salt buffer and then loaded onto HiTrap QFF and eluted by 

a gradient of 1M NaCl buffer. Eluted fractions from Uba2 and Aos1 were collected and 

combined, purified by gel filtration chromatography (Superdex 200; Cytiva), and finally, 
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ENrich high-resolution anion exchange chromatography (ENrich Q; Bio-Rad) and eluted 

by a gradient of 1M NaCl buffer. Fractions from other samples (GST-SUMO1, GST-

SUMO2/3, and RanGap1-TEV-6His) were collected and purified by gel filtration 

chromatography (Superdex 75; Cytiva). 4-12% gradient SDS-PAGE gels (NuPAGE; 

Invitrogen) confirmed fractions from each step, and then desired fractions were collected 

for the next step. The final sample was concentrated (Vivaspin 10 kDa; Cytiva) and stored 

in 50 mM HEPES pH 7.5, 300 mM NaCl at -80℃ after flash frozen in liquid nitrogen.  

 2.6.3 TSA 

The 20 μL of TSA contained: 

• 15 μL of optimized reaction buffer, 

• 2 μL of 200x SYPRO Orange protein gel stain (S6651; Thermo Scientific), 

• 2 μL of protein of interest with optimized concentration, and 

• 1 μL of testing compound (fragment final 10 mM or small molecule final 500 μM).  

 A set of 200 mM covalent fragments was purchased from Life Chemicals Inc. 

Chemicals such as thioketone, aromatic thiols, or Michael acceptors, acrylamides, and 

sulfonate esters were used for arraying potential covalent inhibitors. To screen potential 

covalent binders against Uba2, 1 μL of 200 mM covalent fragments in DMSO or DMSO 

as negative control were added individually into a white semi-skirted 96-well plate (AB-

0900/W; Thermo Scientific) and centrifuged at 1500 rpm for 1 minute in a PlateFuge 

MicroPlate MicroCentrifuge (Benchmark Scientific). 19 μL of master mix containing 1.36 

μM of Uba2/Aos1 and 200 x SYPRO Orange were added to each well, pipetting to mix 

thoroughly. The plate was sealed with optically clear Microseal® 'B' Seals (MSB1001; 
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Bio-Rad) and loaded into a CFX Connect™ Real-Time PCR Detection System (Bio-Rad). 

The reaction plates were heated from 25 °C to 95 °C, at increments of 0.5 °C every 30 s, 

taking fluorescence scans at excitation/emission ranges of 470/570 nm utilizing the HTRF 

filter. DMSO negative control determined the apo-Tm as the melting point of the protein. 

The difference between the covalent fragment and apo-Tm determined the ΔTm as the shift 

of protein melting point. Positive ΔTm indicated the binder of Uba2/Aos1 and would be 

confirmed. 

 10 mg of each hit were purchased from Mcule Inc or Enamine Inc. A series dilution 

of each hit was prepared with DMSO from 200 mM to 50 mM. Following the TSA method, 

the hit dosage/concentration tests with triplicates were done. Bigger ΔTm with concentrated 

binder and smaller ΔTm with diluted binder indicated the hit of Uba2/Aos1. 

 2.6.4 SUMOylation reaction 

The SUMOylation reaction contained commercial or the purified Uba2-TEV-6His/Aos1 

(12.3 μM) and Ubc9 (10 μM), mixed with SUMO1 (50 μM), RanGap (50 μM) and ATP 

(250 μM) in the reaction buffer (150 mM NaCl, 50 mM Tris pH 7.4, 10 mM MgCl2, 

0.005% tween 20, 0.3 mM DTT), 2-hour 37℃ incubation. When testing hits from TSA, 

the compound was incubated with Uba2-TEV-6His/Aos1 at RT for 30 minutes, and then 

other components were added for reaction. 5X SDS-PAGE loading buffer (30% glycerol, 

250 mM Tris-HCl pH 6.8) was added to each SUMO reaction and then 100°C heated for 5 

minutes. 25 μL of each sample was loaded to a 12% SDS-PAGE gel running for 60 minutes 

at 220 V at room temperature, and then the gel was transferred onto PVDF membrane for 

3 hours at 130 V at 4 °C. After the transfer, 10 mL of blocking buffer (5% BSA in TBST 
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(TBS + 0.1% Tween) was added to the membrane for 1 hour at room temperature. After 

removing the block buffer, fresh TBST with SUMO1 primary antibody (1:1000) was added 

to the membrane overnight at 4°C. The following day, the primary antibody was removed, 

and the membrane was rinsed three times for 15 minutes with TBST and then the secondary 

antibody (1:2000 of anti-rabbit IgG) for 2 hours at room temperature. Then, the membrane 

was rinsed three times for 15 minutes with TBST. The membrane was incubated with ECL 

reagent for 1 minute and then was imaged by ChemiDoc XRS+ (Bio-Rad) and Image Lab 

Software (Bio-Rad).   

 After images were taken, images were analyzed by ImageJ, selecting the bands of 

interest with the rectangular tool, and then plotted for quantitative analysis. The mean value 

of the expression level of SUMO1 was calculated from three replicates in each reaction. 

The significance was determined by comparing the quantitation of bands using two-way 

ANOVA. The analysis collapsed to a simple Student's T-test with Microsoft Excel. In all 

cases, P < 0.05 was used as the threshold for significance.  

 2.6.5 AMP assay 

The AMP-GloTM Kinase Assay (Promega) measures AMP generated from ATP from any 

reaction. This assay confirmed that hits could inhibit Uba2/Aos1 activation to SUMO1 

using ATP and then determine IC50. Following the AMP-GloTM kinase assay technical 

manual, a standard curve was generated first to estimate the amount of AMP converted 

from ATP. A serial dilution from 1 mM of ATP and AMP was added into each well of a 

96-well plate with 90 μL of reaction buffer (150 mM NaCl, 50 mM Tris pH 7.4, 10 mM 

MgCl2, 0.005% tween 20, 0.3 mM DTT) and 25 μL AMP-Glo reagent that can stop the 
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kinase reaction and remove ATP. After 1 hour of room temperature incubation, a 50 μL 

detection reagent, which converted AMP to ADP, and then convert ADT to ATP, and 

introduced luciferase and luciferin to detect ATP, was added to each reaction and incubated 

another hour. SpectraMac iD5 (Molecular Devices) read and recorded the luminescence 

and generated a standard curve for relative light units (RLU) and APT-to-AMP 

conversion.  

 A SUMO1 concentration test was done to determine the optimal concentration. A 

serial dilution of SUMO1 (down to 0 as background signal) was mixed with an undiluted 

Uba2/Aos1 sample and desired ATP in the reaction buffer, one to two hours 37℃ 

incubation. Then, AMP-Glo reagent was added for each reaction for 1-hour room 

temperature incubation. Then, a detection reagent was added to each reaction. The plate 

was measured after one hour of room temperature incubation.  

 Uba2/Aos1 concentration test was done to determine the optimal concentration. A 

serial dilution of Uba2/Aos1 (down to 0 as background signal) was mixed with the desired 

SUMO1 sample and desired ATP in the reaction buffer, 1 to 2 hours 37℃ incubation. 

Then, AMP-Glo reagent was added for each reaction for 1-hour room temperature 

incubation. Then, a detection reagent was added to each reaction. The plate was measured 

after 1-hour room temperature incubation. 

 Hits were tested using the covalent hits (10 mM final) and AI-CADD hits (500 μM 

final) determined by TSA. Each test contained hits in DMSO, 6.15 μM of Uba2/Aos1, 25 

μM of ATP, 12.5 μM SUMO1, the reaction buffer, and DMSO negative control. A known 
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Uba2/Aos1 inhibitor, COH000 (MedChemExpress), was used as a positive control. The 

plate was read and determined hits that inhibited Uba2/Aos1 activation to SUMO1. 

 IC50 was done triplicate with the hits. A serial dilution of inhibitor was tested to 

generate a curve of Log 10 of inhibitor concentration and RLU (GraphPad). Average and 

standard deviation were used to plot to visualize the impact of each compound on Dyrk1a 

activity. CV was less than 10% to express precision and repeatability.  

 2.6.6 HTRF assay 

Following the AID 2006 -uHTS HTRF (homogeneous time-resolved fluorescence) assay 

protocol [148], Dr. David Kwon and Dr. Holly Yin from HTS Core Facility, City of Hope, 

tested the DTP compounds. Using the previously purified proteins GST-SUMO2, 

Uba2/Aos1, Ubc9, RanGap1-TEV-6His, and ATP, SUMO2 was activated by Uba2/Aos1 

and then attach to RanGap1 by Ubc9. Anti-GST-Terbium and Anti-6His-d2 measured 

could recognize GST-SUMO2 and RanGap1-TEV-6His, respectively, and send a 

fluorescent signal only when SUMO2 SUMOylated RanGap1. Therefore, the signal 

indicated the reaction activity and enzymes (Uba2/Aos1 and Ubc9) activity.  

 Reaction buffer (150 mM NaCl, 50 mM Tris pH 7.4, 10 mM MgCl2, 0.005% tween 

20, 0.3 mM DTT), Uba2/Aos1, RanGap1-TEV-6His, and testing compound or DMSO 

were added first, and ATP, Ubc9, and GST-SUMO2 were added for RT incubation 30 

minutes. Antibodies were added, and then fluorescence signal was measured.  

 The concentration of each component was optimized for the desired signal/background 

ratio, including DMSO toleration. First, the screening test was done by duplicate, and then 

the IC50 of the hit was measured.  
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 2.6.7 Testing compound 

• Drug-like fragments from Zenobia. Stock 200 mM in DMSO. 

• Covalent or Brominated fragments from Life Chemicals (LC). Stock 200 mM in 

DMSO. 

• DTP docking small molecules targeting the ATP binding pocket from the Mobley Lab, 

UCI (DTP). Stock 200 mM in DMSO. 

• AI-CADD small molecules targeting on Uba2 activity site Cys 173 from Atomwise 

derived from (AW1) previously hit identified by a former member in the Perry Lab. Stock 

10 mM in DMSO. 

• AI-CADD small molecules targeting on Uba2 activity site Cys 173 from Atomwise 

derived from AW33 identified by a former member in the Perry Lab (AW2). Stock 10 mM 

in DMSO. 

A series of assays tested the compounds:  

Screening for binders by TSA. Using DMSO as the negative control, positive shift (> / = 

0.5 °C) indicated binding and stabilizing protein, and negative shift indicated binding but 

destabilizing protein. The positive binders were to be focused, as they would benefit future 

crystallography studies. There was some correlation between ΔTm and binding 

affinity/inhibition efficacy. However, a larger ΔTm did not always indicate a better 

inhibitor, specifically for fragments, when their binding affinity was not high.  

 A dosage/concentration of compounds test was conducted to confirm the binder in 

triplicate by TSA. By diluting compound concentration as a hit, the ΔTm decreased with 



 36 

compound dilution, ideally. If ΔTm did not change or increase as the compound dilution, 

the binding was most likely non-specific.  

 Screening test in duplicate for hits by AMP. Using DMSO as the negative control, the 

luminescent signal of compound/signal of DMOS *100 was % activity. Decreased % 

activity indicated a decrease of reaction and inhibition from the testing compound.  

 IC50 test of hits in triplicate by AMP. A 2-fold series dilution of compounds was used, 

and the luminescent signal was plotted against Log10 of concentration by GraphPad, and 

relative IC50 was calculated.  

 2.6.8 Crystallography study 

Crystal trays were set up at RT using 96-well or 24-well crystal trays by sitting drop. 300-

400 μL of reservoir was added in the reservoir chamber first. 0.5 or 1 μL of protein (or 

mixed with small molecule hits) was added to the well, and then mixed with the same 

amount of reservoir solution. The chamber was sealer by tape and incubate at RT. Crystal 

trays were examined by a microscope after setup, and every day for 2 weeks.  

2.7 Result  

 2.7.1 Expression 

In small-scale expression test, Uba2-6His or Uba2-TEV-6His plasmids were co-

transformed with GST-Aos1 or transformed solo in E. coli BL21(DE3), ArcticExpress 

RIL, ArcticExpress RP, ArcticExpress (DE3), or BL21-CondonPlus-RP, and cultured in 

Luria broth (LB), Terrific Broth (TB), or 2XYT. Cells were induced at OD600 1.2 and set 

to shake at either 37℃ 4 hours or 14℃ O/N. All cells were collected and then loaded onto 

nickel spin columns (HisPur Ni-NTA spin column; Thermo Fisher), eluted with high 
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imidazole buffer, loaded onto GST spin column (Pirece Glutathione spin column; Thermo 

Fisher), and eluted with high glutathione buffer and run on SDS-PAGE gels for comparison 

(co-expression samples only [Supplementary material figure 2.1 A]). Uba2 is a 74 kDa 

protein, but the elution samples always showed an around 100 kDa band (Supplementary 

material figure 2.2). To confirm the 100 kDa band, TEV treated the nickel spin column 

elution, and another nickel spin column test was conducted. As shown in the figure, the 

100 kDa band was shown in the flow through but not in elution, indicating the sample did 

not contain 6His-tagged after TEV treatment (Supplementary material figure 2.2 B), 

ruled out the possibility of contamination or non-specific protein in the sample binding to 

the nickel spin column in the first round. For Uba2-6His, the best expression was when co-

transformed with GST-Aos1 and used the ArcticExpress RP strain, and the condition was 

induced at 14℃ at OD600 1.2 using 2XYT. Uba2-TEV-6His expression without GST-

Aos1 in ArcticExpress RP and induced at 14℃ at OD600 1.2 using 2XYT showed the best 

result (Supplementary material figure 2.1 B). Glycerol stocks were saved. Due to Uba2-

TEV-6His having a better expression level, being able to cleave off the 6His tag, and being 

able to be expressed solo, it was used for most of the experiments after large-scale 

expression and purification.  

 GST-SUMO1, GST-SUMO2/3, and RanGap1-TEV-6His were transformed 

individually in E. coli BL21(DE3) and followed by the GST or nickel spin column tests. 

Inducement at OD600 0.8 and set to shake at 16℃ O/N was the best condition for all three 

proteins (Supplementary material figure 2.3).  
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2.7.2 Purification 

In the large-scale expression for purification, Uba2-TEV-6His would be treated by TEV 

aiming to gain SUMO E1 without a tag for the HTRF assay. PreScission always treated 

GST-Aos1 after GSTPrep to cleavage over the GST tag. To remove the GST tag, another 

GSTPrep would be done to capture Aos1 without GST from the flow-through. As shown 

in the Supplementary material figure 2.4 B, the flow through fractions 8 - 34 all had a 

37 kDa band represented Aos1 no tag and a 25 kDa band, matching the PreScission size. 

QFF could not separate Aos1 and PreScission, and Superdex 75 could not either 

(Supplementary material figure 2.4 C), as their pI and size were similar. Fortunately, 

Aos1 combined with Uba2 with or without 6His tag, followed by Superdex 100 and ENrich 

Q, could separate Uba2/Aos1 from PreScission (Supplementary material figure 2.5 and 

2.6; figure 2.1). The yield was 1.8 mg of Uba2/Aos1 per L of E. coli culture and 1.04 mg 

of Uba2 per L.  

Purifications of GST-SUMO1, GST-SUMO2/3, and RanGap1-TEV-6His followed 

the steps of affinity (6His or GST), HiTrap Q FF, and Superdex 75. Both SUMO1 and 

SUMO2/3 had the diglycine at their C-terminal, which was the matured form of SUMO 

and ready to be activated (Supplementary material figure 2.7; figure 2.2). The yield was 

2.25 mg of GST-SUMO1 or GST-SUMO2/3 per L of E. coli culture and 2.5 mg of 

RanGap1-TEV-6His per L of E. coli culture.   
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Figure 2.1 Purified Uba2/Aos1 sample. The final post-ENrich S purification sample of 

Uba2/Aos1 was loaded on an 8-16% SDS-PAGE gel (Novex Tris-Glycine Mini Protein 

Gel; Thermo Fisher). Lane 1: final sample from ENrich S elution fraction.  Lane 2: protein 

ladder (Precision Plus Protein Dual Color Standards; Bio-Rad).  
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A.         B.         C.  

   

Figure 2.2 Purified GST-SUMO1, SUMO2/3, and RanGap1 sample. A. The final post-

Superdex 75 purification sample of GST-SUMO1 was loaded on an 8-16% SDS-PAGE 

gel. Lane 1: final sample from Superdex 75 elution fraction. Lane 2: protein ladder. B. The 

final post-Superdex 75 purification sample of GST-SUMO2/3 and SUMO2/3 were loaded 

on an 8-16% SDS-PAGE gel. Lane 1: final GST-SUMO2/3 sample from Superdex 75 

elution fraction. Lane 2: final SUMO2/3 sample from Superdex 75 elution fraction. Lane 

2: protein ladder. A. The final post-Superdex 75 purification sample of RanGap1-TEV-

6His was loaded on an 8-16% SDS-PAGE gel. Lane 1: final sample from Superdex 75 

elution fraction. Lane 2: protein ladder. 
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2.7.3 SUMOylation activity assay 

To confirm the activity of purified proteins, SUMO E1 Uba2-TEV-6His/Aos1, SUMO E2 

Ubc9, SUMO E3 Pias1 (in chapter 3), and GST-SUMO1, SUMOylation activity assay was 

done after purifications. The band of SUMO1 only would represent no SUMOylation 

reaction of RanGap1, and the band of SUMOylated RanGap1 represented the 

SUMOylation reaction of RanGap1 and indicated the cascade reaction occurred. As shown 

in Figure 2.3 A, from the left side, lane 1 and lane 2 had all commercial proteins to confirm 

the experiment setup, as only SUMO1 in lane 1 and SUMOylated RanGap1 in lane 2. When 

replacing the commercial SUMO E1 with the purified Uba2-TEV-6His/Aos1 or 

commercial E2 with the purified E2 Ubc9, RanGap1 was still SUMOylated, indicating the 

function of purified E1 and E2. When the purified GST-SUMO1 was tested, commercial 

SUMO E1 and E2 were added with or without ATP (Figure 2.3 B). Commercial SUMO1 

was used as positive control. The band of lane 1 was higher than lane 3, because GST-

SUMO1 was 25 kDa bigger than SUMO1.  
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Figure 2.3 purified SUMO E1, E2, GST-SUMO1 were tested by SUMOylation 

reaction kit and western blot. Proteins were added with or without ATP for SUMOylation 

modification reaction on RanGap1. Reactions were incubated at 37℃ for 2-hour and 

loaded on an 12% SDS-PAGE gel. Gel was transferred to a PVDF membrane and incubated 

with anti-SUMO1 antibody at 4℃ overnight. Then membrane was incubated with anti-

rabbit secondary antibody at RT for 2-hour and then performed image. A. purified SUMO 

E1 and E2 were tested with commercial E1 and E2. Lane 1: commercial E1 and E2 without 

ATP. Lane 2: commercial E1 and E2 with ATP resulting in SUMOylated RanGap1. Lane 

3: purified E1 and commercial E2 with ATP resulting in SUMOylated RanGap1. Lane 4: 

purified E2 and commercial E1 with ATP resulting in SUMOylated RanGap1. Lane 5: 

purified E1 and E2 with ATP resulting in SUMOylated RanGap1. B. lane 1: purified GST-

SUMO1 and commercial E1 and E2 with ATP resulting in SUMOylated RanGap1. Lane 

2: purified GST-SUMO1 and commercial E1 and E2 without ATP. Lane 3: Commercial 

SUMO1, E1, and E2 with ATP resulting in SUMOylated RanGap1. 
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 2.7.4 TSA  

A former student in the Perry lab did the optimized protein concentration and reaction 

buffer for TSA. A final of 9 μM of Uba2/Aos1 in 50 mM HEPES pH 8, 50 mM NaCl, 

generated an apo-Tm of 36.5℃ + 0.5℃.  

