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ABSTRACT 

 

Structure-based drug design is a drug discovery strategy where rational design of 

drug molecules take place based on the structural information of therapeutic targets. With 

the development of structural biology technologies such as protein crystallography and 

cryo-electron microscopy, which results in the availability of more and more proteins in a 

higher and higher resolution, structure-based drug design has become one of the most 

useful drug discovery strategy in both academia and pharmaceutical industry. This 

dissertation discusses applying structure-based drug design strategies in inhibitor 

development targeting ENL (eleven-nienteen leukemia) protein, which is an important 

protein in the mix lineage leukemia (MLL)-rearranged leukemia, and severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) main protease, a vital viral enzyme 

for its replication. 

Chapter I is a brief introduction to the topics of this dissertation. Starting with a 

short introduction of the concept of structure-based drug design, it then mainly discusses 

the molecular mechanism of the pathogenesis and potential therapeutic targets of the 

following two diseases: MLL-rearranged leukemia and COVID-19. 

Chapter II describes the development of a series of selective ENL YEATS domain 

inhibitors. ENL is a histone acetylation reader essential for disease maintenance in acute 

leukemias, especially the MLL-rearranged leukemia. The function of ENL is dependent 

on the recognition of histone acetylation by its YEATS domain, suggesting that inhibition 

of the ENL YEATS domain is a potential strategy to treat MLL-rearranged leukemia. In 
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our study, high-throughput screening of a small molecule library was carried out to 

identify inhibitors for the ENL YEATS domain. Structure−activity relationship studies of 

the hits and structure-based inhibitor design led to two compounds with IC50 values below 

100 nM in inhibiting the ENL-acetyl-H3 interaction. Both compounds and their precursor 

displayed strong selectivity toward the ENL YEATS domain over all other human YEATS 

domains. One of these compounds also exhibited on-target inhibition of ENL in cultured 

leukemia cells and a synergistic effect with the BET bromodomain inhibitor JQ1 in killing 

leukemia cells. Together, we have developed selective inhibitors for the ENL YEATS 

domain, providing the basis for further medicinal chemistry-based optimization to 

advance both basic and translational research of ENL. 

Chapter III and IV describes the development of SARS-CoV-2 main protease 

inhibitors and the assessment of their selectivity against host proteases. The COVID-19 

pathogen, SARS-CoV-2, requires its main protease (SC2Mpro) to digest two of its 

translated long polypeptides to form mature viral proteins that are essential for viral 

replication and pathogenesis. Inhibition of this vital proteolytic process is effective in 

preventing the virus from replicating in infected cells and therefore provides a potential 

COVID-19 treatment option. Guided by previous medicinal chemistry studies about 

SARS-CoV main protease (SC1Mpro), we designed and synthesized a series of peptidyl 

aldehyde inhibitors that reversibly covalently bind to the active cysteine of SC2Mpro. The 

most potent compound has an IC50 of 8.3 nM. Crystallographic analysis confirmed the 

covalent linkage between the aldehyde inhibitors and active cysteine and showed 

structural rearrangement of the apoenzyme to accommodate the inhibitors. Two inhibitors 
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completely prevented the SARS-CoV-2-induced cytopathogenic effect in Vero E6 cells at 

2.5–5 μM and A549/ACE2 cells at 0.16–0.31 μM. 

Even though a number of inhibitors have been developed for the SARS-CoV-2 

main protease as potential COVID-19 medications, little is known about their selectivity. 

Using enzymatic assays, we characterized inhibition of TMPRSS2, furin, and cathepsin 

B/K/L by 11 previously developed Mpro inhibitors. Our data revealed that all these 

inhibitors are inert toward TMPRSS2 and furin. Diaryl esters also showed low inhibition 

of cathepsins. However, all aldehyde inhibitors displayed high potency in inhibiting three 

cathepsins. A cellular analysis indicated high potency of MPI5 and MPI8 in inhibiting 

lysosomal activity, which is probably attributed to their inhibition of cathepsins. Among 

all aldehyde inhibitors, MPI8 shows the best selectivity toward cathepsin L. With respect 

to cathepsin B and K. MPI8 is the most potent compound among all aldehyde inhibitors 

in inhibiting SARS-CoV-2 in Vero E6 cells. Cathepsin L has been demonstrated to play a 

critical role in the SARS-CoV-2 cell entry. By selectively inhibiting both SARS-CoV-2 

MPro and the host cathepsin L, MPI8 potentiates dual inhibition effects to synergize its 

overall antiviral potency and efficacy. Due to its high selectivity toward cathepsin L that 

reduces potential toxicity toward host cells and high cellular and antiviral potency, we 

urge serious consideration of MPI8 for preclinical and clinical investigations for treating 

COVID-19. 
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SARS Severe Acute Respiratory Syndrome 
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SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2 

SC1Mpro Severe Acute Respiratory Syndrome Coronavirus Main Protease 



 

x 

 

SC2Mpro Severe Acute Respiratory Syndrome Coronavirus 2 Main Protease 
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CHAPTER I  

INTRODUCTION  

 

1.1 Concepts of Structure-based Drug Design 

 

1.1.1 Overview of Structure-based Drug Design Process 

Structure-based drug design (SBDD) is a drug design process which mainly relies 

on the knowledge of the three-dimensional structure of a drug target, usually a biological 

macromolecule such as a protein. It was first introduced in 1980s[1]. Over the 40 years, as 

the completion of human genome project and the outburst of technologies in structural 

biology, proteomics, computational chemistry and cheminformatics, it has become one of 

the most important drug design strategies in pharmaceutical industry and academic 

research institutions. 

The overall process of SBDD is an iterative one (Figure 1). The first step of SBDD 

is to identify a druggable target, also called a receptor, in most cases a protein. Then the 

three-dimensional structure of the drug target needs to be obtained, usually by using 

experimental methods such as X-ray crystallography or nuclear magnetic resonance 

(NMR). With the three-dimensional structure of the receptor, a potential ligand binding 

site should be identified. Once the structural information is ready, a list of hits can be 

generated from various methods. These hits need to be evaluated in various biochemical 

assays for its potency against the drug target, as well as the structural information of how 

they bind to the target. According to the feedback, the hits will need to be further optimized 
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for stronger binding affinity and better potency, which are called leads, before moving 

into the next stage of preclinical studies and clinical studies. It may take several rounds of 

such feedback cycles to achieve a satisfying drug candidate. 

 

Figure 1. A schematic flowchart for the process of structure-based drug design (modified 

from reference 1).  
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1.1.2 Identifying a Drug Target 

As the first step of SBDD, the identification of a meaningful and druggable target 

is apparently fundamental to a successful drug design process. This step is usually built 

on a biological or biochemical basis. An ideal drug target is usually a protein that is closely 

related to human phycology or diseases while its functions can be modulated upon the 

binding of a ligand. The most common proteins that obviously meet these conditions are 

enzymes, receptors, and ion channels, which consists of most known drug targets. Their 

functions rely on the intrinsic binding of native ligands (substrates, cofactors, or signal 

molecules) and therefore can be modulated by analogues relatively easily. 

Besides enzymes and receptors, more and more protein-protein interactions are 

also considered potential drug candidates recently. By using a small molecule ligand to 

block the protein-protein interaction interface, the downstream signal transduction can be 

stopped, inducing or suppressing corresponding biological effects. Such examples are 

particularly common among transcription factors, which are recruited to and usually only 

function as part of large protein complexes. 

Nevertheless, there are still many proteins that do not have a function-related 

binding pocket, which means the function of the protein cannot be altered even though a 

high affinity ligand is bound to it. These proteins were traditionally called non-druggable 

targets. However, with emerging induced protein degradation techniques such as 

proteolysis-targeting chimera (PROTAC), these proteins can be simply degraded 

specifically by the induction of drugs. A typical example for this type of targets includes 

the famous Alzheimer-causing tau protein. 
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1.1.3 Obtaining and Evaluating the Structure of Drug Target 

Once a drug target is picked, the next step is to obtain the three-dimensional 

structure of it. The accuracy of the structures is of great importance to SBDD since all the 

following design is based on it. The most common method to obtain high-resolution three-

dimensional protein structure is still X-ray crystallography, despite it has a history of over 

half a century. Additionally, newer experimental methods such as nuclear magnetic 

resonance (NMR) and cryo-electron microscopy (cryo-EM), as their resolution getting 

higher and applicability getting broader, are also being more and more used in the 

determination of protein structure for SBDD purposes. Besides experimental methods, 

computational modeling is also a potential method for obtaining three-dimensional 

structures of drug targets. Although the accuracy of computationally modeled protein 

structure is still a concern and not widely accepted as a reliable source of protein structure, 

given the rapid development of AI or machine learning technologies, it is still likely that 

AI-aided computational methods would be another important source of protein structure 

in the future. 

With an accurate protein structure, the next step for SBDD is to identify the binding 

site of the drug target. For enzymes and receptors, it usually means the active site of the 

enzyme or receptor where substrates, cofactors or signal molecules bind to. The most 

straightforward methods to identify the binding site is to obtain the structure of substrate-

bound, cofactor-bound or signal molecule-bound protein through various structural 

biology methods. Another kind of binding site is allosteric binding site. Allosteric binding 

sites are not directly related to the binding of substrates, cofactors or signal molecules. 
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However, when a ligand binds to an allosteric binding site, it triggers conformational 

change of the protein which makes the active site unable to acceptor their intrinsic ligands. 

The identification of allosteric binding site is less likely to be a rational process but more 

an occasional discovery, where in many cases is preceded with the discovery of an 

allosteric ligand. Other than enzymes and receptors, protein-protein interaction (PPI) is 

also an important, however, more challenging drug target. Unlike enzymes or receptors 

whose active sites are usually well-defined, PPI interfaces are usually large, flat and 

flexible surfaces, which makes them traditionally consider “undruggable” targets. 

However, many PPIs are characterized with “hot-spots”, which means one or a few amino 

acid residues play the most vital role in the interaction. These “hot-spots” can be starting 

point for structure-based design[2]. 

 

1.1.4 Drug Design Methods 

After the structure and binding site of a drug target are identified, the next step is 

the identification of lead compounds. Various strategies are available in this process, 

including traditional medicinal chemistry strategy that is guided by chemical modification 

of a naturally existing ligand, high-throughput screening techniques and more recent 

computer-aided strategies. In most cases, these strategies are used in combination to 

achieve the best outcome of drug discovery. 

Modifying an Existing Compound 

Enzymes and receptors have their intrinsic ligands. These ligands provide 

medicinal chemists with a good chemical template for modifications and optimizations. A 
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typical approach of this strategy is to convert an intrinsic ligand into a toxic ligand which 

occupies the active site but does not undergo the normal biological function (enzymatic 

reaction for an enzyme or signal transduction for a receptor). Before the application of 

modern drug discovery technologies such as high-throughput screening or computer-aided 

drug design, this approach is the primary drug discovery approach and is still an important 

approach in modern drug discovery. 

High-throughput Screening 

With the development of combinatorial chemistry, automated synthesis and 

compound evaluation, the preparation and evaluation of vast compound libraries is made 

possible. This lays down the basis of high-throughput screening. High-throughput 

screening greatly enlarges the chemical spaces of lead compounds from structural 

analogues of intrinsic ligands to a wide variety of chemical structures that can hardly be 

rationally identified with current understanding. 

Molecular Docking and Virtual Screening 

Molecular docking and virtual screening are now important supplementary 

methods for the identification of lead compounds in drug discovery. Its most obvious 

advantage is the convenience since it does not require any wet-lab experimentations. 