 2.7.5 AMP assay 

The AMP standard curve test determined 20 μL of ATP as the desired concentration 

(Supplementary material figure 2.8 A). Higher than 20 μL might cause the reading to be 

statured. Using undiluted Uba2/Aos1, the SUMO1 concentration test was done by a series 

dilution (Supplementary material figure 2.8 B). 62.5 μL of SUMO1 generated the 

highest signal difference from the background signal. 5.77 μL of Uba2/Aos1 was the 

desired concentration (Supplementary material figure 2.8 C), generating a high signal as 

the undiluted sample (11.55 μL) and showing 10.74 of signal/background. One hour of 

reaction incubation time was determined as two hours might show a statured signal. For 

the best effect of compound inhibition, compounds were added to Uba2/Aos1 with reaction 

buffer for a 30-minute RT incubation, and then SUMO1 and ATP were added for the 

reaction. A Z-factor test was done using COH000 (Supplementary material figure 2.8 

D). 25 μL of COH000 showed 98.8% inhibition, and the Z-factor was 0.9205, indicating 

the assay was excellent for compound screening. In the screening test, compounds were 

tested of inhibition compared with DMSO by duplicate, and then IC50 tests were done to 

confirm. IC50 measurements were used to rank compounds.  
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2.7.6 Drug-like fragments from Zenobia  

During the screening test, the first group of compounds to be tested against SUMO E1 was 

967 drug-like fragments from Zenobia. The fragments were derived from drug-like cores 

and followed the Rule of Five. Therefore, the fragments represented safety and good drug 

properties. 31.66% of the drug-like fragments had positively shifted at least 0.5 °C of the 

melting point of SUMO E1, and 2.96% had positively shifted at least 2 °C, indicating 

SUMO E1 is highly druggable (Figure 2.4).  

2.7.7 Covalent or Brominated fragments from Life Chemicals (LC)  

The second group was 1129 covalent fragments and 618 brominated fragments from Life 

Chemicals. The enzymatic activity site of the catalytic subunit of SUMO E1 is residue Cys 

173 of Uba2. Therefore, fragments such as thioketone, aromatic thiols, or Michael 

acceptors et al. can bind to the Cys residue with a covalent mechanism and irreversibly 

inhibit it. Brominated fragments can be located during X-ray crystallography via 

anomalous scattering to overcome the challenge of low electron density of fragments. The 

percentage of 2 °C ΔTm was 3.37 for covalent and 3.56 for brominated (Figure 2.4). A 

concentration/dosage of fragment test was done with those fragments that showed the most 

Tm shift, and four fragments had dosage trends (Supplementary material table 2.1): 1C, 

1E, 1H, and 2A. The SUMOylation activity assay and the AMP assay tested those (Figure 

2.5 A and B). Notably, 1H and 2A are both thioketone and very similar structurally.  
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Figure 2.4 SUMO E1 Uba2/Aos1 TSA screening with drug-like, covalent, and 

brominated fragment, AW1 and 2 AI-CADD small molecules. 2714 fragments (1129 

covalent, 618 brominated, and 967 drug-like) were tested against Uba2/Aos1 by TSA. The 

% of fragments with at least 0.5 °C ΔTm were 17.09, 21.04, and 31.66, respectively. 16 

small molecules from AW1 and 81 small molecules from AW2. The % of small molecules 

with at least 0.5 °C ΔTm were 68.75 and 34.7, respectively. 
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 The SUMOylation activity assay was repeated to confirm LC covalent hits from TSA. 

The band of SUMOylated RanGAP1 represented the reaction (Figure 2.5 A). Lane 1 and 

lane 2 were positive and negative control for the SUMOylation reaction, and lane 1 

represented the full activity of the reaction. Lane 3 was the positive control of a good hit 

of Uba2/Aos1, as COH000 has been identified as a covalent allosteric inhibitor of SUMO 

E1 (Lv et al., 2018). As shown in the western blot membrane, the reduction of SUMOylated 

RanGap1 in lane 7 (LC 2A) was significant, confirmed by the statistical result 

(P=0.0003481). The result determined that LC 2A could inhibit SUMOylation by binding 

to SUMO E1. However, 1H did not have a P value smaller than 0.05, although 1H and 2A 

are structurally similar.  

 The AMP assay tested four fragment hits from TSA and determined relative IC50 

(hereafter IC50). 2A had 30.21 μM IC50, while 1H had 105.8 μM (2.5 C). As a fragment, 

2A showed promising results in the first-round drug test.   
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A.  

 

B. 
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C.  

 

Figure 2.5 LC hits western blot and IC50. A. SUMO1, Uba2/Aos1, Ubc9 and RanGap1 

were added with LC covalent fragments (10 mM) or COH000 (250 μM) or DMSO 

individually for SUMOylation modification reaction on RanGap1. Reactions were 

incubated at 37℃ for 2-hour and loaded on an 12% SDS-PAGE gel. Gel was transferred 

to a PVDF membrane and incubated with anti-SUMO1 antibody at 4℃ overnight. Then 

membrane was incubated with anti-rabbit secondary antibody at RT for 2-hour and then 

performed image. B. qualification data using ImageJ. P value was calculated using T-

TEST. *: P < 0.9. **: P < 0.09. ***: P < 0.009. C. IC50 figures of covalent hits using AMP 

assay and GraphPad (Prism).   
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 2.7.8 AI-CADD small molecules targeting on Uba2 activity site Cys 173 from 

Atomwise derived (AW1 & 2) 

The testing groups were AI-CADD small molecules from Atomwise. Small molecules 

from AW1 had one out of 16 compounds (6.25%) of 2 °C ΔTm from the screening test, but 

none showed a dosage trend in the dosage test. 10 out of 81 compounds from AW2 had at 

least 2 °C ΔTm. Most showed a dosage trend in the dosage test against Uba2/Aos1, and six 

showed a trend in the test against Uba2 solo. They were tested in the AMP assay and 

obtained IC50 (see the AMP section).  

 For AW1 and 2, a screening AMP test of the final 500 μM of the compound was done 

first (figure 2.15 A and B). 2 out of 14 compounds in AW1 showed less activity in the 

AMP assay, but none had IC50 less than 50 μM. In the AW2 screening, six of 79 compounds 

showed 40% activity less than DMSO control (Supplementary material table 2.2). IC50 

was determined for them. 4 compounds were in the 10 μM IC50 range, where the best was 

0.4977 μM (Figure 2.6 & Supplementary material figure 2.9-11).  

 

Figure 2. 6 Uba2/Aos1 with AW2 F5. IC50 figures of covalent hits using AMP assay and 

GraphPad. 
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 2.7.9 DTP docking small molecules targeting the ATP binding pocket from the 

Mobley Lab, UCI (DTP)   

The last group was virtual screening small molecules (Uba2 DTP) against the ATP binding 

pocket of the Uba2 subunit from Dr. Mobley's group at UC Irvine. However, most small 

molecules are very colorful and show binding to the SYPRO Orange effect. Therefore, the 

TSA results of Uba2 DTP were not valid.  

 AMP tests were done with Uba2 DTP compounds (Figure 2.7 A & Supplementary 

material table 2.3). Using DMSO as the negative control, the impact of each compound 

was indicated by % activity, which was % activity = (signal from compound/signal from 

DMSO) *100%. Less or equal to 50% was the cutoff. 14 out of 40 were tested to obtain 

IC50. The best was DTP C7 (18.41 μM IC50). Other good ones were DTP A7 (35.37 μM 

IC50) and C3 (41.76 μM IC50) (Figure 2.7 B, C & D). Other compounds had IC50 larger 

than 50 μM.  

 HTRF assay was used to test DTP compounds and the HTRF data was generated by 

Dr. David Kwon, City of Hope (Figure 2.7 A and Supplementary material figure 2.12). 

DTP C7, A7, and C3 also showed inhibition in the HTRF assay and promising IC50 (8.01 

μM, 1.01 μM, and 10 μM, respectively). DTP C11 was determined to be IC50 of 9.24 μM 

in the HTRF assay. Another five compounds had IC50 in the 10-30 μM range.  
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Figure 2.7 Uba2/Aos1 and DTP compound test by AMP assay and HTRF assay. A. hits 

from DTP screening were tested against to Uba2/Aos1 along with DMSO as negative 

control in triplicates and IC50 by AMP and HTRF assay. B, C, D: DTP C7, A7, and C3 IC50 

figure by AMP assay and GraphPad. 
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2.8 Discussion  

After optimization of the expression condition of the Uba2/Aos1 complex, the protein 

expression level has been significantly increased, from 0.4 to 1.8 mg of Uba2/Aos1 per L 

of E. coli culture. The expression of Uba2 solo also increased the yield to 1.04 mg of Uba2 

per L of E. coli culture.  

 The hit identification studies against Uba2/Aos1 using drug-like fragments, covalent 

and brominated fragments, and DTP small molecules showed Uba2/Aos1 is highly 

druggable and provided hit candidates for the following stages. TSA assay indicated that 

LC 2A could bind and stabilize Uba2/Aos1 because of the positive shift of Tm, while the 

AMP assay and the SUMOylation activity assay confirmed that LC 2A could inhibit 

Uba2/Aos1. As LC 2A is a covalent fragment, data suggested that LC 2A covalently bind 

at the activity site Cys 173. Fragment LC 2A showed IC50 of 30.21 μM in the AMP assay 

and 9.7% of activity (10 mM) in the SUMOylation activity assay compared to the DMSO 

negative control.  

 IC50, the biochemical half-maximal inhibitory concertation, has been widely used in 

early drug discovery and lead optimization [149]. In general, covalent/irreversible 

inhibitors should be ranked by a single IC50, as the IC50 of an irreversible inhibitor 

decreases over time [150]. A compound with low binding affinity and high chemical 

reactivity may result in a low value of IC50 [151]. Since the experiment setup was the same 

during the AMP assay, the reaction time and concentration of enzyme (Uba2/Aos1), 

substrate (SUMO1), and ATP were the same. Therefore, IC50 of all covalent fragments 
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could be used to rank fragment hits from LC and determine which hit(s) could move to the 

next stage.  

 Tests on the DTP small molecules also identified promising hit candidates. DTP C7, 

A7, and C3 were determined using the AMP assay, IC50 being in the 50 μM range. The 

HTRF assay also confirmed their inhibition and promising IC50 (8 μM, 1 μM, and 10 μM, 

respectively). Another six compounds had IC50 in the 50 μM range using the HTRF assay. 

Four of six showed inhibition during the AMP assay screening test, but the IC50 values 

were all larger than 50 μM.  

 SUMO1 was used in the AMP assay as SUMO1 showed a better signal/background 

ratio than SUMO2, while SUMO2 had a better ratio than SUMO1 in the HTRF assay. The 

AMP assay measured the activity of Uba2/Aos1 activating SUMO1, while the HTRF assay 

measured the activity of SUMO2 SUMOylated RanGap1. However, Uba2/Aos1 activated 

SUMO1 and SUMO2 via the same chemical reaction, and the compounds targeted 

Uba2/Aos1, and so results from both assays are valid. The overall IC50 values obtained by 

the HTRF assay were lower than the AMP assay. For DTP C7, A7, and C3, the IC50 values 

indicated that they could move on to the next stage.  

 IC50 measurement is assay specific. The AMP assay measured the change of ATP to 

AMP as Uba2/Aos1 activated SUMO. The remaining ATP was removed, and AMP was 

converted to ADP, and then converted to ATP. The ATP then went through 

luciferin/luciferase reaction for light output. The luciferase signal was converted to IC50 

values of inhibitors. HTRF assay directly measures the level of SUMOylation of RanGap1 
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and converted it to IC50. For the ideal signal/background ratio, the setup of two assays were 

also different. i.e., the amount of ATP added the two assays were different.  

 AW1 compounds were derived from previously hit. B4, B2, and B1 positively shifted 

Uba2/Aos1 Tm higher than 1℃. However, they all failed the dosage test and showed no 

inhibition in the AMP screening test. A7 and A8 inhibited in the AMP screening assay, 

while they only slightly shifted Uba2/Aos1 Tm. However, their IC50 values were larger than 

50 μM, which suggests a weak inhibitor that is not of significant interest. As the ΔTm of 

A7 and A8 was 0.33 °C and 0.83 °C, respectively, when using the most concentration of 

the compounds, dosage tests would also be very hard to prove the binding these compounds 

to the protein was not a false positive.   

 AW2 compounds were derived from AW33, which negatively shifted Uba2/Aos1 Tm. 

4 of the AW2 compounds, F5, C9, E1, and B7, had IC50 in the 10 μM range, the best one 

being 0.5 μM from F5. All four compounds positively shifted Uba2/Aos1 Tm and had 

dosage trend. As a testing compound in the hit-to-lead, the IC50 of F5 and the preliminary 

data of co-crystals of Uba2/Aos1 and F5 showed a promising result (figure 2.16). To 

optimize these crystal hits, focusing on identifying conditions that produce a better 

morphology crystal from Uba2/Aos1 and F5 (i.e., ‘diffraction quality’) will be the next 

step. Using X-ray crystallography, the interaction between protein and compound can be 

defined at atomic resolutions, and this information will be combined with further docking 

and SAR studies, to produce an F5-based analog with improved affinity. The other three 

compounds of potential interest could also be optimized using the same strategy.   
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Figure 2. 16. Uba2/Aos1 with AW2 F5 co-crystals. Uba2/Aos1 with 1.2X of AW2 F5 

sitting drop in RT.  

In the future steps, potencies such as Ki and Kd measurement would be necessary for 

the hit-to-lead and guide lead optimization, as they are the potency that are not assay 

specific. Low IC50 indicates the inhibitor is potent with low concentration, and low Ki and 

Kd indicate high binding affinity of the inhibitor. SBDD with SAR studies can improve 

IC50 and Kd in the hit-to-lead and lead optimization stage. The lower IC50, Ki, and Kd of the 

compound, the more likely it passes in the pre-clinic tests, as lower doses can be used to 

help avoid off-site toxicities. 
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2.9 Supplementary material 

 

 



 58 

Supplementary material figure 2.1 Uba2/Aos1 co-expression & Aos1 expression 

small-scale test. A. Uba2-6His co-expressed with GST-Aos1 in E. coli BL21(DE3) and 

ArcticExpress RP with 2XYT and induced by IPTG @ OD 1.2 at 14℃ O/N. Cells were 

harvested and examined by NI-NTA spin column. Samples were loaded on an 8-16% SDS-

PAGE gel. SDS-PAGE gel showed elution samples from Ni-NTA and then GST spin 

columns. E: elution. W: wash. B. GST-Aos1 expressed in E. coli BL21(DE3), 

ArcticExpress RIL, ArcticExpress RP, ArcticExpress (DE3), or BL21-CondonPlus-RIL 

with 2XYT and induced by IPTG @ OD 1.2 at 14℃ O/N. SDS-PAGE gels showed elution 

samples from GST spin column.  
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Supplementary material figure 2.2 Uba2 expression small-scale test. Uba2-TEV-6His 

expressed in E. coli ArcticExpress RP with 2XYT and induced by IPTG @ OD 1.2 at 14℃ 

O/N or 37℃ 3-hour. Cells were harvested and examined by NI-NTA spin column. Samples 

were loaded on an 8-16% SDS-PAGE gel. SDS-PAGE gels showed elution samples from 

Ni-NTA (A) and after TEV O/N treatment (B). P: precipitant. S: supernatant. FT: flow 

through. 
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Supplementary material figure 2.3 SUMO1, SUMO2/3, & RanGap1 expression small-

scale test. A. GST-SUMO1, B. GST-SUMO2/3, and C. RanGap1-TEV-6His were 

transformed individually in E. coli BL21(DE3) and followed by the GST or Ni-NTA spin 

column tests. Inducement at OD600 0.8 and set to shake at 16℃ O/N or 37℃ 3 hours. 

Cells were harvested and examined by NI-NTA spin column. Samples were loaded on an 

8-16% SDS-PAGE gel. 
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Supplementary material figure 2.4 Aos1 purification by fast protein liquid 

chromatography (FPLC). GST-Aos1 in E. coli BL21(DE3) with 2XYT induced by IPTG 

@ OD 1.2 at 14℃ O/N. A. GSTPrep captured GST-Aos1 in elution fractions 34-63. B. 

PreScission O/N treatment removed GST tag from Aos1, and another GSTPrep captured 

Aos1 in flow through fractions 8-34. C. After buffer exchange, sample was purified by 

QFF in fraction 14-19. Buffers were used: GST A 50mM HEPES ph8.5, 300mM NaCl, 

1mM BME & GST B 50mM HEPES ph8.5, 300mM NaCl, 25mM glutathione, 1mM BME; 

QFF A 50mM HEPES ph8.5, 50mM NaCl, 1mM BME & QFF B 50mM HEPES ph8.5, 

1M NaCl, 1mM BME.  
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Supplementary material figure 2.5 Uba2 purification by FPLC. Uba2-TEV-6His in E. 

coli ArcticExpress RP with 2XYT and induced by IPTG @ OD 1.2 at 14℃ O/N. A. 

HisTrap FF captured Uba2 in elution fractions 13-27. B. Buffer exchanged and then 

purified by QFF in fractions 19-22. Buffers were used: His A 50mM HEPES ph8.5, 

300mM NaCl, 25mM imidazole, 1mM BME & His B 50mM HEPES ph8.5, 300mM NaCl, 

1M imidazole, 1mM BME; QFF A 50mM HEPES ph8.5, 50mM NaCl, 1mM BME & QFF 

B 50mM HEPES ph8.5, 1M NaCl, 1mM BME. 
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Supplementary material figure 2.6 Uba2 FPLC. A. Uba2-TEV-6His after QFF was 

purified by Superdex 200 without in fraction 28-31 or B. with Aos1 (right) in fraction and 

C. followed by ENrich Q in fractions 26-27. and buffer exchange. Buffers were used: 

50mM HEPES ph7.5, 300mM NaCl; ENrich Q A 50mM HEPES ph7.5, 50mM NaCl, 1mM 

BME & ENrich Q B 50mM HEPES ph7.5, 1M NaCl, 1mM BME. Yield: 1.04 mg of Uba2 

/ L of E. coli culture & 1.8 mg of Uba2/Aos1 / L.  
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Supplementary material figure 2.7 SUMO1, SUMO2/3, RanGap FPLC. GST-

SUMO1, GST-SUMO2/3, and RanGap1-TEV-6His followed the steps of affinity (6His or 

GST), HiTrap Q FF, and Superdex 75. A. GST-SUMO1 after Superdex 75 fractions 60-

64. B. after PreScission treatment, SUMO1 was in the flow through after GSTPrep in 

fraction 12-16. C. GST-SUMO2 was in fractions 18-20 & SUMO2 was in fractions 32-34 

after Superdex 75. D. RanGap1-TEV-6His was in fraction 40-43 after Superdex 75. The 

yield was 4.5 mg of GST-SUMO1 or GST-SUMO2/3 per 2 L of E. coli culture and 10 mg 

of RanGap1-TEV-6His per 4 L of E. coli culture.    
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A.  
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B.  

 

C.  
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D.  

 

Supplementary material figure 2.8 preparing for the AMP assay. A. ATP-to-AMP 

conversion standard curve was generated by mixing the appropriate volumes of ATP and 

AMP. The standard curve could be used to calculate the ATP concentration used in later 

kinase reactions. B. GST-SUMO1 concentration test was done with a serial dilution of 

GST-SUMO, from 125 μM to 15.625 μM, and no Dyrk1a as background signal. 

Uba2/Aos1 was undiluted 11.55 μM. The S/B ratio was labelled in each column. C. 

Uba2/Aos1 concentration test was done with a serial dilution of Uba2/Aos1, from 11.55 

μM to 0.09 μM, and no Uba2/Aos1 as background signal. GST-SUMO1 was 62.5 μM. The 

S/B ratio was labelled in each column. D. AMP assay Z-factor test using the known 

Uba2/Aos1 inhibitor COH000.  
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LC covalent 

fragment 

TSA average ΔTm ℃ (500 

μM) 

TSA dose 

trend 

AMP IC50 

μM 

2A 2.50 Yes 39.8 

1H 2.17 Yes 105.8 

1C 2.33 Yes 2494 

1E 3.50 Yes >50 

1F 3.00 Yes >50 

2E 1.17 No   

1B -1.50     

1D 0.67     

1G -1.67     

2B -2.83     

2C -2.00     

2D -2.17     

2F -1.17     

Supplementary material table 2.1 summary of Uba2/Aos1 with LC covalent fragment 

binders using TSA and AMP assay. 

13 LC covalent fragments positively shifted Tm of Uba2/Aos1 in the first round of 

screening (10mM final concentration). And then they were tested with diluted 

concentration (500 μM) and dosage/concentration test by TSA. Their IC50 values were 

measured by ADP assay and calculated by GraphPad.   
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AW1 

compoun

d 

TSA average 

ΔTm (500 μM) 

amp % activity 

(500 μM) 

TSA 

dose 

trend 

TSA dose trend 

uba2 only 

AMP 

IC50 μM 

A07 0.33 10.67     >50 

A08 0.83 1.10     >50 

A09 0.17 101.54     >50 

B01 1.17 115.19 ✓ ✗   

B02 1.33 101.26 ✓ ✗   

A01 -0.67 107.39       

A02 0.83 106.68       

A03 0.50 92.43       

A04 0.50 119.73       

A05 N/R 110.99       

A10 0.67 121.53       

A12 0.83 118.69       

B03 -0.83 98.67       

B04 2.83 101.06 ✗     

AW2 

compoun

d 

TSA ave del tm 

(500uM) 

amp % activity 

(500uM) 

TSA 

dose 

trend 

TSA dose trend 

uba2 only 

AMP 

IC50 uM 

* 

F05 2.50 58.95 ✓ ✓ 0.498 

C09 3.67 45.92 ✓ ✓ 2.501 

E01 1.33 65.94 ✓ ✓ 4.562 

B07 3.50 69.90 ✓ ✓ 10.880 

C10 4.33 105.07 ✓ ✓ >50 

F03 5.50 116.53 ✓ ✓ >50 

A07 1.50 122.41 ✓ ✗ >50 

C02 1.17 121.65 ✓ ✗ >50 

D06 1.00 119.02 ✓ ✗ >50 

E08 1.67 111.99 ✓ ✗ >50 

A08 2.33 117.50 ✗     

A12 2.17 87.79 ✗     

B05 1.00 80.20 ✗     

B08 3.50 114.75 ✗     

D03 1.00 117.94 ✗     

D04 2.33 111.26 ✗     

E04 1.50 116.32 ✗     

G07 5.33 109.49 ✗     
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Supplementary material table 2.2 summary of Uba2/Aos1 with AW1 & 2 AI-CADD 

small molecules using TSA and AMP assay. 

AW1 & 2 AI-CADD small molecules were tested against to Uba2/Aos1 along with DMSO 

as negative control in triplicates. The average of ΔTm and dosage trend in TSA determined 

whether the small molecule was a binder of Uba2/Aos1. The average of % activity and 

dosage trend in the AMP assay determined whether the small molecule was an inhibitor of 

Uba2/Aos1.IC50 values were measured for inhibitors. 
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Supplementary material figure 2.9 Uba2/Aos1 with AW2 E1. AW2 E1 

dosage/concentration test by TSA against to Uba2/Aos1 A. RFU vs. degree °C. B. -

d(RFU)/dT vs. degree °C. C, IC50 figure by AMP assay and GraphPad. 
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Supplementary material figure 2.10 Uba2/Aos1 with AW2 C9. AW2 C9 

dosage/concentration test by TSA against to Uba2/Aos1 A. RFU vs. degree °C. B. -

d(RFU)/dT vs. degree °C. C, IC50 figure by AMP assay and GraphPad. 
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Supplementary material figure 2.11 Uba2/Aos1 with AW2 F5. AW2 F5 

dosage/concentration test by TSA against to Uba2/Aos1 A. RFU vs. degree °C. B. -

d(RFU)/dT vs. degree °C.  
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DTP  

      

AMP % 

activity  

(50 μM) 

HTRF % 

activity  

(50 μM) 

AMP best 

fit IC50 μM 

* 

HTRF 

IC50 μM 
AMP 95% 

IC50 μM 

AMP    

R2 

C7 9.24 10.24 18.41 8.01 14.75 to 22.46 0.9952 

A7 2.55 36.35 35.37 1.01 29.11 to 42.45 0.9928 

C3 24.89 42.83 41.76 10.38 22.33 to 980.3 0.938 

C11 17.43 16.72 >50 9.24     

C6 27.38 17.80 >50 15.99     

A3 30.27 11.56 >50 16.48     

A4 65.76 59.11 >50 17.08     

A1 35.25 65.83 >50 20.72     

C9 39.05 21.11 >50 25.41     

A12 43.79 54.61 >50 >50     

A11 6.89 49.97 >50       

C8 10.16 123.53 >50       

B10 4.34 96.72 >50       

B3 12.28 93.78 >50       

C10 14.76 129.33 >50       

B12 24.5 139.71 >50       

B4 27.44 95.24 >50       

B2 53.75 102.87         

C5 64.32 107.3         

B11 69.45 119.13         

A2 82.9 93.32         

A5 83.04 95.12         

D2 84.88 79.08         

D4 85.83 86.85         

D1 87.59 73.09         

C4 93.01 112.9         

A10 98.82 88.99         

D3 100.3 90.49         

B1 106.92 89.12         

B7 107.95 102.89         

B6 110.54 107.26         

A6 112.71 87.2         

B8 117.14 60.92         

A8 120.22 119.37         

B5 125.73 94.85         
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Supplementary material table 2.3 summary of Uba2/Aos1 with DTP small molecules 

using TSA and AMP assay. 

DTP small molecules were tested against to Uba2/Aos1 along with DMSO as negative 

control in triplicates. The average of % activity and dosage trend in the AMP assay 

determined whether the small molecule was an inhibitor of Uba2/Aos1.IC50 values were 

measured for inhibitors. 
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Supplementary material figure 2.12 IC50 figure of Uba2/Aos1 with DTP small 

molecules using HTRF assay. Collaborating with the HTS group, City of Hope, DTP 

small molecules were tested against to Uba2/Aos1 along with DMSO as negative control 

in triplicates. The IC50 values were measured with the inhibitors. Figure was generated by 

Dr. David Kwon. 
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Chapter 3 

SUMO E2 Ubc9 and SUMO E3 Pias1 early drug discovery  
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Chapter 3: SUMO E2 Ubc9 and SUMO E3 Pias1 early drug discovery 

3.1 Abstract 

The best characterized and sole human SUMO conjugating enzyme E2, is Ubc9, also 

referred to as Ube2I, which is a 148 amino acid protein with an active cysteine residue, 

Cys73. Ubc9 interacts with the activated SUMO via a thioester bond and can conjugate 

SUMO to its substrate. Ras, a family of small GTPase proteins, falls within the 

"undruggable group". KRas, one member of the RAS family, has mutations that account 

for approximately 30% of all human cancers, ~90% of pancreatic cancers, and 30-50% of 

colorectal carcinomas. As a synthetic lethality partner, Ubc9 is essentially required for 

KRas cancer cell viability. SUMOylation modification at the conserved Lys42 of Ras and 

SUMO-resistant Ras has significantly reduced activity compared with the wild type. 

SUMO E1 and E2 are sufficient for SUMOylation, but the SUMO E3 ligases enhance 

SUMOylation substrate recognition and specificity. Pias1 belong to the largest class of 

SUMO E3, is required for the SUMOylation of PCNA, which PCNA is involved in DNA 

replication. Pias1 SUMOylates at Cys42 of MYC, which promotes phosphorylation at 

Ser62 by ERK to stabilizes MYC, and dephosphorylation at Thr58 by GSK3b, which 

recruit ubiquitin-proteasome degradation of MYC. Pias1 is required for MYC in the 

primary B-cell lymphomas and the cell's viability. Pias1 also contributes to immunological 

functions by negatively regulating NF-B/STAT signaling. We hypothesized that the Ubc9 

inhibitors/chemical tools can inhibit SUMOylation and impact KRas-driven cancer cells, 

and the Pias1 inhibitors can inhibit SUMOylation and impact MYC-driven cancer cells.  
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3.2 SUMO E2 in cancer 

The best characterized and sole human SUMO conjugating enzyme E2, is Ubc9, also 

referred to as Ube2I, which is a 148 amino acid protein with an active cysteine residue, 

Cys73. Other than Ubc9, there are about 40 E2s involved in ubiquitin or other ubiquitin-

like, such as NEDD [152]. Ubc9 contains one N-terminal  helix and five  sheets, a loop 

with catalytic activity site Cys93, and three  helices. Ubc9 interacts with the activated 

SUMO via a thioester bond. It conjugates SUMO to its substrate by recognizing the ψ-K-

X-D/E consensus motif if it is present in an unstructured region, such as a loop or coil 

[153]. Ubc9 C93S failed to recruit SUMO from the SUMO-Aos1/Uba2 complex. The N-

terminal helix and the loop following the helix of Ubc9 can form a noncovalent interaction 

with SUMO, and this noncovalent complex promotes SUMO2 chain formation [154]. 

 3.2.1 Ras-driven cancer 

Ras, a family of small GTPase proteins, falls within the "undruggable group" [155, 106]. 

The exception is the G12C Ras mutation that occurs in 7.9% of KRas lung cancer cases, 

and this is discussed further below (Lindsay & Blackhall, 2019). KRas, one member of the 

RAS family, has mutations that account for approximately 30% of all human cancers [156], 

~90% of pancreatic cancers [157], and 30-50% of colorectal carcinomas [158]. KRas 

mutations are always point mutations, as compared to Myc, which amplifies and/or 

overexpresses. KRas plays essential roles in signal transduction: the receptor tyrosine 

kinase activates Grb2 that activates RAS-GEF (SOS). SOS then activates KRas and KRas 

stimulates the PI3K/AKT pathway, which could contribute to a variety of cancers, for 

example, renal neoplasm [159]. Mutation of KRas can additionally cause hyperactivation 
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of the MAPK pathway, which is also observed in various tumors [160]. The most common 

mutation of KRas is G12D in pancreatic ductal adenocarcinoma, leading to a poor 

treatment outcome and an overall 5-year survival rate of only 10% [161]. Another 

mutation, G12C, has been found in 13% of non-small cell lung cancers and 3-5% of 

colorectal cancers [162]. The different mutations of KRas are tissue specific [163]. KRas 

utilizes GTP to phosphorylate downstream proteins. The KRas-GDP/GTP cycle 

determines the activity level of KRas. Mutations of KRas, such as G12D and G12V, 

maintain binding with GTP and the activation form of KRas. The other mutation, KRas 

G12C, still maintains the cycle, and KRas has activation and inactivation forms [164]. 

However, the affinity of KRas G12C for GTP is in the picomolar range. Therefore, KRas 

G12C is still very active. AMG 510 is the first drug directly targeting KRas G12C mutation, 

after decades of development [13, 165]; FDA approved AMG 510 as a covalent inhibitor 

that targets the Cys12 residue in 2021. AMG 510 covalently binds to Cys12 of KRas G12C 

and converts KRas to the inactivation form. For KRas G12D, the most common KRas 

mutation, peptide KRprp-2d, was identified as a KRas G12D inhibitor [166].  

 Moreover, Ras, the so-call ‘undruggable’ target (except in the case of G12C), also 

activates another undruggable target, Myc. Ras activates MAPK and CDK2 that phosphate 

and activate Myc at its S62 site [167]. With Pin1, which targets Myc on residue P63 and 

converts Myc from a trans to a cis isomer, Myc can promote the expression of the target 

gene that drives tumorigenesis. Ras also inhibits GSK3, which functions to phosphorylate 

Myc on T58 for expected degradation via ubiquitination, and therefore, Ras also prevents 

Myc degradation. 
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 SUMOylation modification at the conserved Lys42 of Ras and SUMO-resistant Ras 

has significantly reduced activity compared with the wild type [168]. As a synthetic 

lethality partner, Ubc9 is essentially required for KRas cancer cell viability [69]. The 

proliferation of KRas-driven cells is significantly reduced with Ubc9 shRNA treatment by 

increasing apoptosis.  

 3.2.2 Liver cancer 

4.7% of new cases are liver cancer, yet 8.3% of new cancer deaths are caused by liver 

cancer. Among primary liver cancer, the most common type is hepatocellular carcinoma 

(HCC) (around 80% of all cases). Hepatitis B virus (HBV), hepatitis C virus (HCV), type 

2 diabetes, and diet are risk factors for HCC. About 40% of patients are diagnosed at an 

early stage, and the 5-year survival rate is 36 %; this survival rate drops to 13% if cancer 

spreads to surrounding tissue and it is only 3% if it spreads to other body parts [126, 133]. 

 Using one-way ANOVA, Ubc9 mRNA is higher expressed in HCC than in normal 

tissue [169]. Moreover, Ubc9 DNA is overexpressed in pan-digestive system tumors 

(DSTs), such as cholangiocarcinoma, colon adenocarcinoma, rectal adenocarcinoma, 

stomach adenocarcinoma, pancreatic adenocarcinoma. 

 Data shows that the Ubc9 protein level is significantly higher in HCC tissues than in 

normal tissue as shown by immunohistochemistry and western blot [170]. The level of 

Ubc9 is associated with tumor size and aggressiveness. When knockdown Ubc9 using 

shRNA, the expression of cleaved-Caspase3 was increased, indicating Ubc9 inhibition 

leads to HCC cell apoptosis. Treating HCC cells with shUBC9 and doxorubicin, a 

treatment for HCC, leads to higher apoptosis than doxorubicin treatment. Data shows Ubc9 
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plays a role in HCC drug resistance, and inhibition of Ubc9 increases HCC sensitivity to 

doxorubicin. Together, data has shown that an inhibitor of Ubc9 could be a potential 

treatment for HCC. 

 3.2.3 Colon cancer and NF-κB2/p100 

Colon cancer incidence of was high among adults older than 50, but it has dropped with 

increased screening [126, 133]. However, the incidence of colon cancer in young people 

has increased. The 5-year survival rate at the localized stage is 91%, and 72% at the 

regional stage. However, it drops to only 13% if it is at a distant stage. Using colon tumor 

line, the knockdown of Ubc9 by siRNA significantly decreases p100 and p52 as a NF-κB2 

precursor, and intimately impact NF-κB2 [171]. Although no data shows that the inhibition 

of Ubc9 would kill colon cancer, data shows that Ubc9 plays a vital role in the NF-κB 

pathway. 

3.3 E2 Ubc9 inhibitors 

A couple of synthetic small molecules target Ubc9, and the most inhibitory is Spectomycin 

B with IC50 4.4 μM [172]. Spectomycin B is a natural product small molecule that binds to 

Ubc9 and selectively inhibits the Ubc9-SUMO intermediate. 2-D08 inhibits SUMO1 

transferring from Ubc9 to SUMO substrate with IC50 6 μM [173].  

  This Ubc9 study aimed to identify chemical tools to control the activity of the SUMO 

E2 Ubc9, which could be a novel solution/finding future drug discovery-related studies. 

We hypothesized that the Ubc9 inhibitors/chemical tools can inhibit SUMOylation and 

impact KRas-driven cancer cells. We used SBDD coupled with FBLD approaches.  
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3.4 Methods  

 3.4.1 Expression 

Human Ubc9 (1–158) was cloned into vector pET21a (+) with an N-terminal 6x His tag 

(6His-TEV-Ubc9) (GenScript Biotech). 6His-TEV-Ubc9 was expressed by transforming 

plasmids in different E. coli cell lines, and then a small-scale expression test was done to 

determine the optimal cell line and expression condition, and then saved glycerol stock. 

The glycerol stock was cultured in 50 mL of LB with ampicillin at 37℃ O/N. The O/N 

culture was inoculated into 4L of LB with ampicillin at 37℃ and 225 rpm. When the 

OD600 was 0.3, the temperature was lowered to 30℃, and then the cells were induced with 

0.4 mmol/L IPTG at OD600 0.8 and kept shaking in the incubator for five hours at 30℃. 

Cells were harvested by centrifugation at 4℃ and 4,000 rpm for 15 minutes, resuspended 

at a ratio of 3 ml lysis buffer (50 mM Tris-HCl pH 7.5, 300 mM NaCl, 25 mM imidazole, 

10 mM BME) per gram pellet. Per 40 mL of the resuspended cell, it was sonicated on the 

ice at 70% amplitude for 4 minutes, with 10 seconds on and 10 seconds off. The supernatant 

was obtained by centrifugation at 4℃ and 30,000 rpm for 40 minutes. The cell lysate was 

purified right after or stored at -80℃.  

 3.4.2 Purification 

The supernatant from cell lysate in 50 mM Tris-HCl pH 7.5, 300 mM NaCl, 25 mM 

imidazole, and 10 mM BME was purified by HisTrap FF and eluted by a gradient of 1M 

imidazole buffer (TEV was added to desired fractions to cleavage 6His tag), then 

exchanged to a low salt buffer, loaded onto HiTrap Q FF, and eluted by a gradient of 1M 

NaCl buffer, followed by Superdex 200 and eluted by a low salt buffer, and finally ENrich 
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Q and eluted by a gradient of 1 M NaCl buffer. SDS-PAGE gels confirmed fractions from 

each step, and then desired fractions were collected for the next step. The final sample was 

stored in 50 mM HEPES pH 8.5, 300 mM NaCl at -80℃ after being flash frozen in liquid 

nitrogen.  