However, it comes with a price of relatively low accuracy and low reliability compared 

with other strategies. Nevertheless, with the development of computational chemistry and 

more in-depth understanding of molecular dynamics, a more accurate and dynamic 

protein-ligand binding model could be developed, which could greatly boost the accuracy 

of molecular docking and facilitate more efficient drug design. 
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1.2 MLL-rearranged Leukemias and Targeted Therapies 

 

1.2.1 MLL1 Gene and MLL-rearranged Leukemias 

Mixed-lineage leukemia 1 (MLL1) gene is located on chromosome 11q23. It is 

often found to be disrupted in a specific group of acute leukemia, called MLL-rearranged 

leukemia (MLL-r leukemia), which makes up 80% of acute leukemia cases in infants and 

10% of all leukemia cases. The MLL-r leukemia, being one of the most aggressive and 

deadly leukemia subtypes, usually has much higher resistance to traditional 

chemotherapies compared with non-MLL-rearranged leukemias, leading to a low 5-year 

survival rate. Besides the lives it claims, those who survived also suffer from long-term 

adverse effects due to the intensive treatment they received and high risk of relapse[3]. 

Normal MLL1 gene expresses a 431-kDa nuclear protein with histone 

methyltransferase activity. The structure of MLL was first depicted by Tkachuk et al. and 

Gu et al[4, 5]. On its N-terminal side, MLL contains a Menin binding domain, which plays 

an important role in the functions of MLL fusion proteins and the initiation of 

leukemogenesis[6]. The N-terminus also contains AT-hook motifs for DNA binding, 

speckled nuclear localization domains 1 and 2 (SNL-1 and SNL-2), and two repression 

domains (RD1 and RD2). The middle part of MLL contains four plant homeodomain 

(PHD) fingers and a bromodomain. The C-terminal part of MLL contains a transcriptional 

activating domain (AD) and a SET domain, which is the catalytical domain for its 

methyltransferase activity (Figure 2). 
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Figure 2. Overview of MLL and MLL-fusion protein structures (modified from reference 8). 

(A) Structure of native MLL protein. The interactions between MLL and other proteins are shown 

by arrows and dashed lines. (B) Structure of MLL-fusion proteins. 

After the translation, the MLL polypeptide is proteolytically cleaved by Taspase 1 

into two polypeptides[7], named MLLN and MLLC. These two polypeptides form a 

complex through the interaction between PHD domains and FYRN domain on MLLN and 

the FYRC domain on MLLC. The proteolysis and the formation of MLLN-MLLC complex 

is the first step to the maturation and stabilization of MLL. Further, the complex associates 

with many other cofactors to form a larger biological complex which plays essential role 

in gene transcription. These cofactors include MENIN, HCF1/2, ASH2L, RBBP6, WDR5 

CBP/p300, etc. (Figure 2A)[8]. 
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In MLL-r leukemias, due to chromosomal translocation, MLL protein lost its C-

terminal part, including all four PHD fingers, bromodomain, activating domain and SET 

domain[9]. The N-terminal part, including AT-hook DNA binding motifs and repression 

domains, is found to be fused with over 60 different kinds of proteins, including nuclear 

proteins, cytoplasmic proteins, and membrane-bound proteins[10]. Among all these fusion 

partners of MLL, nuclear proteins, such as AF4, AF9, ENL, which directly or indirectly 

recruit components for the cellular transcriptional machinery, accounts for the vast 

majority of MLL-r leukemias[11] (Figure 2B).  

 

1.2.2 Molecular Basis for MLL-rearranged Leukemogenesis 

MLL is required for the expression of several posterior homeobox (Hox) genes, 

some of which are known to facilitate the proliferation of immature hematopoietic 

progenitors[12, 13]. MLL fusion proteins, generally targeting the same set of genes as wild-

type MLL, constitutively activates the transcription of these genes, leading to over-

proliferation of immature hematopoietic progenitors and causing leukemia eventually[14]. 

It is predicted that the MLL portion of MLL fusion proteins plays the most important part 

in the recognition of target genes, most likely attributing to the N-terminal Menin binding 

domain[6], while their fusion partners causes the constitutive transcriptional activation[8]. 

Despite of their huge diversity, the fusion partners of MLL can be generally categorized 

into four types according to their molecular mechanisms of leukemogenesis. 

Recruitment of AEP Complex 
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One type of the MLL fusion partners is AF4 family proteins (including AF4, 

AF5q31 and LAF4) and ENL family proteins (ENL and AF9), which accounts for the 

most cases in MLL-r leukemias[10, 15]. These proteins are all members of the AF4 

family/ENL family/P-TEFb complex (AEP complex), which plays an important role in 

the transcriptional elongation process and is also referred to as super elongation complex 

(SEC)[16-18]. The fusion between AEP complex members and MLL caused the recruitment 

of other AEP proteins and the formation of MLL-AEP hybrid complex to MLL-targeted 

genes and hence the abnormal transcription of those genes, which leads to leukemia[19] 

(Figure 3).  

 

Figure 3. Formation of MLL/AEP hybrid complex (modified from reference 8). (A) 

MLL/AEP hybrid complex formed through fusion with AF4 family proteins. (B) MLL/AEP hybrid 

complex formed though fusion with ENL family proteins. 

Recruitment of DOT1L Complex 

AF10 family proteins are another type of commonly seen MLL fusion partners, 

which makes up approximately 8% of total MLL-r leukemia cases[10]. AF10 and its 

homologue AF17 are known to form a complex with histone H3K79 methyltransferase 

DOT1L[20]. There is evidence showing that the methyltransferase activity of DOT1L plays 
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a critical part in the leukemogenesis of MLL-AF10 fusion proteins[21]. Inhibiting DOT1L 

activities also showed promising results in suppressing MLL-r leukemia cells[22]. It is 

noteworthy that ENL family proteins can also form complex with DOT1L and AF10[23, 

24], but the leukemogenic transformation of MLL-ENL/AF9 is primarily caused by MLL-

AEP hybrid complex[24]. Nevertheless, DOT1L also indirectly facilitate MLL-ENL/AF9-

mediated-leukemogenesis through H3K79 methylation in MLL-AF9/ENL targeted loci[25-

27] (Figure 4A). 

 

Figure 4.  Formation of MLL/DOT1L hybrid complex (A) and MLL-CBP/p300 fusion 

protein (B) (modified from reference 8). 

Mimicry of MLL Active Form by CBP/p300 Association 

CBP/p300 family proteins are also found to be fused with MLL in rare cases of 

MLL-associated leukemias. MLL-CBP family fusion proteins transform hematopoietic 

progenitors through the bromodomain and histone acetyltransferase domain of CBP[28], 

presumably by enhancing histone acetylation at MLL target chromatin loci which leads to 

higher chromatin accessibility. Besides, MLL is also found to fuse with CBP binding 

proteins, such as AFX, in which the binding between AFX and CBP is crucial for the 

leukemogenesis[29]. Since wild-type MLL also associate with CBP[16, 30, 31], it is likely that 



 

12 

 

this category of MLL fusion proteins confer leukemic effects through the mimicry of wild-

type MLL activity by the involvement of CBP family proteins[8, 32] (Figure 4B). 

Fusion-partner-mediated MLL Dimerization 

Some MLL fusion partners contain dimerization or oligomerization domains. 

When MLL is fused with these proteins, the dimerization or oligomerization between the 

fusion partner portion results in the dimerization or oligomerization of the entire MLL 

fusion protein, which confers leukemogenic transformation[33-36]. Such mechanism might 

explain the vast diversity of MLL fusion partners, especially those cytoplasmic proteins 

which have little involvement in the regulation of gene transcription. The most common 

fusion partner under this category is AF6, consisting of 4% of all MLL-r leukemia[10]. 

Although the molecular mechanism of how MLL dimerization triggers oncogene 

expression is still elusive, there is evidence indicating the transforming ability of MLL-

AF6 is also related to DOT1L and AEP complexes[15, 37] (Figure 5). 

 

Figure 5. Formation of MLL-AF6 fusion protein and mediated MLL dimerization (modified 

from reference 8). 

 

1.2.3 Development of Targeted Therapeutics for MLL-rearranged Leukemias 
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MLL-r leukemias typically are more resistant to traditional chemotherapies than 

other types of leukemias and are notorious for their poor outcomes of treatment. Thus, 

targeted therapeutics for the treatment of MLL-r leukemias are in great need. 

With improvement in the understanding of pathogenesis of MLL-r leukemias, 

there have been several targeted therapeutics specifically developed for MLL-r leukemias. 

These inhibitors include agents that directly disrupt the interacting between Menin and 

MLL[38, 39], or interfere with the formation or the function of the transcriptional complexes 

that are recruited to MLL target genes, such as DOT1L inhibitors[22, 40-42], BET 

inhibitors[43-45], CBP/p300 inhibitors[46, 47] and LSD-1 inhibitors[48-51]. Besides, some 

agents targeting other non-MLL-specific pathways are also found effective against MLL-

r leukemias, including BCL-2 inhibitors[52], FLT3 inhibitors[53] and etc. This introduction 

will mainly focus on the development of inhibitors that target pathways more specific to 

MLL rearrangement. 

Menin-MLL Inhibitors 

Menin binds to MLL through a five amino-acid binding motif on the N-terminal 

section of MLL, which is usually preserved in MLL fusion proteins. Inhibitors that 

interrupt the interaction between MLL and Menin can prevent MLL from recognizing and 

activating downstream oncogenes and thus inhibit the proliferation of MLL-r leukemia 

cells. The first Menin-MLL interaction inhibitor was reported by Grembecka et al in 2012, 

where a small molecule named ML-2 with piperazinyl pyrimidine fragment showed sub-

micromolar binding affinity to Menin[38]. Treating MLL-AF9/ENL leukemia cells with 

the compound also inhibited cell proliferation and downregulated the expression of Hoxa9 
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and Meis1 genes, which are known MLL-targeted oncogenes. These results demonstrated 

the feasibility of Mein-MLL interaction as a therapeutic target. 

Based on the results of ML-2 and the crystal structure of the ML2-MLL 

complex[54], structural based drug development leads to a much more potent inhibitor 

named VTP50469 (Figure 6), which also showed good efficacy in animal models and 

PK/PD properties[39]. Currently, a close analogue of this compound, SNDX-5613 (Figure 

6) is under clinical trial for the treatment of MLL-r leukemia.  

 

Figure 6. Chemical structures of ML-2, VTP-50469 and SNDX-5613. 

DOT1L Inhibitors 

DOT1L is a histone H3K79 methyltransferase that uses S-adenosylmethionine 

(SAM) as its methyl donor. As mentioned above, it can form complexes with several MLL 

fusion partners and thus plays an important role in MLL-related leukemogenesis[11]. 

According to the enzyme mechanism and the structure of its active pocket, early inhibitor 

development focused mostly on chemical analogues of SAM. Among them, EPZ004777 

(Figure 7) was the first DOT1L inhibitor that showed anti-proliferative activity against 

MLL-r leukemia cells[22]. Based on that result, further development gave a highly potent 
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and selective inhibitor named pinometostat (EPZ-5676, Figure 7), which displayed rapid 

anti-leukemia efficacy in mouse model[40]. Its phase I clinical trial has shown some 

moderate efficacy toward a subset of MLL-r leukemia patients[41] and combination 

therapies with other anti-cancer agents are also under evaluation.  