 3.4.3 TSA 

200 mM of covalent fragments were purchased from Life Chemicals Inc. Following the 

TSA method from 2.5.2.1, hits were determined using a final of 8 μM of Ubc9 with the 

reaction buffer (50 mM HEPES pH 8.0, 50 mM NaCl). 

 3.4.4 Testing compound 

Drug-like fragments from Zenobia. Stock 200 mM in DMSO. 

Covalent or Brominated fragments from Life Chemicals (LC). Stock 200 mM in DMSO. 

 3.4.5 Mass spectrometry 

Using the purified 6His-Ubc9 mixed with covalent fragment hits or DMSO individually, 

the TGen group, City of Hope, designed and performed mass spectrometry (LC-MS/MS 

non-GMP) analysis. Proteins were digested with proteinase K for five minutes to get 

overlapping fragments and then reduced with iodoacetamide. The digested peptides were 

analyzed by mass spectrometer and analyzed data. QC passed threshold (>0.9) with a mean 

correlation coefficient of 0.98.  

3.5 Results  

 3.5.1 Expression 

In the small-scale expression test, 6His-TEV-Ubc9 plasmid was transformed within E. 

coli ArcticExpress RP or BL21-CondonPlus-RP and cultured in LB, TB, or 2XYT. Cells 
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were induced at OD600 0.8 and set to shake at either 30℃ 5 hours or 14℃ O/N. All cells 

were collected and then loaded onto nickel spin columns, eluted with high imidazole buffer, 

and run on 12% SDS-PAGE gels. Ubc9 is an 18 kDa protein, and a band of 18 kDa size 

were shown in elution samples from both cell lines. The expression level was higher using 

BL21-CondonPlus-RP and LB (Supplementary material figure 3.1).  

 3.5.2 Purification 

 In the large-scale expression for purification, 6His-TEV-Ubc9 would be treated by TEV 

after the first HisTrap FF, aiming to gain SUMO E2 without the tag for the HTRF assay. 

To remove the His tag, another HisTrap FF would be done to separate Ubc9 from the 6His 

tag in the flow-through. QFF and Superdex 75 (SEC) were used to purify Ubc9 further. 

The yield was 2.5 mg of Ubc9/ L of E. coli culture (Figure 3.1 & Supplementary material 

figure 3.2).  

 

Figure 3.1 Purified Ubc9 sample. The final post-SEC sample of Ubc9 was loaded on an 

8-16% SDS-PAGE gel (Novex Tris-Glycine Mini Protein Gel; Thermo Fisher). Lane 1 & 

2: final sample from SEC elution fractions. Lane 2:  protein ladder (Precision Plus Protein 

Dual Color Standards; Bio-Rad). 
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 3.5.3 TSA 

The optimized protein concentration and reaction buffer for TSA were conducted first. 8 

μM of Ubc9 in the reaction buffer 50 mM HEPES pH 8.0, 50 mM NaCl generated the 

desired RFU and relatively low Tm for TSA of Ubc9, which was 54.5°C (Supplementary 

material figure 3.3). During the screening test, the drug-like fragments were the first group 

of compounds to be tested against SUMO E2. 57% of the drug-like fragments had 

positively shifted at least 0.5°C of the melting point of SUMO E2, and 5.27% had 

positively shifted at least 2°C, indicating SUMO E2 is highly druggable (Figure 3.2). 

The second group was the covalent fragments and the brominated fragment. The 

enzymatic activity site of Ubc9 is residue Cys 93. Therefore, covalent fragments can bind 

and inhibit it. The percentage of 2°C ΔTm was 0.97 using covalent (18 fragments) and 

brominated fragments (Figure 3.2). A concentration/dosage of fragment test was done with 

those fragments that showed the most Tm shift, and 17 had a dosage trend. Mass 

spectrometry determined the binding regions (Figure 3.3).  
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Figure 3.2 Summary of SUMO E2 Ubc9 TSA screening with covalent, brominated, 

and drug-like fragment. 2714 fragments (1129 covalent, 618 brominated, and 967 drug-

like) were tested against Ubc9 by TSA. The % of fragments with at least 0.5 °C ΔTm were 

11.69, 11, and 57, respectively.  
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Table 3.1 Ubc9 covalent fragments dosage/concentration test by TSA and binding 

region by mass spectrometry. Covalent fragment binders from the screening were tested 

by the dosage/concentration test to confirm the binding event. The final concentration of 

fragments was 10, 5, and 2.5 mM in the dosage/concentration test. They were tested by 

mass spectrometry for covalent binding and indicated binding region.  
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 3.5.4 Mass spectrometry 

Collaborating with the TGen group at City of Hope, all 18 covalent fragments were tested 

by liquid chromatography with tandem mass spectrometry (LC-MS-MS non-GMP) to see 

where in the polypeptide chain the covalent fragments bound. When there were regions 

with decreased abundance, it corresponded to the presence of covalent fragment inhibitors. 

Five fragments showed binding to regions of Ubc9, and one of them (LC B3) showed 

binding to Cys or Lysine residues of Ubc9 (Table 3.1 & Figure 3.3). However, the activity 

site of Ubc9 Cys 93 is on the surface but not in a hydrophobic pocket. LC B3 did not bind 

to Cys 93 but to other Cys at Ubc9's backside.  

 

Figure 3.4 Potential binding sites of Ubc9 by covalent fragment B3. Combined the data 

by mass spectrometry and Ubc9 crystal data (PDB 1U9A), potential binding sites are 

labelled. K18, K30, and C43 at the N terminal (highlighted by blue) and K146, K153, and 

K154 at the C-terminal region (highlighted by yellow) are all on the backside of Ubc9, 

where the activity site C93 (highlighted by red) is located on the surface of another side of 

Ubc9.  
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Covalent fragment Putative Binding Regions (log2ratio ≤ -1) 

B3 (Michael acceptor) 16 – 44 (2*K, 1*C), 144 – 158 (3*K) 

B8 15 – 45 

B5 16 – 45 

C1 14 – 45 

A8 31 - 44 

 

Figure 3.3 Mass spectrometry data summary. Top panel: the abundance by Ubc9 amino 

acid position with covalent fragments or DMSO (negative control). The abundance 

represented the number of peptides digested with proteinase K. Compared with Ubc9 

mixed with DMSO, the low abundance indicated no digestion by covalent fragment 

binding. Bottom panel: covalent fragments that showed significant low abundance peptides 

(log2ratio <= -1) with the correlated region.  
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3.6 Conclusion  

The aim for Ubc9 was to identify a covalent fragment that can bind to the active site Cys 

93, and thereby inhibit Ubc9. From TSA, data suggested that Ubc9 was highly druggable, 

as numerous fragments were observed to bind. Furthermore, five LC covalent fragments 

could form covalent bonds with Ubc9, as shown from mass spec. LC B3 could covalently 

bind to Lys or Cys, more specifically. However, mass spec did not observe any covalent 

binding to Cys 93. Cys 93 is located on a flat surface of the 3D structure of Ubc9, which 

makes it hard to bind to small molecules, which prefer pockets within a surface. LC B3 

binding regions were the N or C terminal regions (functioning in DNA repair). At the N-

terminal region, the potential binding residue could be K18 by the end of an -helix, K30 

and C43 on a beta sheet. At the C-terminus, the three potential binding sites K146, K153, 

and K154 are on the same -helix. They are all located at the backside of Ubc9, where 

activate site C93 is located on the opposing surface of Ubc9 (Figure 3.4). Besides 

SUMOylation as PTM of protein, SUMO also functions in DNA repair through Ubc9 [174, 

175]. Ubc9 interacts with DNA repair protein Rad60 (NIP45 in humans), and the 

interaction is required for Rad60’s function of replication fork-associated recombination. 

Therefore, although no covalent fragment could bind to the enzymatic activity site of Ubc9, 

LC B3 is still a promising hit that can interrupt Ubc9 functions in DNA repair.   

 FBLD uses a fragment that can bind to the target and inhibit it. Therefore, the target 

loss function in a pathway. Another way to block the target in the pathway is to degrade 

the target through a ubiquitin-proteasome system, endosome-lysosome system, or 

autophagy-lysosome system [176]. The overarching mechanism is to build a 
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heterobifunctional degradant with ligand binding to the target, a ligase that can trigger 

polyubiquitination and degradation, and a linker that links the ligand and the ligase. No 

data has shown that Ubc9 would go through the ubiquitin-proteasome system, but Ubc9 

can be targeted by autophagy in human [81]. Therefore, future research on Ubc9 

hypothesizes that Autophagy-targeting Chimera (AUTAC) could degrade Ubc9 by 

triggering K63-linked polyubiquitination and lysosome-mediated degradation (Figure 

3.5). In the AUTAC system, the ligand is LC F5, which can covalently bind to Ubc9. The 

tag is an S-guanylation-inspired degradation tag for autophagy. The AUTAC will trigger 

K63-linked polyubiquitination and lysosome-mediated degradation [177]. One of the 

challenges is that the molecular weight of the AUTAC might be relatively big. Therefore, 

tests for drug-like properties during hit-to-lead and lead optimization are needed.   

 

Figure 3.5 Design of AUTAC for Ubc9. Using the concept of AUTAC, a degrader of 

Ubc9 contains LC B3 (CF) that can covalently bind to Ubc9, a tag for autophagy to trigger 

K63-linked polyubiquitination and lysosome-mediated degradation, and a linker that links 

CF and the tag.  
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3.7 E3 PIAS1 in cancer and immune 

SUMO E1 and E2 are sufficient for SUMOylation, but the SUMO E3 ligases enhance 

SUMOylation substrate recognition and specificity [178, 179]. The largest class of SUMO 

E3 includes the protein inhibitor of activated signal transducer and activator of 

transcription (STAT) (PIAS1-4) family and MMS21/NSE2 [180]. The PIAS family 

regulates DNA damage, cell migration, and checkpoints. For example, Pias1 is required 

for the SUMOylation of PCNA, which PCNA is involved in DNA replication [181]. 

Mms21 is required for DNA repair by stimulating SUMOylation of DNA repair protein 

TRAX [182]. Ran-binding protein 2 (RanBP20) also shows SUMO E3 activity [183]. Poly-

comb protein PC2 can recruit Ubc9 and CtBP as SUMO substrates and is identified as 

SUMO E3 [184]. Lastly, the tripartite motif (TRIM) has eight family members and can 

recruit SUMO and substates binding via its RING (interesting new gene) and zinc-binding 

domains [185, 186]. 

 Pias proteins inhibit STAT, as the name implies. There are PIAS1, PIAS2 (Piasx), 

PIAS3, and PIAS4 (Piasy) genes in the human genome [83]. Structurally, Pias family 

proteins contain N-terminal scaffold attachment factor-A/B acinus and PIAS (SAP) 

domain, PINIT motif, SP-RING-type zinc binding structure, SUMO interacting motif 

(SIM), and Siz-PIAS C-terminus domain (SP-CTD). The Pias family is also called the SP-

RING family due to its structure. The SP-RING domain interacts with Ubc9. The SP-CTD 

domain interacts with SUMO. The PINIT motif is required for PIAS-depended substrate 

(i.e., PCNA), then transfers SUMO to its substrates [187]. There is no 3D structure 

information on full-length Pias1, while other members of the Pias family have been studied 
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more and have structural information. Using RanBP2, another SUMO E3 ligase, and 

crystallography, the complex of SUMO1, Ubc9, RanBP2, and RanGap1 show that SUMO 

E3 potentially has three functions: SUMO E3 assists Ubc9 to conjugate SUMO, SUMO 

E3 binds to SUMO2-Ubc9 covalent complex for the substrate binds to SUMO, and SUMO 

E3 assists a stable form of SUMO and the substrates [84].  

 3.7.1 Pias1 in cancer 

Although Pias1 does not have as much information as other Pias proteins, data has shown 

that Pias1 is involved in cancer such as prostate cancer [188, 189] and myeloma [190, 191]. 

 In prostate cancer, androgens are required for tumor growth. Drugs that can target 

androgen receptor (AR) are the treatments for prostate cancer, for example, Enzalutamide 

(MDV3100), Abiraterone, and Docetaxel [188, 190, 191, 192]. However, prostate cancer 

patients can show resistance to all the above drugs. qRT-PCR and western blot data shows 

that androgens upregulate Pias1 mRNA and protein levels in prostate cancer patients [188]. 

The overexpressed Pias1 then binds and stabilizes AR and enhances AR activity. 

Knockdown Pias1 by siRNA in prostate cells shows the better output of Enzalutamide 

treatment with decreased cell proliferation. The above data shows that Pias1 is a potential 

prostate cancer target for therapy.   

 Myeloma or multiple myeloma (MM) is the cancer in which plasma cells grow too 

fast and take the room from other red blood cells or platelets in the bone marrow [193]. 

Age is the top risk factor, and exposure to X-rays or being overweight are linked to MM. 

The overall 5-year survival rate is 58% with treatment such as chemotherapy. Pias1 is 

upregulated in some MM cases, as shown from recent immunoblot data [194]. Patients 
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with high levels of Pias1 and Ubc9 have lower survival rates than those with lower levels 

of Pias1. Together, Pias1 and Ubc9 are identified as therapeutic targets for MM. 

 Pias1 SUMOylates at Cys42 of MYC. SUMOylation of MYC promotes 

phosphorylation at Ser62 by ERK, which stabilizes MYC, and dephosphorylation at Thr58 

by GSK3b, which recruit ubiquitin-proteasome degradation of MYC [190, 195, 196]. Pias1 

is required for MYC in the primary B-cell lymphomas and the cell's viability. Uba2 is the 

synthetic lethality partner of MYC. Inhibition of SUMOylation promotes MYC lymphoma 

apoptosis [197]. Therefore, SUMOylation modification is highly required for MYC-driven 

cancer.  

 Pias1 also plays a role in cancer metastasis. Metastasis requires loss of cell polarity 

and cell adhesion, which focal adhesion kinase (FAK) promotes metastasis and is 

overexpressed in advanced-stage cancers [198]. Pias1 SUMOylates at Lys152 of FAK and 

then promotes FAK activation via autophosphorylation at Thr397 [199]. In NSCLC, co-IP 

determines that Pias1 and FAK physically interact with each other and promote cancer 

progression [200]. 

 3.7.2 Immune functions 

Pias1 is linked to cancer initiation and being a p53 repressor [201] and contributes to 

immunological functions by negatively regulating NF-B/STAT signaling [202]. Notably, 

Pias1 knockout mice resist viral and bacterial infection, because depletion of Pias1 

enhances interferon (IFN)-mediated responses [203]. Pias1 interacts and inhibits STAT1 

by blocking the DNA-binding activity of STAT1. STAT1 then activates the IFN sequence 

and responsive elements with infection stimulation. Without Pias1, IFN-induced gene 
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activation is increased, enhancing immune response to viral or microbial challenges. The 

SUMOylation pathway modulates innate (innate immunity: the natural immunity) and 

intrinsic immunity (intrinsic immunity: a form of innate immunity directly restricting viral 

replication) by altering IFN and JAK/STAT via SUMO2/3 to prevent IFN production. Loss 

of SUMOylation triggers a potent and spontaneous IFN with or without stimulation. Hence, 

SUMOylation is also a novel target for anti-virus therapy, including potentially coronavirus 

[204]. 

Pias1 has yet to be characterized structurally, and in this chapter, the aim is to study the 

structure of the SUMO E3 Pias1 protein and to identify chemical tools targeting the protein 

aiming for targeting SUMOylation of MYC-driven cancers, using SBDD coupled with 

FBLD. 

3.8 Methods 

 3.8.1 Expression 

Human Pias1 (1–663) was cloned into vector pET21a (+) with an N-terminal 6x His tag 

(GenScript Biotech). Pias1 was expressed by transforming plasmids in different E. coli cell 

lines. Then, a small-scale expression test was done to determine the optimal cell line and 

expression condition and saved glycerol stock. The glycerol stock was cultured in 50 mL 

of TB with ampicillin at 37℃ overnight (O/N). The O/N culture was inoculated into 12L 

of TB with ampicillin at 37℃ at 225 rpm (New Brunswick Scientific Innova©43R). When 

the OD600 was 0.6, the temperature was lowered to 16℃, and then the cells were induced 

with 0.4 mmol/L IPTG at OD600 1.2 and kept shaking O/N 16℃. Cells were harvested by 

centrifugation (Sorvall LYNX 4000 Superspeed Centrifuge with a FiberliteTM F9-6 x 
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1000 LEX Fixed Angle Rotor) at 4℃ and 4,000 rpm for 15 minutes, resuspended at a ratio 

of 3ml lysis buffer (50 mM Tris-HCl pH 8.5, 300 mM NaCl, 25 mM imidazole, 10 mM 

BME) per gram pellet. Per 40 mL of the resuspended cell, it was sonicated (Q-Sonica Q125, 

¼ inch probe) on the ice at 70% amplitude for 4 minutes, with 10 seconds on and 10 

seconds off. The supernatant was obtained by centrifugation at 4℃ and 30,000 rpm for 40 

minutes. The cell lysate was purified right after or stored at -80℃.  

 3.8.2 Purification 

Supernatant from cell lysate in 50 mM Tris-HCl pH 8.5, 300 mM NaCl, 25 mM imidazole, 

10 mM BME with benzonase, and ETDA-free protease inhibitor cocktail was purified by 

Ni-affinity chromatography (HisTrap FF; Cytiva) using NGC Quest 10 Plus Liquid 

Chromatography System (Bio-Rad) and eluted by a gradient of 1M imidazole buffer, 

exchanged to a low salt buffer and then loaded onto anion exchange chromatography 

(HiTrap Q FF; Cytiva) and eluted by a gradient of 1 M NaCl buffer, gel filtration 

chromatography (Superdex 200; Cytiva) and eluted by a low salt buffer, and finally Enrich 

high-resolution anion exchange chromatography (ENrich Q; Bio-Rad) and eluted by a 

gradient of 1 M NaCl buffer. 12% SDS-PAGE gels confirmed fractions from each step, 

and then desired fractions were collected for the next step. The final sample was stored in 

50 mM HEPES pH 8.5, 300 mM NaCl at -80℃ after flash froze in liquid nitrogen.  

3.8.3 SUMOylation activity assay 

Following the methods in 2.5.2.5, purified Pias1 and purified Pias1-specific SUMO 

substrate PCNA from other members in the Perry Lab were added with SUMO1, SUMO 

E1, SUMO E2, and ATP to verify the ligase activity of Pias1. Purified SUMO1, E1, E2, 
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E3, PCNA, and ATP were added into one 1.5 mL microcentrifuge tube. Including every 

component but not Pias1 was the negative control in another tube. Tubes were incubated 

at 37℃ for 2 hours. The reaction was stopped by adding SDS-PAGE loading dye and 

boiling for five minutes. Then, samples were loaded onto a 12% SDS-PAGE gel and a 

western blot using an anti-SUMO1 antibody.  

 3.8.4 TSA 

Following the TSA method from 2.5.2.1, hits were determined using a final of 1.6 μM of 

Pias1 with the reaction buffer (50 mM HEPES pH 8.5, 50 mM NaCl). The first round of 

screening was done by singlet, and concentration/dosage tests were done in triplicate. 

DMSO served as the negative control. 

3.9 Results  

 3.9.1 Expression 

In the small-scale expression test, Pias1 plasmids were transformed in E. coli BL21(DE3), 

ArcticExpress RIL, ArcticExpress RP, ArcticExpress (DE3), or BL21-CondonPlus-RP, 

and cultured in TB or 2XYT. Cells were induced at OD600 1.2 and set to shake at either 

37℃ 4 hours or 16 ℃ O/N. A total of 30 tests were collected and then loaded onto nickel 

spin columns, eluted with high imidazole buffer, and run on 8-16% SDS-PAGE gels for 

comparison. Protein was expressed only using the BL21-CondonPlus-RP strain, and the 

best expression condition was induced at 16℃ at OD600 1.2 and incubate at 16℃ O/N 

using TB (Supplementary material figure 3.4). Glycerol stock was saved for large-scale 

expression and purification. 
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3.9.2 Purification 

Using FPLC, there were mainly two peaks in post-size exclusion chromatography (SEC). 

As shown in the chromatography figure, peak #1 was eluted first, and the shape was not an 

ideal symmetric peak (Figure 3.6 A). On the 8-16% SDS-PAGE gel, the correlated 

fractions (53-59) showed two major bands, a smaller upper band, and a bigger lower band 

(Figure 3.6 B). As the theoretical size of Pias1 is 74 kDa, the upper band was most likely 

Pias1, and the lower band was thinner than Pias1. Using the semi-log SEC calibration line 

(Figure 3.6 C), the size of the peak 1 sample was 238.98 kDa (Figure 3.6 D). Peak #2 had 

a better shape on the chromatograph figure. The fractions (60-64) also showed two major 

bands, but the upper bands were more prominent. The peak #2 sample size was 71.91 kDa, 

calculated by the SEC calibration line. Peak #2 fractions were collected and followed by 

an Enrich Q column. There were mainly three peaks post-Enrich Q (Figure 3.7 A). The 

first peak was the biggest and showed higher A280 (blue) than A260 (red) wavelength—

the correlated fractions 36 and 37 on SDS-PAGE gel with a band of 74 kDa (Figure 3.7 

B). The minimal peak #2 showed a very faint band on the gel. The last peak had a faint 

band on the gel and a higher A260 than A280. The first peak fractions were collected and 

used as Pias1 in future tests. The yield was 2mg of material per 12 L of E. coli culture.  

Proliferating cell nuclear antigen (PCNA) is an E3 Pias1 specific SUMOylation 

substrate. As shown in Figure 3.8, from the left side, lane #1 was the negative control 

without Pias1, and line #2 was the testing group with Pias1. A band of 15 kDa showed in 

lane #1, indicating SUMO1, and a band of 50 kDa in lane #2, indicating SUMOylated 

PCNA.  
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C. 

 

D.  

Elution volume (Superdex-200) elution volume (mL) mw (kDa) 

peak 1 46.5 238.98 

peak 2 69.33 71.91 



 105 

Figure 3.6 Pias1 FPLC SEC. Pias1 after HisTrap FF and HiTrap QFF, was purified by 

Superdex 200. A. Chromatography of Pias1 SEC contains peak 1 (fraction 53-60) and peak 

2 (fraction 61-64). B. Fractions from peak1 and peak2 were loaded on an 8-16% SDS-

PAGE gel. C. Semi log figure of SEC elution volume vs log of molecular weight. D. The 

molecular weight of samples from A was calculated using semi log figure in C. In fraction 

53-60, sample size was 239 kDa, and 71.9 kDa in fraction 61-64. Buffers were used: 

Superdex 50 mM HEPES pH 8, 300 mM NaCl, 1 mM BME.  

 

 

 

 

 

 

 

 

 

 

 



 106 

 

 

Figure 3.7 Pias1 FPLC IEX. Pias1 after Superdex 200 was purified by Enrich Q and 

eluted in fraction 36-37. A. The chromatograph figure with threes peaks. Blue line 

represented the A280 wavelength, indicated the protein signal. Red line represented A260 

wavelength by DNA and RNA. Peak at fraction 42 contained more DNA and RNA than 

protein. B. Fractions were loaded on an 8-16% SDS-PAGE gel. 36 and 37 contained the 

most Pias1 protein. The other fractions also contained protein but very diluted. Buffers 

were used: Enrich Q A 50 mM HEPES pH 7.5, 50 mM NaCl, 1 mM BME & Enrich Q B 

50 mM HEPES pH 7.5, 1 M NaCl, 1 mM BME. Yield: 0.4 mg of Pias1/ L of E. coli culture. 
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3.9.3 SUMOylation activity assay 

  

Figure 3.8 Purified SUMO E3 Pias1 was tested by SUMOylation reaction kit and run 

by western blot. Purified SUMO E1, E2, E3 Pias1, and Pias1 specific substrate PCNA 

were added with or without ATP for SUMOylation modification reaction on PCNA. 

Reactions were incubated at 37℃ for 2-hour and loaded on an 12% SDS-PAGE gel. Gel 

was transferred to a PVDF membrane and incubated with anti-SUMO1 antibody at 4℃ 

overnight. Then membrane was incubated with anti-rabbit secondary antibody at RT for 2-

hour and then performed image. Lane #1: purified E1, E2, SUMO1, PCNA with ATP. Lane 

#1: purified E1, E2, E3 Pias1, SUMO1, PCNA with ATP resulting in SUMOylated PCNA. 

 

 

 

 

 



 108 

 3.9.4 TSA 

As shown in Supplementary material figure 3.5, Pias1 always showed two peaks. One 

is approximately 42.5℃, and the second is 56.5℃. Pias1 was druggable shown in the 

screening test (Figure 3.9). When testing with different dosage of LC 1A, both Tm shifted 

positively and showed a dosage trend (Figure 3.10).  

 

Figure 3.9 SUMO E3 Pias1 TSA screening with drug-like, covalent, and brominated 

fragment. 2714 fragments (1129 covalent, 618 brominated, and 967 drug-like) were tested 

against Ubc9 by TSA. The % of fragments with at least 0.5°C ΔTm were 2.48, 1.78, and 

13.62, respectively.  
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Figure 3.10 Pias1 with LC 1A dosage/concentration test. LC 1A was tested with 

different concentration against to Pias1. ΔTm of peak 1 were 1.33°C, 1.33 °C, and 1.00°C 

from 10 mM, 5 mM, and 2.5 mM of LC 1A, respectively. ΔTm of peak 2 were 0.5°C, 0.5°C, 

and 0°C from 10 mM, 5 mM, and 2.5 mM of LC 1A, respectively. A. Normalized figure 

of RFU vs. degree °C. B. Normalized figure of -d(RFU)/dT vs. degree °C.   
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3.10 Conclusion  

The first challenge of these Pias1 research studies was to purify the protein, as it has not 

been expressed and purified from E. coli before, as far as we were aware. Using the plasmid 

from the Liao Lab and a construct from GenScript, Pias1 was purified for the first time. 

The molecular weight of Pias1 is 74 kDa. Expression optimizations were done to increase 

the expression level and final product yield. However, the yield still needed improvement, 

which remained an issue.  

 The post-SEC Pias1 sample always had one prominent peak (peak #2) and few peaks. 

One theory was that peak #1 was trimer and peak #2 was monomer, based on the semi-log 

calibration calculation. The fractions from peak #1 and 2 had one band of 75 kDa and 

another slightly smaller band on the SDS-PAGE gel. However, fractions from the later 

peak (i.e., the peak after peak #2) had a similar band on the gel. Data suggested Pias1 could 

have multimeric form and monomer form, and it might have a truncated form, possibly 

caused by degradation. However, a protease inhibitor cocktail was added to the lysate 

buffer. As a future step, this could be confirmed by mass spec for degradation or more 

details studies, such as Cyro-EM for studying the multimeric state.  

 Using the drug-like, covalent, and brominated fragments, data showed that Pias1 was 

druggable. Intriguing, Pias1 showed two peaks / Tms during the TSA assay, although the 

monomer sample of peak #2 from SEC was used. Using reaction buffers with different pH 

could reduce or deplete the second Tm. pH 4.5, 5.5, and 6.5 had the first peak / Tm, pH 6 

had the first peak / Tm and vastly reduced second peak / Tm, and the rest of the pH had two 

peaks / Tm. The reaction buffer had pH 8.5, as Pias1 in this buffer had relatively low Tm 



 111 

(both Tms). The change of Tm suggested that protonation of His residue(s) (pKa 6.0) 

mediated multimerization and was pH dependent. The structural study of Pias1 in the future 

will confirm this.  

 Focused on the covalent fragments, LC 1A had shown binding during the screening 

test and binding trend in the dosage/concentration test. Therefore, the next step is to study 

LC 1A as a potential hit of Pias1. 

 Due to the low yield of Pias1 and the possibility of multimeric and monomer co-exist, 

crystallography work of Pias1 might be a challenge. However, due to the relatively large 

molecular weight of Pias1, Cyro-EM might be a better strategy for structural research of 

Pias1. For future work, a 3D structure of Pias1 would be very useful. Data of Pias1 and LC 

1A interaction would conform LC 1A as a hit for Pias1, to allow it to move to the next 

stages of early-stage drug discovery. At the same time, the IC50 test could be done by the 

HTRF assay, with some modifications. The HTRF assay tested the SUMOylation level of 

RanGap1 via Uba2/Aos1 and Ubc9, which RanGap1 is an E3 independent SUMOylation 

substrate. To test Pias1, the HTRF assay setup should be GST-SUMO2, Uba2/Aos1, Ubc9, 

Pias1, and His-PCNA, as PCNA is a Pias1 specific SUMOylation substrate. 
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3.11 Supplementary material 

 

Supplementary material figure 3.1 Ubc9 expression small-scale test. 6His-TEV-Ubc9 

expressed in E. coli ArcticExpress RP with LB and induced by IPTG @ OD 0.8 at 14℃ 

O/N or BL21-CondonPlus-RP at 30℃ 3-hour. Cells were harvested and examined by NI-

NTA spin column. Samples were loaded on an 8-16% SDS-PAGE gel. Lane 1: protein 

ladder. Lane 2 & 5: cell supernatant. Lane 2 & 6: wash from NI-NTA spin column. Lane 

3 & 7: elution from NI-NTA spin column. Lane 2 – 5 were sample of BL21-CondonPlus-

RP, and lane 6 – 8 were sample of ArcticExpress RP.  
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Supplementary material figure 3.2 Ubc9 purification by FPLC. 6His-TEV-Ubc9 in E. 

coli BL21-CondonPlus-RP with LB and induced by IPTG @ OD 0.8 at 30 ℃ 3-hour. A. 

HisTrap FF captured Ubc9 in elution fractions 56-63. B. TEV treatment O/N and then 

purified by HisTrap FF in fractions 69-75. C. HiTrap QFF in fraction 3-7 and D. Superdex 

75 in fraction 57-58. Buffers were used: His A 50 mM HEPES ph8, 300 mM NaCl, 25 mM 

imidazole, 1 mM BME & His B 50 mM HEPES ph8, 300 mM NaCl, 1 M imidazole, 1 mM 

BME. HiTrap Q A 50 mM HEPES ph8, 50 mM NaCl, 1 mM BME & HiTrap Q B 50 mM 

HEPES ph8, 1 M NaCl, 1 mM BME. Superdex 50 mM HEPES ph8, 300 mM NaCl, 1 mM 

BME. Yield: 2.5 mg of Ubc9/ L of E. coli culture. 
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Supplementary material figure 3.3 Ubc9 concentration test for TSA. Ubc9 serial 

dilution from 32 μM to 1 μM in PBS were tested for the concentration test. A. The figure 

of RFU vs. degree °C. B. The figure of -d(RFU)/dT vs. degree °C. 32 and 16 μM of Ubc9 

(represented by line in blue and green, respectively) saturated the threshold of the rt-PCR.  
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Supplementary material figure 3.4 Pias1 expression small-scale test. 6His-Pias1 

expressed in E. coli BL21-CondonPlus-RP with TB or 2XYT and induced by IPTG @ OD 

1.2 at 16 ℃ O/N or at 37 ℃ 3-hour. Cells were harvested and examined by NI-NTA spin 

column. Elution Samples were loaded on an 8-16% SDS-PAGE gel following the order of 

TB 37 ℃, TB 16 ℃, 2XYT 37 ℃, and 2XYT 16 ℃. 
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Supplementary material figure 3.5 Pias1 concentration test for TSA. Pias1 serial 

dilution from 1.6 μM to 0.4 μM in PBS were tested for the concentration test. A. Figure of 

RFU vs. degree °C. Only 1.6 μM showed the RFU above 10*10^3. B. -d(RFU)/dT vs. 

degree °C. Two peaks showed in all concentration samples.  
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Chapter 4 

The Down syndrome related protein Dyrk1a in early drug discovery 
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Chapter 4: The Down syndrome related protein Dyrk1a in early drug discovery 

4.1 Abstract 

The dual-specificity tyrosine phosphorylation-regulated kinase 1A (Dyrk1a) plays multiple 

roles in animal development, with critical effects on neuronal cell cycle regulation and 

cancer development. Dyrk1a has dual specificity because it has autophosphorylation 

activity on a tyrosine residue (cis and trans) and conducts phosphorylation of a downstream 

substrate on a serine or threonine residue. Transgenic mice overexpressing Dyrk1a show 

neurodevelopmental delays like those observed in humans, indicating the critical role of 

Dyrk1a in Down syndrome (DS) neurodevelopment. Alzheimer’s disease (AD) is 

associated with alterations in Dyrk1a expression as well. Dyrk1a has been linked to type 2 

diabetes (T2D), and inhibition of Dyrk1a by small molecule inhibitors shows promised 

results of treatment. Acute lymphoblastic leukemia (ALL) is the most common cancer for 

children, especially children with DS. Dyrk1a is significantly overexpressed in leukemia 

cells from pediatric ALL patients by gene expression profiling and qPCR. Therefore, 

Dyrk1a is a novel therapeutic target for DS, AD, T2D, and leukemia. There are some 

inhibitors against Dyrk1a. However, most of them lack selectivity, since Dyrk1a shares at 

least 85% of the ATP binding site with another member from the DYRK family, Dykr1b. 

The research efforts described in this chapter have been focused on hit identification and 

initial hits-to-leads studies that target Dyrk1a. Our future efforts will focus on improving 

hit small molecules selectivity to Dyrk1a.   
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4.2 Dyrk1a functions in cellular and diseases 

 4.2.1 Dyrk1a gene and protein function  

The dual-specificity tyrosine phosphorylation-regulated kinase 1A (Dyrk1a) plays multiple 

roles in animal development, with critical effects on neuronal cell cycle regulation and 

cancer development [205]. Dyrk1a belongs to the DYRK subfamily, with five isoforms 

(Dyrk1a, Dyrk1b, Dyrk2, Dyrk3, Dyrk4), in the CMGC kinase family. The CMGC kinase 

family contains cyclin-dependent kinase (CDK), mitogen-activated protein kinase 

(MAPK), glycogen synthase kinase (GSK), and CDC-like kinase (CLK), and the CMGC 

kinases are highly conserved among organisms [206]. Dyrk1a is highly conserved among 

vertebrates and highly expressed in the brain of vertebrate embryos [207, 208], especially 

during early development [209, 210] 

 Dyrk1a contains a DCAF7 binding domain and a nuclear localization signal (NLS) at 

the N-terminus, following a DYRK homology (DH) and a catalytic domain (Figure 4.6). 

Unlike other isoforms in the DYRK family, Dyrk1a uniquely contains a second NLS in the 

catalytic domain. Dyrk1a also contains a PEST (rich in proline, glutamic acid, serine, 

threonine) region, His (rich in histidine) region, and an S/T (rich in serine and threonine) 

region in the C-terminus. Like the second NLS, the His and S/T regions are exclusively for 

Dyrk1a. In the N-terminus, the DH forms five antiparallel  sheets and functions to 

maintain the structure of the N-terminus and stabilize the folding [211].  The DH is required 

for the catalytic activity of Dyrk1a. The activity site Tyr 321 and Phe 238, as the gatekeeper 

in the ATP binding pocket, are in the catalytic domain. Autophosphorylation of Tyr 321 

active Dyrk1a and stabilizes the catalytic domain loop by forming a salt bridge with Arg 
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325 and Arg 328 in the catalytic domain for substrate binding [212]. The Phe 238 in the 

hinge region is the residue for inhibition [213]. 

  Dyrk1a has dual specificity because it has autophosphorylation activity on a tyrosine 

residue (cis and trans) and conducts phosphorylation of a downstream substrate on a serine 

or threonine residue [127, 215]. A cis-autophosphorylation at the Y321 residue (the second 

tyrosine in the conserved YXY motif) in the catalytic domain activates Dyrk1a during its 

translation while bound to the ribosome [2289]. This autophosphorylation is intrinsic in 

the catalytic domain. As Dyrk1a is translated, the N-terminal is available for folding and 

causes a folded intermediate. This intermediate form contains a different kinase structure 

than the mature form. Once Dyrk1a is activated, it can undergo trans-autophosphorylation 

at residues Y140, Y159, Y177, S310, Y319, and Y499 [211]. Dyrk1a autophosphorylates 

at residue Ser 520 binding to the protein 13-3-3 [212]. The complex with 13-3-3 

stimulates the activity of Dyrk1a. Dyrk1a phosphorylates on their serine or threonine side 

chains. For example, Dyrk1a phosphorylates tau, the hallmark of Alzheimer's disease 

(AD), on residue threonine 212 in vitro [213] and serine 202 and 404 in vitro [214]. In 

DYRK1A transgenic mice, tau's phosphorylation level of T212 significantly increased 

compared with the negative control. data suggests that overexpression of Dyrk1a 

contributes to AD. 

 As a kinase, Dyrk1a has been shown to impact various downstream proteins. For 

example, Dyrk1a phosphorylates the antiproliferative cyclin-dependent kinase (CDK) 

inhibitor (p27kip1) and upregulates its expression [288]. Overexpression of p27kip1 has been 

shown that can induce apoptosis in HeLa cell line and human lung fibroblasts IMR90 [216], 



 123 

but also rescue human lung adenocarcinoma derived A549 cells from apoptosis [217]. 

Dyrk1a also phosphorylates Lin52 to promote the assembly of the DREAM complex (DP, 

RB-like, E2F4, and Muvb) that represses gene expression of cell cycle-promoting targets 

during the G0 stage [218]. It is a promising candidate target for therapeutic approaches, 

where overexpression of Dyrk1a causes various diseases including Down syndrome, AD, 

diabetes, and cancer, and reduction of the abnormal expression level has been suggested as 

a treatment option. As Dyrk1a regulate multiple downstream proteins and they function 

distinctly in cancer, Dyrk1a also play different roles in different type of cancer.  