One of the drawbacks of SAM-based DOT1L inhibitors is the low bioavailability 

due to the adenosyl fragment in a molecule, which renders them unsuitable for oral 

administration. To overcome the pharmacokinetic limitations of SAM-based inhibitors, 

Stauffer et al applied a high-throughput screening (HTS) strategy and identified a hit with 

single-digit micromolar binding affinity to DOT1L[42]. Instead of binding to the active 

pocket of DOT1L, this compound binds to an adjacent pocket to DOT1L active site and 

is still mutually exclusive with SAM. Further structural optimization of this hit lead to a 

potent, bioavailable inhibitor (compound 10, Figure 7) that displayed promising anti-

leukemia efficacy in cells and mouse models. 

 

Figure 7. Chemical structures of EPZ004777, EPZ-5676 and compound 10. 

BET Inhibitors 

Bromodomains (BD) are important epigenetic readers that specifically recognize 

lysine acetylation on histones, which usually marks the accessibility of chromatin and 

activation of gene transcription. Bromodomain containing protein 4 (BRD4), a member of 
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bromodomain and extra-terminal (BET) family consisting of four members (BRD2, BRD3, 

BRD4 and BRDT) is found to play key roles in MLL-r leukemia, presumably through the 

association with MLL-fusion-related complexes and activation of oncogene 

transcription[43, 44]. 

The earliest BET inhibitors were designed based on diazepine core structures, 

including JQ-1[55] and I-BET[56] (Figure 8). In subsequent studies, JQ-1 showed sub-

micromolar activity against the proliferation of multiple leukemia cell lines including 

those with MLL rearrangement[43]. Despite of its high potency, JQ-1 has not been 

evaluated in any clinical trials due to its short half-life in vivo, but it has been widely used 

as a chemical probe to study the biological functions of BET proteins. Soon after JQ-1, I-

BET151 was reported as another small molecule BET protein inhibitor[44]. I-BET151 has 

a non-diazepine core structure but also binds to bromodomains the same manner as JQ-1. 

It also showed high efficacy selectively against MLL-fusion leukemia cells. 

In 2013, Fish et al and Picaud et al identified a chemical probe named PFI-1 

(Figure 8) with a novel dihydroquinazoline-2-one structure as a potent BET inhibitor[45, 

57]. Compared with JQ-1 and I-BET151, PFI-1 adopts a slightly different binding pattern, 

although they all occupy the same N-acetyl lysine recognition pocket. In vitro and in vivo 

studies demonstrated its efficacy against several leukemia cell lines with MLL-AF4 and 

MLL-AF9 fusions. 

It is noteworthy that BET inhibitors showed preclinical indications in a wide 

diversity of cancers and some non-oncology diseases such as diabetes and cardiovascular 

diseases, which implies BET family proteins play complicated roles in different cells and 
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tissues[58, 59]. This indicates the selectivity among different BDs in BET family should be 

an important factor to consider in the development of new inhibitors. 

 

Figure 8. Chemical structures of JQ-1, IBET-151 and PFI-1. 

CBP/p300 Inhibitors 

CBP/p300 family proteins are two closely related histone acetyltransferases (HAT), 

containing a bromodomain and a catalytical HAT domain. In leukemias with MLL-

CBP/p300 fusion, the bromodomain and the HAT domain play key roles in maintenance 

of the leukemogenic transformation ability of the fusion protein[28]. This inspires drug 

development by targeting the bromodomain or HAT domain of CBP/p300. 

Based on previously reported BET bromodomain inhibitors such as JQ-1, which 

also showed weak inhibition of CBP/p300 bromodomain, Popp et al discovered I-CBP112 

(Figure 9) as a selective inhibitor for CBP/p300 bromodomain through screening a 

commercial library and a comprehensive structure-activity relationship study[60]. I-

CBP112 has a 134 nM affinity to CBP bromodomain. With a 2,3,4,5-tetrahydro-1,4-

benzoxazepine backbone, it functions similarly to other BET inhibitors by mimicking N-

acetyl lysine in the binding pocket. Picaud et al performed in vitro and in vivo assays. 

Although I-CBP112 did not show immediate cytotoxicity to leukemia cells, it inhibited 
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the clonogenic growth of multiple leukemia cell lines including the one with MLL-CBP 

fusion and induced the morphological change of cells, implying I-CBP112 might induced 

differentiation of those leukemia cells[46]. 

 

Figure 9. Chemical structure of ICBP-112. 

LSD1 Inhibitors 

LSD1 is a flavin-dependent monoamine oxidase that specifically demethylates 

H3K4 and H3K9. Despite that no evidence shows LSD1 directly associates with MLL or 

MLL-related complexes, it is speculated that its chromatin-modulating function might 

make it a potential drug target for MLL-r leukemia as well. In 2012, Harris et al. reported 

that tranylcypromine (TCP, a known monoamine oxidase inhibitor that is used for 

depression treatment, Figure 10) and their more selective analogues impaired clonogenic 

potential and induced differentiation of MLL-r leukemia cells[48], demonstrating the 

feasibility of this speculation. 

With this starting point, more potent and selective LSD1 inhibitors were developed 

based on the structure of TCP. In 2016, Feng et al reported a series of compounds that 

showed low nanomolar IC50s in vitro against LSD1 specifically (Figure 10)[49]. These 
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compounds all bear the same N-substituted piperazinyl amide moiety on the original 

primary amine of TCP and different 4-position substitutions on the phenyl ring. Among 

them, compound 1 with a flexible 4-benzyl substitution showed the highest potency with 

an IC50 of 9.8 nM and similar EC50 for MLL-rearranged leukemia cells, while their EC50 

against non-MLL leukemia cells were over 20 µM[49]. In 2018, Maes et al. reported ORY-

1001 (Figure 10), also derived from TCP, as another potent and selective LSD1 inhibitor 

that showed strong inhibition both in vitro and in vivo against MLL-rearranged leukemia 

cells[50]. The mechanism of action of LSD1 inhibitors in leukemia cells were further 

confirmed by the gene-specific increase of H3K4me2 level. This compound together with 

azacitidine as a combined therapy is currently under phase II clinical trial for the treatment 

of AML. 

 

Figure 10. Chemical structures of tranylcypromine, compound 1 and ORY-1001. 

 

1.2.4 Summary 

MLL-rearranged leukemia is one of the most aggressive subtypes of leukemia. 

From the molecular basis, the pathogenic mechanism is due to the formation of abnormal 

MLL-fusion proteins caused by chromosomal translocation.  These MLL-fusion proteins 
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interfere with the transcription of genes that control the proliferation and differentiation 

of immature hematopoietic progenitors, eventually leading to leukemias. 

There are over 60 MLL-fusion partners that have been identified. Most of them are 

nuclear proteins that are part of cellular transcription machinery. Through identifying 

different MLL-fusion partners and understanding the biological functions they play in 

MLL-related leukemogenesis, specific targeted therapies can be developed for the 

treatment of MLL-r leukemias. However, due to the diverse and complex nature of MLL-

related leukemogenesis, many of the biological processes remain to be elucidated, which 

leaves great challenge and space for further research and drug development.  

 

1.3 SARS-CoV-2 and Its Main Protease as Drug Target 

 

1.3.1 COVID-19 and SARS-CoV-2 Life Cycle 

The COVID-19 pandemic emerged in December 2019 has greatly influenced the 

globe since its outbreak. By June 2021, it has affected over 200 countries and caused over 

3 million of deaths in the world. Despite of the successful prevention of wide transmission 

in some countries due to strict lockdown policies or rapid vaccination for the public, the 

much of global population is still under immediate threaten of this deadly virus, especially 

in developing countries in Africa and southeastern Asia due to poor infrastructure, lack of 

public health resources and limited supply of vaccines. Recent reports of highly 

contagious mutants of the virus also indicate the severity of the situation. Under such an 

urgency, it is very unlikely that the global society can stop the pandemic purely relying on 
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vaccination without the combination with effective COVID-19 treatments. The 

development of anti-SARS-CoV-2 therapies is of great importance and urgency right now. 

SARS-CoV-2 is the pathogen that causes COVID-19. It is an RNA virus that use 

positive single-stranded RNA as its genome. The genome of SARS-CoV-2 has a length of 

29.9 kb, which shares about 82% sequence identity with SARS-CoV and > 90% sequence 

identity for essential enzymes and structural proteins[61]. SARS-CoV-2 has four structural 

proteins: spike (S) protein, envelope (E) protein, membrane (M) protein and nucleocapsid 

(N) protein. These proteins share high sequence identity with that of SARS-CoV and 

MERS-CoV. 

SARS-CoV-2 relies on its Spike protein to recognize its host cell-surface receptor, 

ACE2 receptor, through the receptor binding domain (RBD). Upon binding, Spike protein 

is preactivated by membrane serine proteases TMPRSS2 and furin which facilitates the 

fusion of virus into host cell membrane and its endocytosis[62, 63]. In endosomes and 

lysosomes, Spike protein is further digested by proteases, primarily cathepsin L[64], which 

results in the release of viral RNA into cytosol. Then the viral RNA will hijack the host 

ribosomes for translation, producing polypeptides that will undergo proteolytic cleavage 

to form 15 essential non-structural proteins (NSP, Table 1). These NSPs will then start to 

function in different aspects of the replication and release of virus, including the 

replication of viral RNA, proteolytic maturing of viral proteins, the packaging of and the 

exocytosis of new virions. Among these NSPs, Nsp3 (papain-like protease), Nsp5 (main 

protease) and Nsp12 (RNA-dependent RNA polymerase) are proposed to play the most 

essential roles in the replication process and thus are the most studied and the most 
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promising therapeutic targets for the development of antiviral agents against SARS-CoV-

2[61]. 

Table 1. List of non-structural proteins in SARS-CoV-2 and their molecular functions[61]. 

Protein 

Name 

Description and Proposed Function 

Nsp1 N-terminal product of the viral replicase 

Nsp2 Replicase product essential for proofreading viral replication 

Nsp3 

Papain-like proteinase, responsible for cleavage of the translated 

polyprotein into distinct proteins 

Nsp4 

A membrane-spanning protein believed to anchor the viral replication-

transcription complex to modified ER membranes 

Nsp5 

Main protease, involved in viral polyprotein processing during 

replication 

Nsp6 

Putative transmembrane domain; initial induction of autophagosomes 

from host endoplasmic reticulum 

Nsp7 Cofactor of RNA-dependent RNA polymerase 

Nsp8 Cofactor of RNA-dependent RNA polymerase 

Nsp9 A single-stranded RNA-binding viral protein 

Nsp10 

Growth-factor-like protein contains two zinc-binding motifs, plays an 

essential role in viral mRNAs cap methylation 

Nsp11 Made of 13 amino acids; unknown function 
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Nsp12 

RNA-dependent RNA polymerase, responsible for replication and 

transcription of the viral RNA genome 

Nsp13 A helicase core domain that binds ATP 

Nsp14 

Proofreading Exoribonuclease domain with exoribonuclease activity 

acting in a 3′ to 5′ direction and N7-guanine methyltransferase activity 

Nsp15 Mn2+-dependent endoribonuclease 

Nsp16 

2′-O-ribose methyltransferase that mediates mRNA cap 2′-O-ribose 

methylation to the 5′-cap structure of viral mRNAs 

 

1.3.2 Potential Therapeutic Targets for SARS-CoV-2 

Main Protease (Mpro) and Papain-like Protease (PLpro) 

Mpro (also referred to as 3CLpro, Nsp5) and PLpro (Nsp3) of SARS-CoV-2 are 

two cysteine proteases that cleaves the polypeptide translated from viral RNA into the 

non-structural and structure proteins which play a vital role in the replication of packaging 

of new viruses.  

After the translation of viral mRNA, the translated polypeptide will undergo an 

autocatalytic process that produces mature Mpro. Then Mpro will catalyze the cleavage 

of the polypeptide at 11 different sites to release Nsp4 to Nsp16[65]. Therefore, Mpro is 

considered as one of the most important NSPs of the virus. Mpro of SARS-CoV-2 has a 

remarkably high sequence identity of 96% to SARS-CoV Mpro, implying that previously 

developed inhibitors for SARS-CoV Mpro are very likely to have good potency on SARS-

CoV-2 Mpro as well. This provides a good starting point for new inhibitor design. 
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PLpro cleaves the translated viral polypeptide at 3 different sites that releases Nsp1, 

Nsp2 and Nsp3. Besides, it also has deubiquitinase activity against host cell proteins, such 

as the cleavage of ubiquitin like interferon-stimulated gene 15 protein (ISG15) from 

interferon responsive factor 3 (IRF3), which leads to attenuation of host immune 

responses[66]. The sequence identity between SARS-CoV PLpro and SARS-CoV-2 PLpro 

is 83%, which is not as high as that of Mpro, The crystal structures of both proteases have 

been determined which greatly facilitated the inhibitor design process[67, 68]. 

RNA-dependent RNA Polymerase (RdRP) 

A crucial process in SARS-CoV-2 life cycle is the replication of its genomic RNA. 

This process is accomplished by a multi-component machinery consisting of several NSPs 

including Nsp7, Nsp8 and Nsp12. Among them, Nsp12 is a key component, functioning 

as the RNA-dependent RNA polymerase (RdRP) which catalyzes the synthesis of viral 

RNA. Therefore, Nsp12 is considered as an important therapeutic target, while Nsp7 and 

Nsp8 are considered cofactors that help Nsp12 bind more tightly to RNA[69, 70]. But 

disruption the formation of Nsp7/Nsp8/Nsp12 could also be another target. 

Similar to Mpro, Nsp12 (RdRP) of SARS-CoV-2 also shares a remarkable 96% 

sequence identity to that of SARS-CoV. The complex structure of RdRP with Nsp7 and 

Nsp8 has also been determined with cryo-electron microscopy at a resolution of 2.9 Å[71]. 

Spike Protein 

Spike protein is a structural glycoprotein located on the surface of the virus. It is 

the major protein that interacts with the ACE2 receptor on the surface of host cells and 

mediates the invasion into cells. Spike protein recognizes ACE2 receptor through its RBD 
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domain. The structure of the complex between SARS-CoV-2 Spike and ACE2 receptor 

has also been determined[72, 73]. Compared with SARS-CoV Spike protein, SARS-CoV-2 

Spike protein has a comparable binding affinity to ACE2 receptor and its RBD domain 

solely even has a higher binding affinity[63]. Given the nature of the interaction between 

Spike and ACE receptor as a protein-protein interaction, rational inhibitor design could be 

challenging. But Spike protein could be a promising target for the development of vaccines 

and antibody drugs. 

Another possible therapeutic target related to Spike protein comes from its pre-

activation by host proteases. Upon binding to ACE2 receptor, Spike protein will be 

activated through proteolytic cleavage by human proteases such as TMPRSS2 and furin[62, 

63]. Lysosome cathepsins also facilitate the entry of SARS-CoV-2[64]. Inhibition of these 

host proteases have already shown inhibitory effects of viral entry[62-64]. Therefore, 

selective inhibition of some host proteases that play a vital role in facilitating viral entry 

could be a potential strategy against SARS-CoV-2. 

 

1.3.3 Drug Development against SARS-CoV-2 Mpro  

Viral protease is one of the most common therapeutic targets for the development 

of antiviral agents. Since the last outbreak of SARS-CoV in 2003, SARS-CoV-2 main 

protease has drawn much attention for drug discovery research as a potential antiviral 

therapeutic target. A number of potent main protease inhibitors have been developed[74]. 

Since the high sequence identity between SARS-CoV-2 main protease and SARS-CoV 

main protease, many SARS-CoV main protease inhibitors have the potential to potently 
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inhibit SARS-CoV-2 main protease as well and serve as the starting point for the discovery 

and optimization of SARS-CoV-2 main protease inhibitors.  

Covalent Inhibitors 

SARS-CoV and SARS-CoV-2 main proteases are both cysteine proteases. This 

feature makes the development of covalent inhibitors that chemically react and inactivate 

the catalytical cysteine an attractive option. Many covalent inhibitors based on various 

warheads, including aldehydes and their bisulfate adducts[75, 76], nitriles[77], ketoamides[78], 

active esters[79], vinyl sulfones[80] and acrylates[81], have been developed. Some of these 

inhibitors are shown in Figure 11. Many of these inhibitors have nanomolar potency 

against SARS-CoV-2 main protease in vitro. Based on the mechanism of action, these 

covalent inhibitors can be further categorized into reversible covalent inhibitors, including 

aldehydes, nitriles, ketoamides and active esters, and irreversible covalent inhibitors 

including vinyl sulfones. 
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Figure 11. Structures of selected covalent inhibitors for SARS-CoV-2 main protease. The 

warhead functional groups that react with active cysteine are highlighted.  

Non-covalent Inhibitors 

Compared to covalent inhibitors, non-covalent inhibitors are being paid less 

attention to by medicinal chemists, partially due to their less potency (they typically have 

an IC50 between 1 to 10 µM) compared with their covalent counterparts with nanomolar 

inhibition. Nevertheless, there are still quite a few non-covalent inhibitors identified. 

Many of these compounds are identified through high-throughput screening[81, 82] or 

isolated and derived from traditional Chinese medicine that showed some efficacy in 

China’s early-stage clinical treatment to COVID-19 patients[83, 84]. 
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Figure 12. Structures of selected examples of non-covalent inhibitors for SARS-CoV-2 main 

protease.



*Reprinted with permission from X. R. Ma, L. Xu, S. Xu, B. J. Klein, H. Wang, S. Das, 

K. Li, K. S. Yang, S. Sohail, A. Chapman, T. G. Kutateladze, X. Shi, W. R. Liu, and H. 

Wen. Journal of Medicinal Chemistry Article ASAP, DOI: 

10.1021/acs.jmedchem.1c00367. Copyright 2021 American Chemical Society. 
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CHAPTER II  

STRUCTURE-BASED DRUG DEVELOPMENT FOR HUMAN ENL YEATS 

DOMAIN* 

 

2.1 Introduction 

 

Post-translational modifications (PTMs) of histones play an important role in the 

epigenetic regulation of gene expression. These modifications serve as binding sites to 

recruit reader proteins, which in turn transduce the epigenetic signals into downstream 

functional outcomes[85, 86]. In addition to small compounds that modulate enzymatic 

activities of the histone-modifying enzymes, perturbations of reader-histone interactions 

also provide attractive therapeutic potentials. One such example is the BET bromodomain 

inhibitors[44, 55]. Bromodomains are known as readers of histone acetylation[87]. Recent 

studies from our laboratories and others have identified the YEATS domains as a new 

family of epigenetic readers that bind to not only histone acetylation but also other types 

of acylations such as crotonylation[88-98].  

The YEATS domain, named after its five founding members (Yaf9, ENL, AF9, 

Taf14 and Sas5), is evolutionarily conserved from yeast to human[99]. The human genome 

encodes four YEATS domain-containing proteins: ENL, AF9, YEATS2 and GAS41 that 

all associate with chromatin-associated protein complexes[100, 101]. ENL and AF9 are 

paralogues that share a similar protein structure including a highly conserved YEATS 
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domain. Both ENL and AF9 are subunits of the super elongation complex (SEC) and the 

complex of the histone H3K79 methyltransferase DOT1L, but mutually exclusive[24, 102]. 

We and others previously showed that ENL, but not AF9, is required for disease 

maintenance in acute leukemias, in particular the MLL-rearranged leukemia[96, 103]. 

Depletion of ENL or disrupting the interaction between its YEATS domain and acetylated 

histones suppresses leukemia progression. In addition, hotspot ENL YEATS domain 

mutations were found in Wilms’ tumor patients[104, 105]. We showed that the reader 

function of the ENL YEATS domain is indispensable for the gain-of-function mutations 

in the oncogenesis of Wilms’ tumor[106]. Together, all these studies suggest that the 

YEATS domain of ENL is an attractive therapeutic target.  

The acetyllysine binding pocket of the ENL YEATS domain is a long and narrow 

hydrophobic channel, making it a potentially good target for developing small-molecule 

inhibitors[96]. Indeed, recent publications of acetyllysine competitive small compounds 

and peptide-mimic chemical probes demonstrate that the ENL YEATS domain is 

pharmacologically tractable[107-113]. The peptide-mimic chemical probes showed slightly 

higher potency to the ENL YEATS domain than other YEATS domains, largely due to 

interactions outside of the acetyllysine binding pocket[111]. In contrast, the small molecule 

ENL inhibitors reported so far failed to distinguish ENL from its close paralogue AF9. In 

addition, none of these small molecule compounds showed significant impact on ENL-

dependent leukemia cell growth, suggesting that development of potent, selective ENL 

YEATS domain inhibitors is in great need. Here we report the discovery of small-molecule 

compounds that exhibit preferential binding to ENL compared to AF9 and other YEATS 
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domain proteins. Two compounds, 11 and 24, displayed IC50 values below 100 nM in 

inhibiting the ENL-acetyl-H3 interaction in vitro. In leukemia cells, compound 7 reduced 

ENL target gene expression and suppressed leukemia cell growth. In addition, 7 exhibited 

a synergistic effect with the BET bromodomain inhibitor JQ1 in killing leukemia cells. 

Our study provided valuable selective ENL chemical probes and potential leads for further 

medicinal chemistry-based optimization to advance both basic and translational research 

of ENL. 

 

2.2 Results and Discussion 

 

2.2.1 High-throughput Library Screen for ENL YEATS Domain Inhibitors  

In order to identify small molecule inhibitors for the YEATS domain of ENL, we 

first established an AlphaScreen assay system for high-throughput screening (HTS) of 

small molecule compounds. In this assay system, two analytes, a 6×His-tagged ENL 

YEATS domain (His-ENL) and a biotin-H3K9ac peptide (histone H3 residues 1-21 with 

an acetylation at Lys 9) were immobilized on Perkin Elmer Ni2+-chelating acceptor and 

streptavidin donor beads, respectively (Figure 13). Protein and peptide dose-response 

assays determined optimal concentrations of His-ENL and biotin-H3K9ac to be 100 nM 

and 30 nM, respectively (Figure 13B and Figure 13C). We also determined the optimized 

Alpha-beads concentration to be 10 µg/mL. This assay system was further evaluated in a 

high-throughput setting in 384-well plates. Inter-plate variations were measured between 

two separate plates and on two separate days, yielding robust and highly reproducible 
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results with high signal/background (S/B) ratio (39.02), low coefficient of variation 

(3.5%), and an excellent Z’ factor (0.92) (Figure 13D). DMSO tolerance of the assay (0.1-

1%) indicated that the Alpha signals were maintained at 95% and 85% in the presence of 

0.1% and 0.5% DMSO, respectively. We also set up a counter assay using a biotin-14xHis 

peptide to eliminate compounds that interfere with AlphaScreen assay components. 

Together, these data demonstrate that the AlphaScreen assay we developed is suitable for 

high-throughput screening of ENL inhibitors, with superior sensitivity and reproducibility. 