 4.2.2 Dyrk1a roles in Down syndrome (DS) 

DS is the most common genetic defect in humans, affecting 1 in 691 births [219]. DS 

patients have intellectual and cognitive disabilities, learning and memory deficits, and 

maturation delay [220, 221]. DS is caused by an extra copy of all or part of chromosome 

21 [222]. In DS patients, Dyrk1a is overexpressed in the brain [223] due to the gene being 

in the Down syndrome critical region (DSCR) of chromosome 21 [224]. Transgenic mice 

overexpressing Dyrk1a show neurodevelopmental delays like those observed in humans, 

indicating the critical role of Dyrk1a in DS neurodevelopment. DS mice show delayed 

walking activity, retarded psychomotor development, and reduced learning skills [225]. 

The Dryk1a gene locates at the “critical region” within 21q22 and Dyrk1a protein functions 

in neuronal cells. Dyrk1a is expressed in neural progenitor cells in early vertebrate embryos 

[226]. Long-term overexpression of Dyrk1a is thought to be responsible for the 

neurodevelopmental defects observed in Down syndrome (DS) patients. For example, 

overexpressed Dyrk1a phosphorylates at Ser 10 of p27Kip1, stabilizing p27Kip1. 
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Overexpression of p27Kip1 leads to mammalian cell apoptosis [216]. Dykr1a also 

phosphorylates at Thr 286 of Cyclin D1 and induces the degradation of Cyclin D1 [288]. 

P27Kip1 inhibits Cyclin D1, which promotes the cell cycle from G1 to S [227]. Upregulated 

p27Kip1 and downregulated Cyclin D1 decreases neural cell proliferation and increase 

differentiation [288]. Overexpression of Dyrk1a also causes hyper-phosphorylating tau at 

residue Thr212 [228]. Taken together, the overexpressed Dyrk1a in neuronal cells 

contributes to cell degradation in DS. The “gene-dosage” hypothesis is a very accepted 

theory for DS [229], and some Dyrk1a inhibitors have been developed as a potential 

therapeutic strategy. 

 4.2.3 Dyrk1a functions in Alzheimer’s disease 

DS patients also show a dramatically increased chance of developing Alzheimer’s disease 

(AD), hereafter referred to as combined DS/AD [230]. AD is associated with alterations in 

Dyrk1a expression and phosphorylated tau [231]. AD patients and mouse models of AD 

[232] show higher than normal levels of Dyrk1a mRNA in the hippocampus, and the 

overexpressed Dyrk1a in the brain leads to hyper-phosphorylated tau protein and 

neurofibrillary degeneration [228, 232, 233]. Hyper-phosphorylated tau causes 

neurofibrillary degradation by forming paired helical filaments (PHF) [234]. PHF 

aggregates and then forms intracellular neurofibrillary tangle (NFT) that leads to neuronal 

death [235, 236]. Inhibition of Dyrk1a restores tau from hyper-phosphorylation in mice 

models [237]. Comparing DS patients to healthy individuals, the three copies of 

chromosome 21 cause 1.4-fold DYRK1A transcription in lymphoblastoid [238], leading to 

hyperphosphorylated tau and AD symptoms. This mechanism is also thought to underlie 
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the high prevalence of early-onset AD symptoms in DS patients, where in early-onset AD 

55% of those under 60 years old show AD symptoms, and 77% of those over 60 years old 

show AD symptoms [239]. Overall, overexpression of Dyrk1a is linked to AD and 

combined DS/AD. 

 4.2.4 Dyrk1a functions in type 2 and type 3 diabetes 

Type 2 diabetes (T2D) and AD were considered two independent diseases. However, with 

more and more experimental pieces of evidence, the similarity of the pathophysiology of 

T2D and AD has emerged, such as insulin resistance [240]. Insulin resistance is caused by 

prolonged metabolic stress and decreased cellular response to insulin in obesity and 

diabetes [241]. Insulin resistance is a significant factor leading to T2D [242, 243], as it 

maintains energy homeostasis.  cells promote glucose-stimulated insulin secretion.  cell 

mass increases first once T2D develops, but then the cells are damaged, and the mass is 

reduced over time due to high blood sugar and insulin dysfunction [244]. Dyrk1a 

phosphorylate at Ser28 of LIN52 of the MuvB core of the DREAM complex (dimerization 

partner, RP-like, E2F, and multi-vulval class B), and then recruit the p130/E2F4/DP1 

complex. The DREAM complex then represses genes such as MYBL2 that are required for 

the cell cycle [245]. Without Dyrk1a phosphorylation, the DREAM complex can no longer 

repress the cell cycle genes. Therefore, the proliferation of  cells is induced. The N-

terminus of Dyrk1a interacts with (insulin receptor substrate 2) IRS2 and phosphorylate at 

tyrosine residues, which promotes polyubiquitination and degradation of IRS2 [246]. 

However, IRS2 is required for  cell proliferation [247].  cell proliferation is restored by 
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inhibition of Dyrk1a by Harmine [248], which is a Dyrk1a inhibitor that will be discussed 

in 4.1.6. 

 At the same time, insulin functions as a neurotrophic and neuroprotective factor. 

Insulin injection increases rats’ brain-derived neurotrophic factor/tropomyosin receptor 

kinase B, so rats perform better during the Morris water maze test [249]. T2D patients have 

higher risk of AD development. On another hand, AD patients show significant brain 

insulin resistance [250], although the function of insulin in the central nervous system is 

still unclear. In addition to the high risk of AD among T2D patients, AD has been 

considered a metabolic disease. The concept of type 3 diabetes (T3D) was proposed, in 

which insulin resistance may play a role in development of AD [251]. Overexpression of 

Dyrk1a has been linked to AD since overexpressed Dyrk1a causes hyperphosphorylation 

of tau [252]. Dyrk1a has been linked to T2D and contributes to T3D, and inhibition of 

Dyrk1a by small molecule inhibitors shows promised results of treatment [253]. For 

example, one of the studies of inhibitor of Dyrk1a, Harmine, has shown that it can induce 

human pancreatic B-cell proliferation in vitro and in vivo by reducing the level of Dyrk1a 

[254]. 

 4.2.5 Dyrk1a functions in cancer 

Acute lymphoblastic leukemia (ALL) is the most common cancer for children, especially 

children with DS [205]. During treating ALL, genetic markers are tested to determine if an 

upgrade risk stratification should be used due to the markers linked to relapse and treatment 

resistance [255]. Intrachromosomal amplification of chromosome 21 (iAMP21) is one of 

the intermediate genetic markers in B-cell precursor (BCP) ALL that is associated with the 



 127 

patient’s age, low white blood cell, relapse, and prognosis [256, 257, 258]. BCP ALL 

patients with the iAMP21 marker show that Dyrk1a is overexpressed, determined by DNA 

arrays and RNA sequencing [259]. Dyrk1a is significantly overexpressed in leukemia cells 

from pediatric ALL patients by gene expression profiling and qPCR [261, 290]. The 

overexpression of Dyrk1a is associated with poor prognosis in pediatric ALL patients with 

iAMP21 [259], in which patients do not show favorable treatment response outcomes and 

overall survival. With the treatment of two Dyrk1a inhibitors, Harmine and INDY, 

pediatric ALL cell lines show reduced proliferation and viability. Inhibition of Dyrk1a 

leads to the degradation of FOXO1, STAT3, and Cyclin D3 and promotes ALL cell 

chemosensitivity [215]. Treating with Harmine also impacts the mouse model of ALL, in 

which the number of leukemic cells in the bone marrow and the incidence of relapse are 

reduced.  

 Acute myeloid leukemia (AML) is one of the most common cancers in adults. 

Overexpression of Dyrk1a has also been found in AML. Compared with normal 

hematopoietic cells, AML cells from patients have overexpressed Dyrk1a by doing 

microarray [260]. Cells from the bone marrow of AML patients also show high level of the 

Dyrk1a gene by real-time PCR [291]. Moreover, after the treatment of the chemotherapy 

drug Cytarabine, the Dyrk1a gene is even more upregulated in AML patient cells [262], 

suggesting Dykr1a might be involved in chemotherapy resistance. The Dyrk1a inhibitor, 

Harmine, was used in AML cells and showed reduced cell growth in vitro [263]. Another 

Dyrk1a inhibitor, AZ191, induces apoptosis in AML cells in the mouse model [264]. When 
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treating AML cells with Cytarabine and a Dyrk1a inhibitor L41-7, cells were sensitive to 

Cytarabine and showed reduced growth [245]. 

 Overexpressed Dyrk1a has been found in breast cancer cell lines and breast tumors, 

and Harmine inhibits the growth of breast cancer cells by inducing apoptosis in vitro and in 

vivo [265, 266]. Data have shown that Dyrk1a is expressed highest in basal-like breast 

cancer, a more aggressive subtype [267]. One of the reasons could be that Dyrk1a promoted 

cell proliferation by activating the Wnt/β-catenin signaling pathway [268]. Wnt ligand 

stabilizes β-catenin and then lead to accumulate in the cytoplasm. β-catenin then 

translocates to the nucleus and interacts with transcription factors such as T-cell 

factor/lymphoid enhancer factor to activate genes involved in cell proliferation. Dyrk1a 

can stabilize β-catenin by phosphorylating it at multiple sites such as Ser 45 and Ser33. 

Using Harmine and siRNA to inhibit Dyrk1a, basal-like breast cancer cells show reduced 

growth and metastasis.  

 Overexpression of Dyrk1a has been found in pancreatic cancer tissues and is 

associated with poor prognosis and increased cell proliferation [269]. Overexpressed 

Dyrk1a activates the NF-κB pathway and the PI3K/Akt/mTOR pathway to promote 

pancreatic cancer cell growth [270, 271]. Knockdown of Dyrk1a in pancreatic cancer cells 

inhibits cell proliferation and induces apoptosis [272].  

 4.2.6 Targeting Dyrk1a for therapy 

There are some inhibitors against Dyrk1a. The neutral product epigallocatechin-gallate 

(EGCG) from green tea shows inhibition of Dyrk1a but also complicated pharmacokinetic 

properties [273]. For example, EGCG shows both conjugated and unconjugated forms of 
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Dyrka in different tissue in mice after administration of EGCG and targeted different 

pathways. One of the well-known Dryk1a inhibitors, Harmine, is an alkaloid isolated from 

the South American vine as well as a potent inhibitor of monoamine oxidase [274]. 

Harmine inhibits Dyrk1a (IC50 = 33 nM) by binding to the ATP binding site of Dyrk1a and 

involving two hydrogen bonds in the ATP binding pocket [205, 275, 276). Harmine shows 

minimal toxicity in cells at the concentration required to inhibit Dyrk1a completely but did 

not affect cell viability. CX-4945 has been considered a CK2 (regulates cell growth, 

proliferation, and apoptosis [277]) inhibitor and is currently in clinical trials for 

cholangiocarcinoma and basal cell carcinoma as a CK2 inhibitor. However, it also 

functions as a Dyrk1a (IC50 = 6.8 nM) and Dyrk1b (IC50 = 6.4 nM) inhibitor [237].  

 One of the challenges of research on inhibitors of Dyrk1a is selectivity, as Dyrk1a 

shares at least 85% of the ATP binding site with Dykr1b [206], and most current inhibitors 

bind to the ATP binding site, and so they lack high selectivity for Dyrk1a; this may cause 

safety and efficacy issue and potential failure in clinical trials as off-target can lead to 

unexpected side effects. For example, Harmine binds and inhibits Dyrk1a at 33 nM IC50 

while it also inhibits Dyrk1b (IC50 = 165 nM), Dyrk2 (IC50 = 900 nM), and Dyrk3 (IC50 = 

800 nM) [275]. Inhibition of both Dyrk1a and Dyrk1b can increase human B cell 

proliferation [278]. However, although Dyrk2 is upregulated in cancer cells, such as glioma 

and lung adenocarcinoma, it is downregulated in breast cancer, chronic myeloid leukemia 

[279], and colorectal cancer, and so Harmine would impact Dyrk2’s tumor-suppressive 

function. Lastly, Dyrk3 is a tumor-suppresser down-regulated in hepatocellular carcinoma 

[280]. As a potential candidate for HCC therapy, Dyrk3 phosphorylates NCOA3 and 
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negatively regulates ATF4 in the Dyrk3/NCOA3/ATF4 axis, suggesting that If Dyrk3 were 

inhibited, ATF4 would promote cancer cell proliferation and invasion. Because Harmine 

inhibit both Dyk1a (33 nM IC50) and Dyrk1b (165 nM IC50), its selectivity is somewhat 

limited [281] but it entered phase I clinical trials for diabetes mellitus in 2022.  

Thus, Dyrk1a is a novel therapeutic target for various disease states, and the research efforts 

described in this chapter have been focused on hit identification and initial hits-to-leads 

studies that target Dyrk1a. Our future efforts will focus on improving hit small molecules 

selectivity to Dyrk1a.  

4.3 Methods  

 4.3.1 Expression 

Human Dyrk1a (127–485) was cloned into vector pD441-NH with an N-terminal 6x His 

tag (6His-Dyrk1a) (ATUM). Dyrk1a was expressed by transforming plasmids in 

different E. coli cell lines, and then a small-scale expression test was done to determine the 

optimal cell line and expression condition and saved glycerol stock. The glycerol stock was 

cultured in 50 mL of LB with kanamycin at 37℃ O/N. The O/N culture was inoculated 

into 12L of LB with kanamycin at 37℃ at 225 rpm. the cells were induced with 0.4 mmol/L 

IPTG at OD600 0.8 and kept shaking for four hours 37℃. Cells were harvested by 

centrifugation at 4℃ and 4,000 rpm for 15 minutes, resuspended at a ratio of 3ml lysis 

buffer (50 mM Tris-HCl pH 7.5, 300 mM NaCl, 25 mM imidazole, 10 mM BME) per gram 

pellet. Per 40 mL of the resuspended cell, it was sonicated on the ice at 70% amplitude for 

four minutes, with 10 seconds on and 10 seconds off. The supernatant was obtained by 
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centrifugation at 4℃ and 30,000 rpm for 40 minutes. The cell lysate was purified right 

after or stored at -80℃.  

 4.3.2 Purification 

Supernatant from cell lysate in 50 mM Tris-HCl pH 7.5, 300 mM NaCl, 25 mM imidazole, 

10 mM BME was purified by HisTrap FF, and eluted by a gradient of 1M imidazole buffer, 

exchanged to a low salt buffer and then loaded onto cation exchange chromatography 

(HiTrap SP FF; Cytiva) and eluted by a gradient of 1M NaCl buffer, Superdex 75 and 

eluted by a low salt buffer, and finally Enrich high-resolution cation exchange 

chromatography (ENrich S; Bio-Rad) and eluted by a gradient of 1M NaCl buffer. SDS-

PAGE gels confirmed fractions from each step, and then desired fractions were collected 

for the next step. The final sample was stored in 50 mM HEPES pH 7.5, 300 mM NaCl at 

-80℃ after flash froze in liquid nitrogen.  

 4.3.3 TSA 

10 mM of ATP site AI CADD small molecules were sent from Atomwise Inc, and 200 mM 

of ATP site DTP small molecules were sent from the Mobley Lab, UCI. Following the 

TSA method from 2.5.2.1, hits were determined using a final of 4.2 μM of Dyrk1a with the 

reaction buffer (50 mM HEPES pH 8.0, 50 mM NaCl).  

 4.3.4 ADP assay 

The ADP-GloTM Kinase Assay (Promega) measures ADP generated from ATP from a 

kinase reaction. This assay confirmed that hits can inhibit Dyrk1a activity and then 

determine IC50. Following the ADP-GloTM kinase assay technical manual, a standard curve 

was generated first to estimate the amount of ADP generated. A serial dilution from 1 mM 
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of ATP and ADP was added into each well of a 96-well plate with 90 μL of kinase reaction 

buffer (40 mM Tris pH 7.5, 20 mM MgCl2, 0.1 mg/ml BSA) and 25 μL ADP-Glo reagent 

that can stop the kinase reaction and remove ATP. After 40-min room temperature 

incubation, a 50 μL kinase detection reagent, which converted ADP to ATP and introduced 

luciferase and luciferin to detect ATP, was added to each reaction and incubated for another 

1 hour. The luminescence was read and recorded by SpectraMac iD5 and generated a 

standard curve for relative light units (RLU) and ATP-to-ADP conversion. A dyrk1a 

concentration test was done to determine the optimal concentration. A serial dilution of 

Dyrk1a (down to 0 as background signal) was mixed with desired ATP in the kinase 

reaction buffer, 1-hour room temperature incubation. Then, ADP-Glo reagent was added 

for each reaction for 40 minutes of room temperature incubation. Then, a kinase detection 

reagent was added to each reaction. The plate was measured after 1-hour room temperature 

incubation. A 0.5 μM of Dyrk1a final concentration was determined as the desired kinase 

amount. 

 The small molecules screening was done using 10 mM of ATP site AI-CADD small 

molecules. Each test contained 0.5 mM of final small molecules concentration in DMSO, 

0.5 μM of Dyrk1a final concentration, 100 μM of ATP final concentration, the kinase 

reaction buffer, and DMSO as the negative control. A known Dyrk1a inhibitor, Verzenio 

(abemaciclib) was used as a positive control and determined the Z-factor of this ADP assay 

for Dyrk1a screening. The plate was read and determined hits that inhibited Dyrk1a auto-

phosphorylation.  
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  IC50 was done with the hits. A serial dilution of inhibitor was tested to generate a curve 

of Log 10 of inhibitor concentration and RLU (GraphPad).   

  All tests were done three times. Average and standard deviation were used to plot to 

visualize the impact of each small molecules on Dyrk1a activity. CV was less than 10% to 

express precision and repeatability.  

 4.3.5 Crystallography study  

Crystal trays were set up at RT using 96-well or 24-well crystal trays by sitting drop. 300-

400 μL of reservoir was added in the reservoir chamber first. 0.5 or 1 μL of protein (or 

mixed with small molecule hits) was added to the well, and then mixed with the same 

amount of reservoir solution. The chamber was sealer by tape and incubate at RT. Crystal 

trays were examined by a microscope after setup, and everyone for 2 weeks.  

4.4 Results  

 4.4.1 Expression  

In small-scale expression test, 6His-Dyrk1a plasmid was transformed with in E. 

coli BL21(DE3) or BL21-CondonPlus-RP, and cultured in LB, TB, or 2XYT. Cells were 

induced at OD600 0.8 and set to shake at either 37℃ 4 hours, 30℃ 5 hours, or 22℃ O/N. 

All cells were collected and then loaded onto nickel spin columns, eluted with high 

imidazole buffer, loaded onto nickel spin column, eluted with high glutathione buffer, and 

run on SDS-PAGE gels for comparison (co-expression samples only). Dyrk1a is a 42 kDa 

protein, and a band of 40 kDa size showed in elution samples from all samples. The highest 

expression level was using BL21(DE3) and LB inducement of 37℃ 4 hours 

(Supplementary material figure 4.1).  
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 4.4.2 Purification 

 

Figure 4.1 Purified Dyrk1a sample. The final post-ENrich S purification sample of 

Dyrk1a was loaded on an 8-16% SDS-PAGE gel (Novex Tris-Glycine Mini Protein Gel; 

Thermo Fisher). Lane 1: protein ladder. Lane 2: final sample from ENrich S elution 

fraction.   
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In the large-scale expression for purification, 6His-Dyrk1a went through HisTrap FF, 

HiTrap SP FF, Superdec 75, and ENrich S. Yield was 0.875 mg of Dyrk1a / L of E. 

coli culture. (figure 4.1 & Supplementary material figure 4.2).   