 

Figure 13. Development of an AlphaScreen assay detecting the interaction between His-ENL 

YEATS domain and biotinylated H3K9ac peptide.  (A) A schematic representation of the 

developed AlphaScreen assay. (B) Alpha signals when different concentrations of His-ENL 

YEATS were titrated into 30 nM of H3K9ac peptide. (C) Alpha signals when different 

concentrations of the H3K9ac peptide were titrated into 100 nM of His-ENL YEATS. (D) The 

developed AlphaScreen assay produces robust and highly reproducible signals in the detection of 

the interaction between His-ENL YEATS and H3K9ac peptide. 

After adapting the AlphaScreen-based HTS system to an automated format for 

ENL (100 nM His-ENL, 10 nM biotin-H3K9ac, 0.1% DMSO, and 2.5 µg/mL Alpha 

beads), we proceeded to screen a small molecule library of 66,625 compounds with 
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diverse chemical scaffolds. Non-fragment compounds were screened at a concentration of 

10 µM and fragment-based compounds were screened at a concentration of 50 µM. In the 

primary screen, we obtained 4648 hits with above 50% inhibition. Confirmation and 

counter assays yielded 524 compounds with above 60% inhibition of the His-ENL–

H3K9ac interaction and below 20% inhibition of the counter screen. We then subjected 

the top 100 compounds to full dose-response curve validation and obtained 37 compounds 

with IC50 values below 5 µM, including 8 compounds with IC50 below 1 µM.  

 

2.2.2 Structure-based Inhibitor Design and Structure−activity Relationship Studies 

Among the top 8 hits that have an IC50 value below 1 µM, five, named as 1-5, are 

structurally similar and share a same pharmacophore [1,2,4]triazolo[4,3-a]pyridine-6-

amide, suggesting a preferential binding of this pharmacophore to the ENL YEATS 

domain (Figure 14A). All these 5 compounds also contain an aryl substituent at the amide 

nitrogen side, allowing them to be generally defined as N,C-diarylamides. To understand 

how these compounds interact with ENL, we performed docking analysis using an existing 

crystal structure of the ENL YEATS domain (the PDB entry: 5j9s). The results showed 

that all 5 compounds fit nicely to the acetyllysine binding channel of ENL (Figure 14B). 

The compounds are bound to the ENL YEATS domain with a similar orientation as an 

acetyllysine in a native histone ligand. Similar to acetyllysine side chain amide, the amide 

in 1-5 is poised to form two hydrogen bonds with S58 and Y78. Although the two aromatic 

rings can flip to bind either side of the channel, both potentially form pi stacking and van 

der Waals interactions with residues F28, H56, F59, Y78, and F81 in ENL for preferential 
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binding (Figure 14C). The modelling analysis also indicated that 1-5 occupy almost fully 

the acetyllysine binding channel of ENL. 

 

Figure 14. Structural modeling of the five initial HTS hits, 1-5, and an amine analog 6 with 

the ENL YEATS domain. (A) Chemical structures of compounds 1-6 (left) and their IC50 values 

in inhibiting the His-ENL−H3K9ac interaction in AlphaScreen assay (right). (B) Structural model 

showing binding of 1-5 to the ENL YEATS domain. Modeling was based on the crystal structure 

of the ENL YEATS domain (PDB entry: 5j9s). 1-5 are shown in stick representation and the ENL 

YEATS domain is shown in contoured surface structure. Atoms in ENL are colored in gray, 

compound 1 in green, 2 in pink, 3 in yellow, 4 in cyan, and 5 in orange. (C) The modeled 

interaction of 2 with ENL. The Ca atoms of 2 are colored in orange and two hydrogen bonds 

(dashed lines) to S58 and Y78 of ENL are colored in yellow. Acetyllysine in the H3K27ac ligand 

in the original crystal structure is colored in hotpink and its two hydrogen bonds with E58 and 

Y78 are shown for comparison. (D) The modeled interaction of 6 with ENL. The Ca atoms of 6 

are colored in orange. The amine in 6 shows a salt-bridge interaction with E26 in ENL. 

Since ENL has relatively flat interfaces on the two sides of the acetyllysine binding 

channel, there is a little space for chemical maneuvers of 1-5 for improved binding. 

However, we noticed that E26, a residue at the edge of the acetyllysine binding channel 

can potentially flip its side chain toward the acetyllysine binding channel to interact with 
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a ligand such as 2 (Figure 14C). We deemed that by adding a positively charged amine 

or amidine to 2 it is possible that a salt-bridge interaction with E26 can be introduced for 

strong binding to ENL. Therefore, we synthesized compound 6 (Scheme 1A) and tested 

its inhibition of the interaction between His-ENL and biotin-H3K9ac. The determined IC50 

value for 6 was 0.63 µM, which is very similar to that for 2 (Figure 14A and Figure 15). 

Since the introduction of an amine makes the compound more favorable to dissolve in 

water, some strong interaction with ENL is necessary to compensate the energy loss due 

to desolvation when 6 binds ENL. This is supported by the salt-bridge interaction observed 

when we modelled 6 to the acetyllysine binding channel of ENL. In the modelled structure, 

6 interacts with ENL similar to 2 except that it engages E26 for a salt-bridge interaction 

(Figure 14D). We have also attempted to co-crystalize ENL with 6 for crystal structure 

determination, but unfortunately it has not been successful. 
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Figure 15. IC50 determination of compounds 1-28 by AlphaScreen assay. Compounds were 

subjected to a series of 3-fold dilutions from 54 mM for dose response curve AlphaScreen assays. 

IC50 values were determined from the plot using nonlinear regression of variable slope (four 

parameters) and curve fitting performed by the GraphPad Prism software. 
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Scheme 1. Synthesis of compounds 6-19. 

 

Encouraged by the results from 6, we expanded the scope of substitution groups 

on both sides of the amide bond of hit compounds for a comprehensive structure–activity 

relationship (SAR) study. A major focus was to maintain a positive charged amine, 

amidine or guanidine as in 6 but tune the ENL binding as well as lower the energy loss 

due to desolvation by adding different alkyl substituents to the amine, amidine or 

guanidine. The inhibition potency of all compounds was first tested at 1 µM and 0.1 µM. 

Promising compounds were then subjected to a more accurate AlphaScreen assay for IC50 

determination. We first started with replacing the primary amine of 6 with different kinds 

of tertiary amines through reductive amination of key aldehyde intermediate 46 (Scheme 

1B), which resulted in 7-11 (Table 2). IC50 measurement showed that compounds tended 

to be more potent as the ring size of the substitutional groups on the tertiary amine 

decreased (Figure 15). Among them, 11 that has a four-membered ring azetidine moiety 
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exhibited the most potency with an IC50 value as 51 nM in inhibiting the interaction 

between His-ENL and biotin-H3K9ac. These results suggest that the azetidine ring assists 

the binding to ENL. Further modifications were then introduced to 11 to afford 12-14 with 

different alkyl groups on the 2’ position of azetidine, which hopefully could increase the 

electron density on the N atom and enhance the interaction between azetidine and Glu26. 

However, these compounds displayed lower potency than 11. Given that Glu26 is located 

at a loop area with much conformational flexibility, we moved the azetidine moiety from 

the para to meta position affording 15 but did not result in an increase of potency. We also 

tried to slightly increase the rigidity of the molecule by adding a methyl group to the 

benzylic carbon affording 16. However, it significantly reduced the inhibition potency. 

We also substituted the triazolopyridine moiety with similar heterocycles to afford 17-19, 

but none of these compounds outcompeted 11 (Table 2 and Figure 15 and Scheme 1C).  

Table 2. Chemical structures and IC50 values of 7-28 

ID Structure IC50 (nM) ID Structure IC50 (nM) 

7 
 

621 ± 40 18 
 

> 5000 

8 
 

636 ± 64 19 
 

> 5000 

9 
 

891 ± 91 20 
 

2015 ± 92 

10 
 

379 ± 27 21 
 

2016 ± 120 

11 
 

51 ± 2.9 22 

 

1270 ± 39 

12 
 

185 ± 10 23 
 

1156 ± 57 

13 
 

266 ± 13 24 
 

85 ± 5.5 

14 
 

264 ± 21 25 
 

> 1000 
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15 
 

202 ± 5.8 26 
 

417 ± 22 

16 
 

> 1000 27 
 

> 5000 

17 
 

> 5000 28 
 

> 2000 

 

In addition to amine derivatives, we also designed a series of amidine derivatives 

based on compound 6 to afford 20-23. These compounds were synthesized from 

corresponding nitrile intermediates followed by acid-catalyzed ethanolysis and then 

ammonolysis (Scheme 2A). However, none of these compounds showed improved 

potency. Although an amidine or guanidine tend to form a stronger salt bridge with a 

carboxylate than an amine, it may have a higher desolvation energy than an amine, 

contributing to weaken binding to ENL. For this reason, we focused the synthesis of 

additional amidine and guanidine derivates 24-28 that have higher hydrophobicity than 

20-23. These compounds were synthesized by directly reacting 6 with corresponding N-

heterocycle building blocks, except for compound 27, which was made through 5-fluoro-

2-aminopyridine due to the inadequate reactivity of 5-fluoro-2-chloropyridine in the 

reaction with 6 (Scheme 2B). Among them, 24 exhibited an IC50 value as 85 nM. 11 and 

24 are the two most potent compounds in our compound series. We further evaluated their 

binding to ENL using the surface plasmon resonance (SPR) analysis. His-ENL was 

immobilized on dextran-coated Au chips through EDC/NHS coupling, followed by flow-

through of a buffer containing different concentrations of 11 and 24. The responses in 

sensorgrams were fitted to the Langmuir 1:1 binding kinetics model to obtain both 

association and dissociation rate constants, from which Kd values were then determined 
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(Figure 18A). Compared to the kinetics of typical small molecule-protein interactions, 

both association and dissociation of 11 and 24 toward ENL are relatively slow 

(association: 1800 and 1600 M-1·s-1; dissociation: 8.3 × 10-5 and 7.0 × 10-5 s-1 

respectively). Their determined Kd values by SPR were 45 and 46 nM, respectively. As 

far as we know, 11 and 24 are the two most potent inhibitors for ENL that have so far been 

developed. 

Scheme 2. Synthesis of compounds 20-28 
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2.2.3 Structural Insights of The Small Molecule Inhibitors Binding to the ENL 

YEATS Domain 

To study the molecular basis of 7, 11, and 24 binding to ENL, we attempted to co-

crystalize the ENL YEATS domain with these compounds, but it was not successful. We 

then modelled these compounds to the acetyllysine binding pocket of the ENL YEATS 

domain by docking analysis. 7 and 11 were docked in their protonated form while 24 was 

docked in the neutral form given it is less likely to be much protonated under physiological 

pH. In the modelled structures (Figure 16), all three compounds interact with ENL similar 

as 6 (Figure 14D). The amide forms two hydrogen bonds with S58 and Y78. The 

triazolopyridine ring was involved in pi stacking interactions with H56 in a parallel 

configuration and with Y78 in a T-shaped configuration. The phenyl group was also 

involved in pi stacking interactions with F28 and F59, both in a T-shaped configuration. 

Importantly, the amine of 7, the azetidine of 11, and the guanidine of 24 are all within 3 

Å to E26, suggesting a common salt bridge or hydrogen bond interaction that stabilizes 

their interactions with ENL (Figure 16). 
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Figure 16. Compounds 7, 11 and 24 and their docking models bound to the ENL YEATS 

domain. (A) Chemical structures of compounds 7, 11 and 24 and their IC50 values in inhibiting 

the His-ENL−H3K9ac interaction in AlphaScreen assay. (B-D) The molecular docking models of 

compounds 7 (B), 11 (C), and 24 (D) bound to the ENL YEATS domain. Modeling was based on 

the crystal structure of the ENL YEATS domain (PDB: 5j9s). Compounds are shown in stick and 

the ENL YEATS domain is shown as cartoon in gray. Compound-interacting residues of ENL are 

highlighted and shown in stick. 

To experimentally validate that 7 binds to the acyl-lysine binding pocket of ENL, 

we compared the binding of 7 and a H3K27cr peptide (histone H3 residues 22-31 with a 

crotonylation at K27) to ENL by nuclear magnetic resonance (NMR) spectroscopy (Klein 

et al., 2014). We expressed 15N-labelled His-ENL and recorded its 1H, 15N heteronuclear 

single quantum coherence (HSQC) spectra while 7 or the H3K27cr peptide was titrated 

into the sample (Figure 17 and Figure 18B). As expected, the H3K27cr peptide induced 

large chemical shift perturbations (CSPs) in the ENL YEATS domain, which were in the 

intermediate to fast exchange regime on the NMR timescale. Addition of 7 caused CSPs 

in the intermediate to slow exchange regime, indicating that the ENL YEATS domain 

binds to 7 tighter than to the H3K27cr peptide. An overall similar pattern of CSPs observed 
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in both experiments suggest that 7 and the H3K27cr peptide occupy the same binding site 

in the ENL YEATS domain. 

 

Figure 17. Compound 7 and the H3K27cr peptide occupy the same binding site of the ENL 

YEATS domain.  Superimposed 1H,15N HSQC spectra of His-ENL collected as H3K27cr (H3 

residues 22-31, left) or 7 (right) was added stepwise. Spectra are color-coded according to the 

protein:ligand molar ratios. 

 

Figure 18. SPR and NMR analysis of compound 11, 24 or 7. (A) Sensorgrams of SPR 

experiments and the fitted Langmuir 1:1 binding kinetic model with compound 11 (left panel) and 
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24 (right panel). (B) Overlay of 1H,15N HSQC spectra of 15N-labeled ENL YEATS domain 

collected before and after the H3K27cr (aa 22-31 of H3) peptide (left panel) or compound 7 (right 

panel) was added stepwise. Spectra are color coded according to the protein-peptide molar ratio 

as indicated. 

 

2.2.4 High Selectivity of Compound 1, 7, 11, 24 toward the ENL YEATS Domain over 

Other Human YEATS Domains 

To determine whether the small molecule inhibitors are selective toward ENL 

among the four human YEATS domains, we assessed 7, 11, and 24 in their inhibition of 

ENL, AF9, GAS41, and YEATS2 in peptide pulldown assays. We also included the 

original hit 1 in the assays for comparison. We used the H3K9ac peptide for AF9 and 

ENL, the H3K27ac peptide for GAS41, and the H3K27cr peptide for YEATS2, as these 

peptides are the preferred ligands of the corresponding YEATS domains[89, 93, 96, 98]. We 

found 1 µM of 11 and 24 and 5 µM of 1 and 7 strongly inhibited the binding of ENL to 

H3K9ac, whereas at even a 20 µM concentration, none of these compounds showed 

notable inhibition to AF9, GAS41, or YEATS2 binding to their corresponding acylated 

histone peptides (Figure 19A). We further measured the IC50 values of 1, 7, 11 and 24 in 

their inhibition of the binding of four human YEATS domains to their preferred histone 

peptide ligands using AlphaScreen assays. All four compounds displayed preferential 

inhibition of ENL over the other three YEATS domains. Compound 1 showed ~4-fold 

higher potency toward ENL than AF9, whereas no detectable inhibition was measured for 

the YEATS2 or GAS41 YEATS domain. Compounds 7, 11, and 24 exhibited even higher 

specificity to ENL. Particularly, the IC50 value of 11 to ENL was ~20-fold lower than that 

to AF9 (ENL IC50 51 nM and AF9 IC50 984 nM) (Figure 19B). As the previously reported 
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small molecule ENL inhibitors are not able to differentiate between ENL and AF9, our 

compounds provide promising scaffolds for further development of ENL-specific 

inhibitors for the study of ENL biology and for disease intervention. 

 

Figure 19. Compounds 7, 11, and 24 are highly specific to ENL over other YEATS domains.  

(A) Peptide pulldowns of ENL, AF9, YEATS2, and GAS41 with the indicated acylated histone 

peptides with or without 1, 7, 11, and 24. Unmodified histone peptides were used as negative 

controls to the acylated peptides and DMSO as a negative control to compound treatment.  (B) 
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AlphaScreen measurement of IC50 of 1, 7, 11, and 24 in inhibition of YEATS domains binding to 

the corresponding acylated histone peptides as in (A). 

 

2.2.5 Inhibition of Endogenous ENL Protein by Compound 7 in MLL-rearranged Cell 

Lines 

To explore the small molecule ENL inhibitors we developed in biological 

applications, we first analyzed their cellular effects in MV4;11 and MOLM13 cells, two 

MLL-rearranged cell lines whose growth is dependent on ENL[96, 103]. We screened 15 

compounds with in vitro IC50 values lower than 2 µM, and we found 7 as the most potent 

compound in cell growth inhibition (Figure 20). The discrepancy between in vitro IC50 

values and cellular efficacy is possibly related to cell permeability or compound stability 

in cells. Compound 7 exhibited ~ 40% inhibition of MOLM13 cell growth at 5 µM and 

80% inhibition at 10 µM concentrations, while about double amounts of the compound 

were needed to achieve similar levels of inhibition in MV4;11 cells (Figure 21A). In 

contrast, U2OS cells, an ENL-independent cell line, showed little or no response to the 

treatment with 7, even at 50 µM. 
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Figure 20. ENL inhibitors inhibit leukemia cell growth. Cell growth inhibition of ENL 

inhibitors at the indicated concentrations in MV4;11 (A) and MOLM13 (B) cells. Survived cells 

were calculated as % relative to DMSO treated cells.  

Next, we asked whether the growth inhibition effect was caused by on-target 

inhibition of the endogenous ENL protein. In this regard, we carried out cellular thermal 

shift assay (CETSA) to evaluate thermal stability of the ENL protein in MV4;11 and 

MOLM13 cells treated with 7. As the AF9 protein is undetectable in these cells with 

commercial antibodies, we evaluated thermal stability of the GAS41 protein for 

comparison. Compared to the DMSO-treated cells, we detected higher abundance of 

soluble ENL proteins in cells treated with 7, indicating that 7 bound and stabilized ENL 

proteins (Jafari et al., 2014). In contrast, the thermal stability of GAS41 proteins showed 

little or no difference between DMSO and 7 treatment (Figure 21B and Figure 21C). The 

CETSA results suggest specific engagement of ENL with 7 in living cells.  
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We also evaluated the expression of two ENL target genes, HOXA9 and MYC, in 

MOLM13 cells. Compound 7 effectively suppressed HOXA9 gene expression at as low as 

2.5 µM of drug concentration. And at 10 µM, it suppressed ~ 80% of the expression of 

both HOXA9 and MYC genes (Figure 5D), suggesting potent on-target effect of the ENL 

inhibitor.  

 

Figure 21. Compound 7 exhibits on-target effect of ENL inhibition in MLL-rearranged 

leukemia cell lines.  (A) 7 inhibits leukemia cell growth. Cell growth inhibition of 7 at various 

concentrations in MV4;11, MOLM13, and U2OS cells. Survived cells were calculated as % 

relative to DMSO treated cells. (B-C) Cellular thermal shift assays in MV4;11 (B) and MOLM13 

(C) cells treated with 20 μM 7 at the indicated temperatures. -actin was used as a loading control. 

(D) RT-qPCR analysis of HOXA9 and MYC gene expression in MOLM13 cells treated with 7 or 

the DMSO negative control. (E-F) 7 shows a synergistic effect with JQ1. MV4;11 (E) and 

MOLM13 (F) cells were treated with indicated doses of 7 and JQ1 or DMSO for 6 days. Survived 

cells were calculated as % relative to DMSO treated cells. Synergistic interactions were analyzed 

using the Combenefit software.  Data in (A) and (D) are shown as mean  SEM of three 



 

49 

 

independent experiments, two-tailed Student’s t test. SEM, standard error of mean. ns not 

significant, * P < 0.05, ** P < 0.005, *** P < 0.001, **** P < 0.0001. 

 

2.2.6 Compound 7 Exhibits a Synergistic Effect with JQ1 

Previously we found that CRISPR/Cas9-mediated ENL knockout sensitized 

leukemia cells to JQ1, an effective inhibitor of BET bromodomain proteins including 

BRD4 [55, 96]. An intriguing question was whether 7 has any synergy with JQ1 in killing 

leukemia cells. To answer this question, we carried out combinatory treatment of MV4;11 

and MOLM13 cells with series of concentrations of 7 (0 to 10 µM) and JQ1 (0-200 nM). 

In both cell lines, we observed synergistic effect between ENL inhibition and JQ1 (Figure 

21E and Figure 21F), demonstrating therapeutic potentials for future exploration in 

disease treatment [114]. 

 

2.2.7 Discussion 

Great Pharmacological Value of YEATS Domain 

The YEATS domain is a newly identified family of histone acylation readers. The 

four human YEATS domain-containing proteins, ENL, AF9, YEATS2, and GAS41, are 

subunits of protein complexes involved in chromatin and transcription regulation[100, 101].  

The evolutionally conserved histone-reading function of the YEATS domains is essential 

for the functionality of all the YEATS domain proteins in both yeast and human[88-98]. 

Dysregulation of the YEATS domain-containing proteins has been associated with various 

human diseases, including cancers. We and others showed that ENL and particularly its 

YEATS domain is essential for disease maintenance and progression of acute leukemias[96, 
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103]. Recently, we also found that the reader function of the ENL YEATS domain is 

indispensable for the aberrant gene activation and tumorigenesis caused by the gain-of 

function ENL YEATS domain mutations identified in Wilms’ tumor patients[106]. In 

addition, YEATS2 and GAS41 are frequently amplified in various types of human 

cancers[115-117]. All these studies suggest that the YEATS domains are promising drug 

targets and, therefore, targeting the YEATS domains may provide a novel therapeutic 

approach for a broad spectrum of human cancers. 

Selectivity among Different Human YEATS Domains  

Developing YEATS domain inhibitors has been a research focus of the epigenetic 

reader field in recent years. The initial efforts were focused on targeting the YEATS 

domain of ENL, because of great therapeutic potentials. Both small molecule chemical 

compounds and peptide-mimic probes have recently been developed as acetyllysine 

competitive inhibitors of the ENL YEATS domain[107-113]. However, target selectivity has 

been a big challenge because the YEATS domains share high structural similarity, 

especially between ENL and its close homologue AF9. The few small molecule ENL 

inhibitors reported so far have poor specificity that fail to distinguish ENL from AF9. The 

peptide-mimic chemical probes developed by the Li group showed slightly higher potency 

to the ENL YEATS domain than other YEATS domains, largely due to interactions 

outside of the acetyllysine binding pocket[111]. These results suggest that targeting both the 

acyllysine-binding pocket and additional proximal sites outside of the binding pocket 

might be a good approach to develop specific inhibitors. Indeed, based on this concept, 
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the Li group has recently developed a conformationally preorganized cyclopeptide that 

showed a 38-fold higher binding affinity toward AF9 YEATS over ENL[110]. 