4.4.3 TSA 

The optimized protein concentration and reaction buffer for TSA were determined first. 

4.2 μM of Dyrk1a in the reaction buffer 50 mM HEPES pH 8.0, 50 mM NaCl generated 

the desired RFU and relatively low Tm for TSA of Dyrk1a, which was 42°C 

(Supplementary material figure 4.3). During the screening test of AI-CADD small 

molecules from Atomwise, 29.17% of the small molecules had positively shifted at least 

0.5°C of the melting point of Dyrk1a, and 7.29% had positively shifted at least 2°C (figure 

4.2 & supplementary material table 4.1). The small molecules with 2°C shift were 

considered as binders and were further tested to confirm as hits.  

 

Figure 4.2 Summary of Dyrk1a screening with AI-CADD small molecules using TSA. 

96 AW small molecules were derived by virtual screening in the library of Dyrk1a AI-

CADD small molecules. 68 AW small molecules shifted Dyrk1a Tm less than 0.5°C 

(including no shift and negatively shift). 21 AW small molecules (21.9%) shifted Dyrk1a 

Tm 0.5 - 2°C. 7 AW small molecules (9.3%) shifted Dyrk1a Tm more than 2°C. 

  

68

21

7

compound # of less than 0.5 °C 

ΔTm 

compound # of 0.5 °C ΔTm 

compound # of 2 °C ΔTm 

Dyrk1a screening summary
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4.4.4. ADP assay 

To use the ADP assay kit, a 100μM of ATP final concentration was determined as the 

desired ATP amount (Supplementary material figure 4.4 A). A 0.5 μM of Dyrk1a final 

concentration was determined as the desired kinase amount (Supplementary material 

figure 4.4 B), and the signal/background ratio was 11.06. Using Abemaciclib, a Z-factor 

of 0.9415 was determined and indicated that the ADP assay was valid to test Dyrk1a 

(Supplementary material figure 4.4 D).  

 The screenings were done in three rounds with different concentrations of AW small 

molecules, 100 μM, 50 μM, and 10 μM, aiming to confirm binders and identify hits. During 

the 100 μM screening, 21 of AW small molecules showed reduction of activity of Dyrk1a. 

Activity % = (RLU of Dyrk1a with small molecules / RLU of Dyrk1a with DMSO) *100. 

After three rounds, 13 of AW small molecules showed inhibition trends with different 

dosages (table 4.1 & Supplementary material table 4.2). IC50 of seven small molecules 

were determined, and the best one was 0.669 μM using AW H4 (figure 4.3). Notably, ΔTm 

of AW H4 was 12.17 °C from TSA screening. 
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Dyrk1a AI-

CADD small 

molecule 

average °C 

ΔTm (500 

uM) 

average ADP 

activity % (100 

uM) 

ADP 

dosage 

trend  

ADP best 

fit IC50 

μM 

ADP 

95% 

IC50 μM 

ADP 

IC50 

R2 

H04 12.17 16.32 yes 0.66 

0.5436 

to 

0.7601 0.99 

B01 -1.67 55.9 yes 0.67 

0.1039 

to 1.074 0.96 

D09 4.33 53.3 yes 1.12 

1.081 to 

2.194 0.93 

E09 2.33 47.59 yes 1.73 

1.394 to 

2.175 0.95 

E10 NA 77.9 yes 1.89 

1.701 to 

2.281 0.96 

D08 5 53.18 yes 1.92 

1.447 to 

2.469 0.94 

G06 -1 63.07 yes 3.42 

2.484 to 

4.884 0.92 

Table 4.1 Summary of Dyrk1a with AI-CADD small molecule hits using ADP assay. 

Seven AW small molecules reduced activity of Dyrk1a in the first round of screening (100 

μM final concentration) and showed inhibition trend in the sconed and third round of 

screenings (50 μM and 10 μM) using the ADP assay. Their IC50 values were measured by 

ADP assay and calculated by GraphPad. R2 quantifies goodness of fit. The ΔTm results of 

the hits from TSA were added into the table to compare with ADP activity % results.  
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A. 

 

B. 

 

Figure 4.3 IC50 figures of AW B1 and H4. IC50 figure and values of AW B1 (panel A) 

and AW H4 (panel B) were generated by GraphPad. The best fit IC50 values were used.  

Using AW B1 and H4 as Dyrk1a hits, virtual docking was done by the Mobley Lab, UCI, 

aiming to generate small molecules with lower IC50, as the first step in the hit-to-lead. 40 

small molecules (Dyrk1a DTP small molecule) were generated and tested by ADP assay 

in duplicate first (100 μM final). 16 small molecules reduced the activity of Dyrk1a and 

further tested for IC50 values (table 4.2 & Supplementary material table 4.3). Notably, 

DTP C1 and B6 generated IC50 36 nM and 92 nM, respectively (figure 4.4).  
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Table 4.2 Summary of Dyrk1a with DTP small molecule hits using ADP assay. 16 DTP 

small molecules reduced activity of Dyrk1a in the screening (100 μM final concentration) 

using the ADP assay. Their IC50 values were measured by ADP assay and calculated by 

GraphPad (Prism). R2 quantifies goodness of fit. 
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A.            

 

B.  

 

Figure 4.4 IC50 figures of DTP C1 and B6. IC50 figure and values of DTP C1 (panel A) 

and DTP B6 (panel B) were generated by GraphPad. The best fit IC50 values were used.  
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4.4.5 Crystallography study  

A.       B.        C. 

  

Figure 4.5. Dyrk1a co-crystallization with AW H4, D9, and abemacicle. Crystal 

condition screening was conducted with 5 mg/mL of Dyrk1a with 1.2X of AW2 H4, D9, 

or 5X of a known inhibitor abemacicle by sitting drop at RT. Needle crystals of Dyrk1a 

co-crystal with AW H4 (A.), AW D9 (B.), and abemacicle (C) were formed after 4 days 

incubation.  

 

To visualize the binding between Dyrk1a and hits, crystallography study was conducted 

with apo Dyrk1a at first, by screening crystal conditions from Anatrace top 96 

crystallization screen (Anatrace), MCSG crystallization suite (Anatrace), PEG/pH 1 & 2 

(Hampton research), PEG/Ion 1 & 2 (Hampton research), Grid Screen Ammonium Sulfate 

(Hampton research), et al. Crystal trays were set up by sitting drop with 10 or 5 mg/mL of 

Dyrk1a and incubated at RT. The drops were examined under a microscope, but no crystal 

formed after one month. All drops were clear. Co-crystallization with AW H4 or D9 were 

performed with the same condition screening procedure. The protein concentration was 5 

mg/mL and ratio of protein: small molecule was 1: 1.2. Needle crystals formed after four 

days incubation at RT (figure 4.5). Microseeding with seed beads technique was conducted 
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aiming to increase the size of the crystals, but the size was still not ideal for X-ray (data 

not shown).  

4.5 Conclusion  

As a kinase, Dyrk1a appears as a highly druggable target as 7.29 % of the AW small 

molecules had positively shifted Tm of Dyrk1a at least 2 °C. There are already some Dyrk1a 

inhibitors that inhibit Dyrk1a but lack selectivity (i.e., can also inhibit other members in 

the DYRK family). Screening against AI-CADD small molecules, seven hits were 

identified with the IC50 in the 10 μM range. In the hit identification stage, AW B1 and H4 

(IC50 673.4 nM and 550.9 nM, respectively) showed the most promising results (also 

obtained co-crystal in figure 4.7) for further optimization. To obtain a higher than 10:1 

signal/background ratio, the autophosphorylation of Dyrk1a was detected using the ADP 

assay, but not Dyrk1a phosphorylate DYRKtide. In the future, other assays might be tested 

if the activity of Dyrk1a phosphorylation DYRKtide. For example, in vitro protein kinase 

assay uses labeled [33P]ATP[P]. The labeled [33P] into DYRKtide can be measured and 

determine the activity of Dyrkr1a [275]. Although microseeding with the seed beads could 

not increase the size of current co-crystal, further crystallography techniques can be 

conducted, such as microseed matrix screening and macroseeding, as well as wider sparse 

matrix screens could be conducted.  

 As discussed in Chapter 2, IC50 measurements are assay specific. The results here were 

mainly for ranking the hits, so the next stage could focus on the best ones. Therefore, 

affinity measurements that include Kd or Ki are essential before we conduct lead 

optimization steps. For Dyrk1a, a selectivity test is also critical by testing the hits with 
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Dyrk1b. As all the AI-CADD small molecules targeting the ATP binding pocket of Dyrk1a, 

and Dyrk1a and Dyrk1b have ATP binding pockets 85 % identical, there is a possibility of 

AW B1 and H4 inhibiting Dyrk1b. Like Dyrk1a, Dyrk1b can undergo autophosphorylation 

in Ser 520 residue via an intramolecular mechanism in vitro [282], and Dyrk1b also 

undergoes autophosphorylation, on residue Tyr 273 [283]. Therefore, the ADP assay will 

likely work with Dyrk1b. For example, if the result of AW B1 and H4 showed inhibition 

of Dyrk1b but with significantly higher IC50 than Dyrk1a, the hits might still be valid to 

pursue and optimize further. Docking studies based on AW B1 and H4 has begun already 

aiming to optimize the hits. The ADP assay was conducted to determine if any 

improvement of IC50. From 40 small molecules docking based on AW H4 by the Mobley 

Lab, UCI, 2 of them showed 35.7 nM and 91.7 nM IC50 (figure 4.8). This improvement of 

IC50 is promising for the hit-to-lead stage. Our initial co-crystallization studies on Dyrk1a 

with AW H4 or D9 was successful in producing crystals, crystallization studies will also 

be completed on small molecules of interest with promising IC50 values. Conducting X-ray 

crystallography on Dyrk1a and/or Dyrk1b with the hits will allow us to visualize the 

binding mode(s) at atomic resolutions, which greatly aids hits-to-leads optimization. 

Neither ubiquitin-proteasome inhibition by MG132 nor the autophagy inhibitor 

Chloroquine restores Dyrk1a expression [284], indicating that degradation of Dyrk1a is 

not the main form of cellular regulation of this kinase. Therefore, proteolysis targeting 

chimera (PROTAC) and AUTAC are not possible to degrade Dyrk1a.  

 Although not the focus of this study, another way to increase the selectivity of hits is 

to identify an allosteric interaction site, since the ATP binding pocket and the activation 
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loop of autophosphorylation are very similar in Dyrk1a and Dyrk1b [285]. Interestingly, 

Dyrk1a has a nuclear localization site (NLS) in its catalytic domain, a histidine repeat, and 

serine/threonine repeats near its C-terminal (figure 4.6), which other members in the 

DYRK family do not have; these could potentially be targeted by an allosteric inhibitor.  
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Figure 4.6 schematic diagram of members in the DYRK family The members of the 

DYRK family contain the DYRK homology (DH) box and the catalytic domain [287]. 

Dyrk1a and Dyrk1b contain the DCAF7 binding domain, Nuclear localization site (NLS), 

and the protein, glutamate, serine, threonine (PEST) domain. Only Dyrk1a contains a 

second NLS in its catalytic domain, a Histidine repeat (H), and a serine threonine (S/T) 

repeats at its C-terminal.  
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4.6 Supplementary material  

 

Supplementary material figure 4.1 Dyrk1a expression small-scale test. 6His-Dyrk1a 

expressed in E. coli BL21 (DE3) with LB and induced by IPTG @ OD 0.8 at 37 ℃ 4-hour 

or at 30 ℃ 5-hour. Cells were harvested and examined by NI-NTA spin column. Samples 

were loaded on an 8-16% SDS-PAGE gel. Lane 1 & 7: cell supernatant with IPTG 

inducement (S+). Lane 2 & 8: cell supernatant without IPTG inducement (S-). Lane 3 & 

9: elution (E) from NI-NTA spin column. Lane 4 &10: cell precipitate with IPTG 

inducement (P+). Lane 5 & 11: cell precipitate without IPTG inducement (P-). Lane 6: 

protein ladder. Lane 1 – 5 were sample from 37 ℃ 4-hour, and lane 7 – 11 were sample 

from 30 ℃ 5-hour.  
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Supplementary material figure 4.2 Dyrk1a purification by FPLC. 6His-Dyrk1a in E. 

coli BL21 (DE3) with LB and induced by IPTG @ OD 0.8 at 37 ℃ 4-hour. A. HisTrap FF 

captured Dyrk1a in elution fractions 9-18. B. HiTrap SPFF in fractions 45-62. C. Superdex 

75 in fraction 37-46, and D. ENrich S in fraction 55-57. Buffers were used: His A 50 mM 

HEPES pH 8, 300 mM NaCl, 25 mM imidazole, 1 mM BME & His B 50 mM HEPES pH 

8, 300 mM NaCl, 1 M imidazole, 1 mM BME & HiTrap S A 50 mM HEPES pH 6, 50 mM 

NaCl, 1 mM BME & HiTrap S B 50 mM HEPES pH 6, 1 M NaCl, 1 mM BME. Superdex 

50 mM HEPES pH 8, 300 mM NaCl, 1 mM BME. ENrich S A 50 mM HEPES pH 6, 50 

mM NaCl, 1 mM BME & ENrich S B 50 mM HEPES pH 6, 1 M NaCl, 1 mM BME. Yield: 

0.875 mg of Dyrk1a / L of E. coli culture. 
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Supplementary material figure 4.3 Dyrk1a concentration test for TSA. Dyrk1a serial 

dilution from 33.6 μM to 1.05 μM in PBS were tested for the concentration test. A. the 

figure of RFU vs. degree °C. B. the figure of -d(RFU)/dT vs. degree °C. 33.6, 16.8, and 

8.4 μM of Dyrk1a (represented by line in red, light brown, and yellow) saturated the 

threshold of the rt-PCR.  
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Dyrk1a AI-CADD small molecule test 1 Δ Tm test 2 Δ Tm test 3 Δ Tm average Δ 

Tm 

A01 0.5 0.5 0.5 0.50 

B01 -1.5 -2.0 -1.5 -1.67 

C01 4.0 4.0 4.0 4.00 

D01 0.0 -0.5 -0.5 -0.33 

E01 -2.5 -3.5 -2.5 -2.83 

F01 -14.5 -15.0 -15.0 -14.83 

G01 0.0 -0.5 -0.5 -0.33 

H01 0.0 0.0 0.0 0.00 

A02 -0.5 -0.5 -1.0 -0.67 

B02 0.0 0.0 0.0 0.00 

C02 0.5 0.5 0.5 0.50 

D02 1.0 1.5 1.5 1.33 

E02 0.0 0.0 0.0 0.00 

F02 0.0 -0.5 0.0 -0.17 

G02 4.5 4.0 4.0 4.17 

H02 -1.0 -1.5 -1.0 -1.17 

A03 0.5 0.0 0.5 0.33 

B03 0.5 0.0 0.0 0.17 

C03 -0.5 0.0 0.0 -0.17 

D03 0.0 0.0 0.0 0.00 

E03 -0.5 -0.5 -0.5 -0.50 

F03 0.0 0.5 0.0 0.17 

G03 0.0 0.0 0.0 0.00 

H03 0.0 0.5 0.0 0.17 

A04 0.5 0.5 0.5 0.50 

B04 0.0 0.0 0.0 0.00 

C04 0.0 0.0 -0.5 -0.17 

D04 -0.5 0.0 0.0 -0.17 

E04 0.0 0.0 -0.5 -0.17 

F04 -2.0 -3.5 -3.5 -3.00 

G04 2.5 3.0 2.5 2.67 

H04 12.5 12.0 12.0 12.17 

A05 0.5 0.5 0.5 0.50 
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B05 0.5 0.5 0.5 0.50 

C05 -1.5 -1.5 -1.5 -1.50 

D05 -1.5 -1.5 -1.5 -1.50 

E05 -0.5 -0.5 -0.5 -0.50 

F05 -0.5 -0.5 -0.5 -0.50 

G05 0.0 0.0 0.5 0.17 

H05 -7.5 -8.0 -8.0 -7.83 

A06 0.0 0.5 0.0 0.17 

B06 0.5 0.5 0.5 0.50 

C06 0.5 0.5 0.5 0.50 

D06 1.0 1.5 1.5 1.33 

E06 -0.5 0.0 0.0 -0.17 

F06 1.0 1.0 0.5 0.83 

G06 -1.0 -1.0 -1.0 -1.00 

H06 0.0 0.0 0.0 0.00 

A07 0.5 0.5 0.5 0.50 

B07 -1.0 -1.0 -0.5 -0.83 

C07 -1.5 -1.5 -1.5 -1.50 

D07 1.5 1.5 1.0 1.33 

E07 0.5 0.5 0.0 0.33 

F07 0.5 0.5 1.0 0.67 

G07 0.0 0.0 0.0 0.00 

H07 -3.0 -3.5 -3.5 -3.33 

A08 0.5 0.5 0.5 0.50 

B08 -0.5 -0.5 -0.5 -0.50 

C08 -2.0 -2.5 -2.5 -2.33 

D08 5.0 5.0 5.0 5.00 

E08 -0.5 -1.0 -1.0 -0.83 

F08 0.0 0.5 0.0 0.17 

G08 1.0 0.5 0.5 0.67 

H08 0.5 0.5 0.0 0.33 

A09 0.5 0.5 1.0 0.67 

B09 -1.0 -0.5 -0.5 -0.67 

C09 -1.0 -1.0 -1.5 -1.17 
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D09 4.0 4.5 4.5 4.33 

E09 2.5 2.0 2.5 2.33 

F09 -0.5 -0.5 -0.5 -0.50 

G09 -1.0 -1.0 -1.0 -1.00 

H09 -0.5 -0.5 -0.5 -0.50 

A10 0.0 0.5 0.0 0.17 

B10 2.5 2.5 2.5 2.50 

C10 -2.0 -1.5 -1.5 -1.67 

D10 -0.5 -0.5 -0.5 -0.50 

E10 -14.5 -15.0 -15.0 -14.83 

F10 0.0 0.0 0.0 0.00 

G10 -1.0 -0.5 -0.5 -0.67 

H10 1.5 2.0 2.0 1.83 

A11 -11.0 -11.5 -11.5 -11.33 

B11 1.0 1.0 1.0 1.00 

C11 0.0 0.0 0.0 0.00 

D11 -0.5 -0.5 -0.5 -0.50 

E11 -0.5 -0.5 -0.5 -0.50 

F11 0.0 0.0 0.0 0.00 

G11 -1.0 -1.0 -1.0 -1.00 

H11 0.0 0.0 0.0 0.00 

A12 -1.0 -0.5 -0.5 -0.67 

B12 0.5 0.5 0.5 0.50 

C12 -0.5 -0.5 -0.5 -0.50 

D12 0.5 0.5 0.5 0.50 

E12 0.0 0.0 0.0 0.00 

F12 0.5 0.0 0.5 0.33 

G12 0.0 0.0 0.0 0.00 

H12 0.0 0.0 0.0 0.00 
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Supplementary material table 4.1 results of screening test of AW AI-CADD small 

molecules against to Dyrk1a using TSA. AI-CADD small molecules were tested against 

to Dyrk1a along with DMSO as negative control in triplicates and the average of ΔTm 

determined whether the small molecule was a binder of Dyrk1a.  
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A. 

 

1 2 3 4 5 6 7 8 9 10 11 12 
 

100 80 60 40 20 10 5 4 3 2 1 0 ADP % in ATP+ADP mixture 

0 20 40 60 80 90 95 96 97 98 99 100 ATP % in ATP+ADP mixture 

B.  
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percent ATP-TO-ADP conversion

100μM 

11.74 12.23 11.06
7.88

0.00E+00

2.00E+05

4.00E+05
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C. 

 

D. 
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23.26 11.63 5.82 2.91 0.00
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Supplementary material figure 4.4 preparing for the ADP assay. A. ATP-to-ADP 

conversion standard curve was generated by mixing the appropriate volumes of ATP and 

ADP. The standard curve could be used to calculate the ATP concentration used in later 

kinase reactions. B. Dyrk1a concentration test was done with a serial dilution of Dyrk1a, 

from 2.08 μM to 0.26 μM, and no Dyrk1a as background signal. The S/B ratio was labelled 

in each column. C. Dyrktide concentration test was done with a serial dilution of Dyrktide, 

from 23.26 μM to 2.91 μM, and no Dyrktide as background signal. The S/B ratio was 

labelled in each column. D. ADP assay Z-factor test using the known Dyrk1a inhibitor 

Abemaciclib.  
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Dyrk1a AI-

CADD small 

molecule 

average °C 

ΔTm (500 

μM) 

average AMP 

activity % 

(100 μM) 

AMP 

dosage 

trend  

AMP 

best fit 

IC50 μM 

AMP 

95% 

IC50 μM 

AMP 

IC50 R 

squared 

H04 12.17 16.32 yes 0.66 0.5436 

to 

0.7601 

0.99 

B01 -1.67 55.9 yes 0.67 0.1039 

to 1.074 

0.96 

D09 4.33 53.3 yes 1.12 1.081 to 

2.194 

0.93 

E09 2.33 47.59 yes 1.73 1.394 to 

2.175 

0.95 

E10 NA 77.9 yes 1.89 1.701 to 

2.281 

0.96 

D08 5 53.18 yes 1.92 1.447 to 

2.469 

0.94 

G06 -1 63.07 yes 3.42 2.484 to 

4.884 

0.92 

G04 2.67 70.57 yes >50     

E01 -2.83 84.19 yes >50     

F06 0.83 86.96 yes >50     

D06 1.33 87.54 yes >50     

F01 NA 88.29 yes >50     

H01 0 89.52 yes >50     

G02 4.17 75.6 No       

H02 -1.17 84.84 No       

E03 -0.5 68.59 No       

E06 -0.17 79.86 No       

H06 0 88.96 No       

G09 -1 86.27 No       

E11 -0.5 73.2 No       

E12 0 61.22 No       

A01 0.5 126.53         

C01 4 113.3         

D01 -0.33 125.64         

G01 -0.33 94.77         

A02 -0.67 125.47         

B02 0 131.83         

C02 0.5 123.85         

D02 1.33 114.92         
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E02 0 97.97         

F02 -0.17 91.84         

A03 0.33 141.96         

B03 0.17 127.72         

C03 -0.17 133.15         

D03 0 131.08         

F03 0.17 97.04         

G03 0 91.72         

H03 0.17 95.8         

A04 0.5 145.66         

B04 0 139.36         

C04 -0.17 129.79         

D04 -0.17 110.52         

E04 -0.17 105.06         

F04 -3 101.92         

A05 0.5 117.6         

B05 0.5 139.31         

C05 -1.5 133.86         

D05 -1.5 129.89         

E05 -0.5 103.15         

F05 -0.5 100.53         

G05 0.17 101.05         

H05 -7.83 91.55         

A06 0.17 117.98         

B06 0.5 112.45         

C06 0.5 99.43         

A07 0.5 112.4         

B07 -0.83 106.95         

C07 -1.5 105.12         

D07 1.33 97.66         

E07 0.33 96.58         

F07 0.67 91.45         

G07 0 93.16         

H07 -3.33 92.24         

A08 0.5 107.25         

B08 -0.5 106.33         

C08 -2.33 100.03         
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E08 -0.83 91.09         

F08 0.17 90.39         

G08 0.67 90.86         

H08 0.33 90.9         

A09 0.67 102.83         

B09 -0.67 116.44         

C09 -1.17 104.88         

F09 -0.5 94.23         

H09 -0.5 93.06         

A10 0.17 113.81         

B10 2.5 90.71         

C10 -1.67 103.02         

D10 -0.5 97.17         

F10 0 90.26         

G10 -0.67 94.48         

H10 1.83 91.05         

A11 -11.33 94         

B11 1 117.92         

C11 0 110.76         

D11 -0.5 99.32         

F11 0 103.64         

G11 -1 93.19         

H11 0 92.39         

A12 -0.67 93.16         

B12 0.5 117.21         

C12 -0.5 115         

D12 0.5 104.39         

F12 0.33 93.16         
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Supplementary material figure 4.2 results of screening test of AW AI-CADD small 

molecules against to Dyrk1a using TSA and ADP assay. AI-CADD small molecules 

were tested against to Dyrk1a along with DMSO as negative control in triplicates. A. The 

average of % activity and dosage trend in the ADP assay determined whether the small 

molecule was an inhibitor of Dyrk1a. B. IC50 values were measured for the inhibitors AW 

D8, D9, E9, E10, and G6.  
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Dyrk1a DTP small 

molecule 

% 

activity  

AMP best fit 

IC50 μM 

AMP 95% IC50 

μM 

AMP IC50 R 

squared 

C01 4.80 0.036 0.02189 to 

0.05799 

0.93 

B06 1.36 0.092 0.07240 to 

0.1187 

0.97 

C02 16.55 0.239 0.09719 to ??? 0.94 

C07 20.12 1.275 0.6747 to 

2.549 

0.98 

D01 21.78 2.058 1.489 to 12.60 0.95 

C06 4.75 2.258 1.230 to ??? 0.91 

A07 25.88 2.335 1.216 to 3.945 0.93 

C03 16.51 2.370 ??? 0.69 

C08 23.70 2.406 ??? 0.59 

C10 21.33 2.582 2.145 to ??? 0.80 

A05 27.30 3.800 0.9729 to 

5.843 

0.92 

C04 12.38 4.657 1.045 to ??? 0.71 

B03 4.62 >50     

C11 19.92 >50     

A03 22.40 >50     

A08 24.87 >50     

B11 34.74       

C09 37.87       

B01 50.91       

B05 51.56       

D04 54.94       

C05 59.61       

C12 59.66       

D03 63.60       

B02 66.08       

A12 69.83       

B12 79.09       

B04 81.19       

A10 85.01       

B09 85.94       

A11 86.36       

A06 89.06       
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B10 89.08       

D02 91.03       

B08 94.04       

A09 94.31       

B07 96.87       

A02 103.32       

A04 105.50       

A01 111.53       

DMSO 100.00       
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Supplementary material table 4.3 results of screening test of DTP small molecules 

against to Dyrk1a using ADP assay. DTP small molecules were tested against to Dyrk1a 

along with DMSO as negative control in triplicates. The average of % activity and dosage 

trend in the ADP assay determined whether the small molecule was an inhibitor of Dyrk1a. 

IC50 values were measured for the inhibitors.  
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Chapter 5 

Discussion 
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Chapter 5: Discussion 

5.1 summary of early drug discovery 

The early drug discovery starts from screening compounds, identifying the target's best 

leads, and then moving to the pre-clinic phase. Drug discovery requires a huge amount of 

time, investment, and collaboration. Dedicated research and the best candidate for each 

step are required to improve the success of a project.  

 Target identification and validation is the first step and is accomplished by basic 

research. Therefore, selecting the targets that are druggable and there is a market need for 

a new therapy is the first task in starting an early drug discovery research program. SBDD 

and FBLD rely on purified protein (to form crystals and test with compounds), so obtaining 

a large amount of purified proteins by FPLC were the first experimental steps. Then, the 

screening libraries were developed for each project. We used drug-like, covalent, and 

brominate fragments to ensure structural diversity and drug-like properties. We also 

collaborated with Atomwise and utilized their AI-CADD virtual screening. We used TSA 

as the primary method in hit ID because it is rapid, low-cost, and requires minimal purified 

protein. Compounds with positive Δ Tm were determined as hits, as Δ Tm indicated binding 

and positive Δ Tm indicated binding and stabilization of the protein, and compounds that 

can bind and stabilize protein may led to greater chance of success in crystallization studies. 

TSA measuring the Tm of the target protein and can identify the change of Tm of the target 

protein when it binds to a compound. We always performed a dosage/concentration test to 

confirm the hits (binders at this stage) not a false positive.  
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 SBDD and FBLD also heavily rely on X-ray crystallography or other structural 

techniques. Once we identified the hits (binders), we used X-ray crystallography to detect 

and visualize the binding site and pattern, as this step can be critical in optimizing hits to 

leads. We collaborated with Atomwise and the Molbey Lab at UCI, to utilize the AI-CADD 

and molecule docking, respectively, for hits-to-leads. To ensure that the hits (binders) 

affected the target protein's function, we also used in vitro biochemical assays, confirming 

that the hits not only bind to target proteins but also reduce their biochemical activity. To 

summarize the early drug discovery steps in the Perry Lab, we selected target proteins and 

purified them by FPLC. We selected test libraries and screened for hits by TSA. We detect 

and visualize the binding between hits and proteins by X-ray crystallography. We confirm 

hits inhibiting proteins by in vitro assays, potentially binding assays, and improve hits by 

virtual docking. We did not rule out the compound with negative Δ Tm. Negative Δ Tm 

binders and protein co-crystallization might be hard to achieve. However, binding can be 

detected by other methods, such as NMR, ITC, SPR or cryo-EM if necessary.   

5.2 SUMO E1 Uba2/Aos1 

The first challenge for the SUMO E1 Uba2/Aos1 project was to increase the expression 

level, which was poor at 1 mg per 12 L, to greatly enable future screens and in vitro studies. 

We tested all E. coli cell strains in the Perry Lab, to optimize the expression and we also 

looked at changing the methods from co-expressing Uba2 and Aos1 to individual 

expression in case that improved overall yields. The expression level of Aos1 was much 

higher than Uba2, when co-expressed. Since Uba2 is a relatively large protein of 74 kDa 

molecular weight (and runs as 100 kDa on SDS-PAGE gels) and Aos1 with the GST tag is 
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only 60 kDa, expression of Aos1 may be easier for the E. coli system than Uba2. 

Fortunately, our data showed that Uba2 could be expressed without Aos1, with a significant 

improvement in the expression level of 1.04 mg per L of E. coli culture. Uba2 and Aos1 

were purified individually by affinity and ion exchange. Then Uba2 and Aos1 were mixed 

and purified by size exclusion and high-resolution ion exchange to reach higher than 90% 

purity Some sample is lost during each column step, but purity is important, especially for 

the structural studies. The yield was 1.8 mg of Uba2/Aos1 per L of E. coli culture. For 

other SUMOylation pathway proteins involved in the Uba2/Aos1 project, i.e.: SUMO1, 

SUMO2, and RanGap1, the expression and purification steps were more straightforward 

than Uba2/Aos1. 

 TSA studies on Uba2/Aos2 was successful. Uba2/Aos2 is a heterodimer, so the 

reaction buffer screening was completed with extra attention paid to obtaining one Tm but 

not two as observed by a former member in the Perry lab. The reaction buffer that could 

yield one peak/Tm was selected, and this Tm of Uba2/Aos1 complex was the same as Tm of 

Uba2. Uba2/Aos1 complex was used for all tests. During the TSA studies, Uba2/Aos1 was 

tested with drug-like, covalent (aiming for the activity site Cys 173), brominated fragments, 

and virtual screening DTP small molecules (focused on the ATP binding pocket). Notably, 

the covalent fragment hit LC 2A showed significantly reduced SUMOylation on RanGap1 

by western blot and 30.21 μM IC50 by the AMP assay. LC 2A showed the results as a 

promising hit, and it is worth pursuing this further in our hits-to-leads study. LC 2A will 

need to be developed into a larger small molecule, such as through the FBDD linking, 

growing, or merging approaches. 



 169 

The mechanism of covalent inhibitor has been described in the following equation (293): 

E + I ⇌ E・I ⇄ E – I 

E is the enzyme, and I is the inhibitor. E・I is the initial non-covalent complex. This step 

places the enzyme and the covalent inhibitor close enough, more specifically, the 

nucleophile of the protein and the electrophile of the covalent inhibitor. Therefore, the 

covalent bond forms and generates the E – I covalent complex. The parameters govern 

the covalent inhibitor is k2, which is the affinity of the covalent complex. Experimentally, 

the bond affinity of covalent inhibitors can be measured by surface plasmon resonance 

(SPR). A chip interacts with the affinity tag of the target protein. Then the covalent 

inhibitor will bind to the protein and then can be washed off by buffers. SPR can measure 

the mass change when the covalent inhibitor binds to the protein and when the inhibitor is 

washed off in a real-time manner. Therefore, the binding affinity (Kinact/Ki ) can be 

measured and to evaluate the covalent inhibitor.  

 Most of the DTP compounds bind to SYPRO Orange, so they were tested by the AMP 

assay and the HTRF assay. DTP C7 showed inhibition of Uba2/Aos1 by the AMP assay 

(18.41 μM IC50) and the HTRF assay (8.01 μM IC50) and promising IC50 from both assays. 

Another promising compound was DTP A7 (35.37 μM IC50 in AMP assay and 1.01 μM 

IC50 in HTRF assay). X-ray crystallography work will be the next step for these compounds 

that showed promising results in the hit ID stage, to define the binding site interactions. 

Therefore, further docking can be done to identify SAR by catalog analogs that can 

potentially improve binding affinity.  



 170 

 AW2 (docked against the ATP binding pocket by Atomwise) compounds were derived 

from a hit identified by a former member in the Perry Lab. The hit was a negative shifter 

in TSA and showed inhibition of Uba2/Aos1 in HTRF. All compounds in AW2 were tested 

by TSA and AMP assay. AW2 F5 with an IC50 of only 497.7 nM in the AMP assay had 

been the best inhibitor during the research on Uba2/Aos1. AW2 F5 was a positive shifter 

in TSA, indicating it bind and stabilized Uba2/Aos1. Notably, the co-crystal of Uba2/Aos1 

and AW2 F5 was formed. Although the crystal was still tiny, optimization of the crystal 

condition would be done in the future SAR study.  

 As Uba2/Aos1 now has promising fragment hits, small molecule hits, the compound 

in the hit-to-lead process, and finally forms preliminary crystals, it is worth continuing to 

work on this project. 

5.3 SUMO2 Ubc9 

For the SUMO2 Ubc9 project, the biggest challenge is that the activity site Cys 93 is 

located on the surface but and not in a pocket, making it harder to target Cys 93. 

Nevertheless, we tried to test Ubc9 with covalent fragments, aiming to screen for any 

fragment that could covalently bond to Cys 93. However, mass spectrometry showed that 

fragment hit LC B3 bind to Cys or Lys at the backside of Ubc9, far from Cys 93. We also 

always know that Ubc9 also functions in DNA repair by the backside, forming a 

noncovalent complex with SLD2, so LC B3 has the potential to interrupt the DNA repair 

function. The AUTAC strategy is a promising method to convert LC B3 to a degrader. To 

determine the efficiency of a degrader, a DC50 (the half of maximal degrader concentration 
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that causes the target protein 50% degradation) will be measured by i.e., in vitro p62 

oligomerization. 

5.4 SUMO E3 Pias1 

For the SUMO E3 Pias1 project, expression was very challenging. After optimization, the 

expression level was 2 mg of Pias1 per 12 L of E. coli culture, but the improvement was 

not as good as Uba2/Aos1. Therefore, we had to spend a large amount of time on protein 

work. During the size exclusion column, we noticed that Pias1 might have a multimeric 

form and a monomer form. Pias1 yield one Tm with pH 6 buffer and two Tms with other 

pH but not 6 buffers by TSA. This suggested that protonation of His residue(s) (pKa 6.0) 

mediated multimerization and it was pH dependent. We tried to screen the LC fragments 

against it. Pias1 was druggable; only the hit rate of Pias1 was the lowest among all SUMO 

projects at 2.48%. If we want to keep the Pias1 project, a future optimization of protein 

expression should be done first. A higher yield is required to support further tests. For 

example, for structure studies, X-ray crystallography requires a lot of purified Pias1. 

Considering the molecular weight of Pias1 (75 kDa), NMR will not be suitable, but cryo-

EM can also be tried. 

5.5 Dyrk1a  

Dyrk1a is the project that has progressed the furthest. The hit ID screening started using 

AI-CADD small molecules aiming for the ATP binding pocket), leading to a relatively 

high hit rate (21.9%) by TSA. We used the ADP assay to test the hits. We first used 

DYRKtide as the substrate. We showed that purified Dyrk1a had enzymatic activity, but 

more troubleshooting had to be completed to achieve a better signal/background ratio. 
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Luckily, Dyrk1a can autophosphorylate itself, and the signal/background ratio (11.06) was 

ideal after the first test. The best compound was AW H4 with 0.669 μM IC50 by the AMP 

assay. It also formed co-crystals with Dyrk1a. As a hit, AW H4 can move to the next step. 

 Recently, molecular docking was finished (DTP compounds from the Molbey Lab, 

UCI), and the best IC50 was 35.7 nM from DTP C1, which was a very promising result at 

the hits stage of a hit-to-lead study. The next step for Dyrk1a will be X-ray crystallography 

to visualize the binding between Dyrk1a and AW H4 or DTP C1, and further expand for 

lead and lead optimization. The initial co-crystals of Dyrk1a, AW H4, and D9 will be 

optimized for bigger-size crystals. Previously, we have had co-crystals of Dyrk1a and 

abemacicle, and the crystals had good size and morphology. Abemacicle can be potentially 

removed by wash steps and then the crystals can be soaked with our compounds in the 

future. Alternatively, much higher concentrations of our compound can be added to the 

crystallization drop after abemacicle Dyrk1A crystals have been grown to compete out 

abemacicle with the compound of interest. A binding study will be completed in the near-

term to obtain affinity in vitro, and we will then obtain compound potency in cells. 

Meanwhile, due to the DYKR members sharing ATP binding pocket, testing the 

compounds with Dyrk1b or other DYRK family members for selectivity is essential. 

Overall, with Atomwise and the Mobley Lab, Dyrk1a hits are encouraging and will be 

taken through our hits-to-lead pipeline for lead generation for future DMPK-focused 

studies. 
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APPENDICES 

Appendix A: Melt Curve and Derivative plots for Supplementary material table 2.1. 
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Appendix B: Ubc9 peptides for Figure 3.4 
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