Despite the success in developing peptide-mimic chemical probes specific to AF9, 

ENL specific inhibitors were still lacking. Because ENL, but not AF9, is essential for 

MLL-rearranged acute leukemias and ENL mutant Wilms’ tumors, it is in urgent need to 

develop ENL specific inhibitors for further drug development. In our study, through HTS 

we identified compound 1, which showed a 4-fold preference towards ENL over AF9 

YEATS. After several rounds of structure-based inhibitor design and structure−activity 

relationship studies, we were able to develop several compounds with much better 

selectivity. In particular, the IC50 value of compound 11 to ENL was ~20-fold lower over 

AF9, ~360-fold lower over YEATS2, and more than 1,000-fold lower over GAS41, 

providing a good lead for future drug development. 

Possible Explanations for the Observed Selectivity 

The selectivity of our compounds to ENL over AF9 is intriguing, given that the 

AF9 YEATS domain has a 10-fold higher affinity than ENL YEATS in acyllysine binding. 

The YEATS domains of AF9 and ENL share high degree of structural similarity[93, 96]. It 

is not clear what interactions contribute to the ENL selectivity. By comparing the modelled 

structures of compounds 1, 7, 11 and 24 docked to the acetyllysine binding pocket of the 

ENL and AF9 YEATS domains, we observed that the triazolopyridine pharmacophore of 

these compounds adopts conformations to form stronger pi-pi interaction with H56 residue 

in ENL than in AF9 YEATS domain. When bound with the ENL YEATS domain, the 

distances between the triazole rings and the imidazole rings range from 3.4 to 3.8 Å and 
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their dihedral angles range from 20° to 22°, whereas in the case of AF9 YEATS domain, 

the distances between them increase to 4.3-4.6 Å and their dihedral angles also increase 

to a range of 28°-37°, both leading to weaker pi-pi interactions compared to those in the 

ENL YEATS domain (Figure 22). Additionally, the salt bridge interaction in the case of 

7 and 11 and hydrogen bond for 24 with E26 in the ENL YEATS domain may also 

contribute to selectivity. Further structural study of YEATS domains in complex with 

these compounds will provide insights to guide future development of more potent and 

selective ENL YEATS domain inhibitors. 

 

Figure 22. The triazolopyridine pharmacophore of compounds 1, 7, 11 and 24 adopt 

comformations to form stronger pi-pi interactions with H56 residue in ENL than in AF9 

YEATS domain.  The molecular docking models comparison of compounds 1 (A), 7 (B), 11 (C), 

and 24 (D) bound to the YEATS domain of AF9 (white colored) and ENL (orange colored). 

Modeling was based on the PDB entries 5j9s (ENL) and 4tmp (AF9). 

Potential of Compound 7 as a Medicinal Chemistry Lead or Chemical Probe 
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In leukemia cells, our synthesized compound 7 exhibited clear on-target cellular 

effects in reducing ENL target gene expression and suppressing leukemia cell growth.  In 

addition, consistent with previous results of genetic ENL ablation, 7 exhibited a 

synergistic effect with the BET bromodomain inhibitor JQ1 in killing leukemia cells. The 

cellular effects of our compounds are superior to all reported ENL inhibitors. Overall, our 

study provides valuable selective ENL small molecule inhibitors that can serve as potential 

leads for further medicinal chemistry-based optimization to advance both basic and 

translational research of ENL. It also provides a molecular platform for the development 

of more complicated, multifunctional probes for applications such as visualization or 

targeted degradation in cells. 

 

2.3 Conclusion 

 

In this study, we carried out high-throughput screening of a small molecule library 

of > 66,000 compounds against the ENL YEATS domain and identified a series of hit 

molecules that share a [1,2,4]triazolo[4,3-a]pyridine-6-amide pharmacophore and a 

common N,C-diarylamide scaffold. By introducing a potential salt bridge interaction with 

E26 in ENL, we were able to generate compounds with IC50 and Kd values less than 100 

nM. Importantly, our compounds outcompeted the previously reported ENL inhibitors by 

showing high selectivity toward ENL over AF9, the close paralogue of ENL. Furthermore, 

compound 7 exhibited on target effect in inhibiting ENL target gene expression and 
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leukemia cell growth. Our ENL-specific YEATS domain inhibitors provide the basis for 

development of potent ENL-specific chemical probes in the future. 

 

2.4 Experimental Details 

 

2.4.1 Protein Expression and Purification 

The cDNA encoding sequences of four human YEATS domains: ENL (aa 1-145), 

AF9 (aa 1-145), full-length GAS41 and YEATS2 (aa 201-332) were cloned in pGEX-6P-

1 and pET19b expression vectors, respectively. The His-tagged YEATS proteins were 

expressed in E. coli Rosetta-2 (DE3) pLysS cells in the presence of 0.2 mM isopropyl-β-

D-1-thioglactopyranoside (IPTG) for 18 h at 16 ºC. The His-tagged YEATS proteins were 

purified using Ni-NTA resins following the manufacture’s instruction. The eluted protein 

was dialyzed in a buffer containing 50 mM HEPES (pH7.4), 100 mM NaCl and 20% 

glycerol to remove imidazole. Proteins were adjusted to 0.5 mg/mL, aliquoted and stored 

at -80 ºC. Each batch of purified protein was tested in AlphaScreen assay conditions 

discussed as following. The GST-tagged proteins used in peptide pulldown assays were 

expressed in the same way and purified using Glutathion Sepharose resins (GE 

Healthcare). 

 

2.4.2 AlphaScreem Assau Setup and High-throughput screening 

The AlphaScreen assay was carried out in 384-well plates. Manual assay setup was 

performed in 30 uL reaction in Alpha Reaction Buffer (50 mM HEPES pH7.4, 100 mM 
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NaCl, 0.1% BSA, and 0.05% CHAPS) with final concentrations of 100 nM His-ENL 

YEATS, 30 nM Biotin-H3K9ac, and 10 µg/mL of Alpha donor and acceptor beads. 

During the automation step, we were able to reduce the assay volume to 20 µL per well 

while maintained the quality and robustness of the assay, with the optimal final 

concentrations of His-ENL YEATS (100 nM), biotin-H3K9Ac (10 nM), DMSO (0.1%), 

and Alpha-beads (2.5 µg/mL). Protein, peptide and compounds were mixed and incubated 

for 1 h at room temperature before adding the Alpha beads. Alpha signals were detected 

by an EnVision microplate reader equipped with an Alpha laser (PerkinElmer). 

High-throughput screen was performed at the Texas Screening Alliance for Cancer 

Therapeutics (TxSACT) facility. The 66,625 compounds screened were from Maybridge 

HitFinder Set (14,080), Chembridge Diversity Set (12,900), Chembridge Kinase Set 

(11,250), Chembridge Fragment Library (4,000), ChemDiv Fragment Collection (14,143), 

Legacy Collection (2,092), MicroSource Spectrum Collection (2,000), LOPAC Collection 

(1,275), Selleck Kinase and Bioactive Collection (2,260), NCI Diversity (1595), NCI 

Mechanistic collection (820), and NCI natural products (210). In the primary HTS, 

fragments were screened at 50 µM and non-fragment compounds were screened at 10 µM. 

After the single shot screen and hits triage, 990 hits were picked for confirmation assay, 

and counter assay with Biotin-14xHis peptide. 

 

2.4.3 IC50 determination with AlphaScreen assay 

The AlphaScreen assay conditions are essential the same as the one used in high-

throughput screen. The protein concentrations of AF9, Gas41 and YEATS2 are 30, 100, 
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and 100 nM, respectively, and the peptide concentrations are 30 nM. All assays have been 

validated using protein and peptide competitors. For IC50 determination, compounds were 

subjected to eight 3-fold serial dilutions, for a total of nine concentrations ranging from 

50 μM to 8 nM for dose response curve AlphaScreen assays. IC50 values were determined 

from the plot using nonlinear regression of variable slope (four parameters) and curve 

fitting performed using GraphPad Prism. 

 

2.4.3 Modeling of inhibitors bound with ENL and AF9 YEATS domains 

Molecular docking of target compounds was carried out using AutoDock 4 (Morris 

et al., 2009). The initial conformations of target compounds were first generated and MM2 

minimized by PerkinElmer Chem3D software. Structures of the ENL and AF9 YEATS 

domains were obtained from PDB 5J9S and 4TMP respectively, with H3K27Ac and 

H3K9Ac deleted from the complexes. Structures of the YEATS domains were then pre-

processed in MGLTools 1.5.6 to remove water molecules and add polar hydrogens. The 

grid box was set to be centred at coordinate (x = 27.352, y = -42.139, z = 3.0) for ENL, 

and at coordinate (x = 52.734, y = 10.522, z = -11.134) for AF9, with a size of 40 × 40 × 

40 npts, which is big enough to contain the binding channel and surrounding amino acid 

residues. Glu26 residue of ENL YEATS domain was set to be flexible. Target compounds 

were then docked in the grid box. The conformations with lowest binding energies were 

converted to PDB files for visualization. 

 

2.4.4 Compound synthesis 
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All reagents and solvents for synthesis were purchased from commercial sources 

and used without purification. All glassware was flame-dried prior to use. Thin layer 

chromatography (TLC) was carried out on aluminium plates coated with 60 F254 silica 

gel. TLC plates were visualized under UV light (254 nm or 365 nm) or stained with 5% 

phosphomolybdic acid. Normal phase column chromatography was carried out using a 

Yamazen Smart Flash AKROS system. Analytical reverse-phase high pressure liquid 

chromatography (RP-HPLC) was carried out on Shimadzu LC20 HPLC system with an 

analytical C18 column. Semi-preparative HPLC was carried out on the same system with 

a semi-preparative C18 column. The mobile phases for were H2O with 0.1% formic acid 

(A) and acetonitrile with 0.1% formic acid (B) if not mentioned otherwise. NMR spectra 

were recorded on a Bruker Avance Neo 400 MHz or Varian INOVA 300 MHz 

spectrometer in specified deuterated solvents. High resolution electrospray ionization 

mass spectrometry (HRMS-ESI) was carried out on a Thermo Scientific Q Exactive Focus 

system. The purities of compounds were confirmed by NMR and analytical HPLC-UV as 

≥ 95%. 

Scheme 3. Synthesis of compound 6. 

 

tert-Butyl (4-(([1,2,4]triazolo[4,3-a]pyridine-6-carboxamido)methyl)benzyl) 

carbamate (41). 

To a solution of 39 (1 mmol, 163 mg) and 40 (1 mmol, 236 mg) in dry DMF (5 

mL), was added DIPEA (2 mmol, 258 mg), and EDCI (1.2 mmol, 230 mg). The resulting 
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solution was stirred under room temperature overnight. Then the solution was diluted with 

EtOAc (50 mL) and washed with saturated NaHCO3 solution (2 × 50 mL), 1 M HCl (2 × 

50 mL) and saturated brine (50 mL). The organic layers were then dried with anhydrous 

Na2SO4 and then concentrated. The residue was purified by column chromatography 

(silica gel, 10% MeOH/DCM as eluent) to yield 41 as light yellow solid (250 mg, 66%). 

(4-(([1,2,4]Triazolo[4,3-a]pyridine-6-carboxamido)methyl)phenyl)methanamine 

hydrochloride (6). 

To a solution of 41 (0.5 mmol, 190 mg) in 5 mL of 1,4-dioxane was added 10 mL 

of 4 M HCl solution in 1,4-dioxane. The resulting solution was stirred under room 

temperature for 2 h. Then the reaction mixture was concentrated to dryness in vacuo to 

yield 6 as light yellow solid (150 mg, 95%). 1H NMR (400 MHz, Deuterium Oxide) δ 9.49 

(s, 1H), 9.24 (s, 1H), 8.29 (dt, J = 9.7, 1.6 Hz, 1H), 8.10 (d, J = 9.6 Hz, 1H), 7.52 – 7.42 

(m, 4H), 4.66 (s, 2H), 4.19 (s, 2H). 13C NMR (101 MHz, D2O) δ 165.4, 145.4, 138.5, 

137.8, 134.1, 131.8, 129.2, 128.0, 127.4, 125.1, 112.1, 43.5, 42.7. ESI-HRMS (m/z): 

calculated for C15H16N5O (M+H)+: 282.1349, found: 282.1344. 

Scheme 4. Synthesis of compounds 46. 

 

4-(1,3-Dioxolan-2-yl)benzonitrile (43).  
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To a solution of 42 (38 mmol, 5.0 g) and ethylene glycol (76 mmol, 4.2 mL) in 

toluene (50 mL) was added pyridinium p-toluenesulfonate (4 mmol, 0.96 g). The resulting 

solution was heated to reflux with a Dean-Stark trap for 4 h. The resulting solution was 

then concentrated in vacuo and the residue was then purified by column chromatography 

(silica gel, 10% EtOAc/hexanes as eluent) to yield 43 as white solid (5.25 g, 79%). 1H 

NMR (300 MHz, Chloroform-d) δ 7.67 (d, J = 8.3 Hz, 2H), 7.58 (d, J = 8.3 Hz, 2H), 5.84 

(s, 1H), 4.17 – 3.99 (m, 4H). 

(4-(1,3-Dioxolan-2-yl)phenyl)methanamine (44).  

LiAlH4 (0.99 g, 26 mmol) was suspended in dry THF (50 mL) and was cooled 

under 0 °C. A solution of 43 (4.5 g, 25.7 mmol) in dry THF (50 mL) was added dropwise 

to the LiAlH4 suspension under the same temperature. After the addition, the reaction 

mixture was warmed up to room temperature and stirred for 4 h. Water (3 mL) was added 

dropwise followed by 2 M aqueous NaOH solution (3 mL) and then water (3 mL). The 

precipitate was filtered and washed with THF. The combined filtrate was then dried with 

anhydrous Na2SO4 and evaporated in vacuo. The residue was then purified by column 

chromatography (silica gel, 100% EtOAc as eluent) to yield 44 as colorless oil to white 

solid (3.0 g, 67%). 1H NMR (300 MHz, Chloroform-d) δ 7.44 (d, J = 8.1 Hz, 2H), 7.30 

(d, J = 8.1 Hz, 2H), 5.78 (s, 1H), 4.15 – 3.95 (m, 4H), 3.85 (s, 2H). 

N-(4-(1,3-dioxolan-2-yl)benzyl)-[1,2,4]triazolo[4,3-a]pyridine-6-carboxamide (45).  

To a solution of 44 (2 mmol, 358 mg) and 39 (2 mmol, 326 mg) in DMF (10 mL) 

was added DIPEA (4 mmol, 516 mg) and EDCI (2.4 mmol, 460 mg). The resulting 

solution was then stirred under room temperature overnight. The reaction mixture then 
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diluted with EtOAc (50 mL), then washed with saturated NaHCO3 solution (2 × 50 mL), 

1 M HCl (2 × 50 mL), and brine (50 mL). The organic layers were dried with anhydrous 

Na2SO4 and concentrated in vacuo. The residue was then purified by column 

chromatography (silica gel, 20% methanol/EtOAc as eluent) to yield 45 as white solid 

(520 mg, 80%). 1H NMR (400 MHz, DMSO-d6) δ 9.36 (d, J = 0.8 Hz, 1H), 9.25 (t, J = 

5.9 Hz, 1H), 9.14 (t, J = 1.4 Hz, 1H), 7.90 – 7.76 (m, 2H), 7.44 – 7.33 (m, 4H), 5.70 (s, 

1H), 4.52 (d, J = 5.8 Hz, 2H), 4.09 – 3.88 (m, 4H). 

N-(4-formylbenzyl)-[1,2,4]triazolo[4,3-a]pyridine-6-carboxamide (46).  

To a solution of 45 (520 mg, 1.6 mmol) in1,4-dioxane (5 mL) was added 5 mL of 

4 M HCl solution in 1,4-dioxane. The resulting solution was stirred for 2 h and 

concentrated in vacuo to yield 46 as yellowish solid (390 mg, 87%). 1H NMR (400 MHz, 

DMSO-d6) δ 9.99 (s, 1H), 9.42 – 9.31 (m, 2H), 9.16 (t, J = 1.4 Hz, 1H), 7.92 – 7.78 (m, 

4H), 7.57 (d, J = 7.9 Hz, 2H), 4.61 (d, J = 5.9 Hz, 2H). 

Scheme 5. Synthesis of compound 7. 

 

N-(4-((dimethylamino)methyl)benzyl)-[1,2,4]triazolo[4,3-a]pyridine-6-carboxamide 

(7).  

To a solution of 46 (35 mg, 0.12 mmol) in THF (3 mL) was added a solution of 

dimethylamine in THF (1 M, 0.25 mL) and Ti(OiPr)4 (0.36 mmol, 102 mg). The mixture 

was stirred under room temperature for 10 min. Then NaBH(OAc)3 (0.36 mmol, 76 mg) 

was added and the mixture was refluxed under N2. The reaction was monitored by TLC. 
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Small additional portions of NaBH(OAc)3 were added to drive the reaction to completion. 

Upon complete consumption of 46, the reaction mixture was diluted with saturated 

NaHCO3 solution (20 mL) and the precipitate was filtered. The filtrate was then extracted 

by EtOAc (2 × 20 mL). The combined organic layers were dried with anhydrous Na2SO4 

and concentrated in vacuo. The residue was then purified by column chromatography 

(silica gel, 20% methanol/EtOAc as eluent) to give 7 as white solid (11 mg, 30%). 1H 

NMR (400 MHz, Methanol-d4) δ 9.29 (d, J = 0.8 Hz, 1H), 9.09 (t, J = 1.4 Hz, 1H), 7.91 – 

7.76 (m, 2H), 7.57 – 7.44 (m, 4H), 4.65 (s, 2H), 4.29 (s, 2H), 2.83 (s, 6H). 13C NMR (101 

MHz, DMSO) δ 164.1, 148.8, 141.0, 138.1, 131.6, 129.5, 128.1, 127.4, 127.0, 121.5, 

114.9, 59.5, 42.9, 41.8. ESI-HRMS (m/z): calculated for C17H20N5O (M+H)+: 310.1662, 

found: 310.1654. 

Scheme 6. Synthesis of compound 8. 

 

N-(4-(piperidin-1-ylmethyl)benzyl)-[1,2,4]triazolo[4,3-a]pyridine-6-carboxamide 

(8).  

To a solution of 46 (35 mg, 0.12 mmol) in THF (3 mL) was added piperidine (20 

mg, 0.24 mmol) and Ti(OiPr)4 (0.36 mmol, 102 mg). The mixture was stirred under room 

temperature for 10 min. Then NaBH(OAc)3 (0.36 mmol, 76 mg) was added and the 

mixture was refluxed under N2. The reaction was monitored by TLC. Small portions of 

NaBH(OAc)3 were added to drive the reaction to completion. Upon complete consumption 

of 46, the reaction mixture was diluted with saturated NaHCO3 solution (20 mL) and the 



 

62 

 

precipitate was filtered. The filtrate was then extracted by EtOAc (2 × 20 mL). The 

combined organic layers were dried with anhydrous Na2SO4 and concentrated in vacuo. 

The residue was then purified by column chromatography (silica gel, 20% 

methanol/EtOAc as eluent) to give 8 as white solid (12 mg, 28%). 1H NMR (400 MHz, 

Methanol-d4) δ 9.26 (d, J = 0.8 Hz, 1H), 9.04 (t, J = 1.4 Hz, 1H), 7.87 – 7.76 (m, 2H), 7.38 

– 7.29 (m, 4H), 4.60 (s, 2H), 3.50 (s, 2H), 2.37 (t, J = 5.1 Hz, 4H), 1.58 (p, J = 5.6 Hz, 

4H), 1.45 (p, J = 5.6 Hz, 2H). 13C NMR (101 MHz, MeOD) δ 164.8, 149.0, 137.5, 137.5, 

135.9, 129.9, 127.4, 127.3, 126.4, 122.5, 114.2, 62.9, 53.8, 43.1, 25.0, 23.7. ESI-HRMS 

(m/z): calculated for C20H24N5O (M+H)+: 350.1975, found: 350.1970. 

Scheme 7. Synthesis of compound 9. 

 

N-(4-(morpholinomethyl)benzyl)-[1,2,4]triazolo[4,3-a]pyridine-6-carboxamide (9).  

To a solution of 46 (35 mg, 0.12 mmol) in THF (3 mL) was added morpholine (21 

mg, 0.24 mmol) and Ti(OiPr)4 (0.36 mmol, 102 mg). The mixture was stirred under room 

temperature for 10 min. Then NaBH(OAc)3 (0.36 mmol, 76 mg) was added and the 

mixture was refluxed under N2. The reaction was monitored by TLC. Small portions of 

additional NaBH(OAc)3 were added to drive the reaction to completion. Upon complete 

consumption of 46, the reaction mixture was diluted with saturated NaHCO3 solution (20 

mL) and the precipitate was filtered. The filtrate was then extracted by EtOAc (2 × 20 

mL). The combined organic layers were dried with anhydrous Na2SO4 and concentrated 

in vacuo. The residue was then purified by column chromatography (silica gel, 20% 
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methanol/EtOAc as eluent) to give 9 as white solid (15 mg, 43%). 1H NMR (400 MHz, 

DMSO-d6) δ 9.37 (s, 1H), 9.22 (t, J = 5.9 Hz, 1H), 9.14 (t, J = 1.4 Hz, 1H), 7.87 – 7.75 

(m, 2H), 7.32 – 7.24 (m, 4H), 4.49 (d, J = 5.8 Hz, 2H), 3.55 (t, J = 4.7 Hz, 4H), 3.42 (s, 

2H), 2.37 – 2.27 (m, 4H). 13C NMR (101 MHz, DMSO) δ 163.5, 148.4, 137.8, 137.6, 

136.5, 129.0, 127.3, 126.8, 126.4, 121.1, 114.4, 66.2, 62.1, 53.1, 42.5. ESI-HRMS (m/z): 

calculated for C19H22N5O2 (M+H)+: 352.1768, found: 352.1764. 

Scheme 8. Synthesis of compound 10. 

 

N-(4-(pyrrolidin-1-ylmethyl)benzyl)-[1,2,4]triazolo[4,3-a]pyridine-6-carboxamide 

(10).  

To a solution of 46 (35 mg, 0.12 mmol) in THF (3 mL) was added pyrrolidine (17 

mg, 0.24 mmol) and Ti(OiPr)4 (0.36 mmol, 102 mg). The mixture was stirred under room 

temperature for 10 min. Then NaBH(OAc)3 (0.36 mmol, 76 mg) was added and the 

mixture was refluxed under N2. The reaction was monitored by TLC. Small portions of 

NaBH(OAc)3 were added to drive the reaction to completion. Upon complete consumption 

of 46, the reaction mixture was diluted with saturated NaHCO3 solution (20 mL) and the 

precipitate was filtered. The filtrate was then extracted by EtOAc (2 × 20 mL). The 

combined organic layers were dried with anhydrous Na2SO4 and concentrated in vacuo. 

The residue was then purified by column chromatography (silica gel, 20% 

methanol/EtOAc as eluent) to give 10 as white solid (15 mg, 38%). 1H NMR (300 MHz, 

Methanol-d4) δ 9.28 (s, 1H), 9.07 (d, J = 1.6 Hz, 1H), 7.86 (dd, J = 9.7, 1.7 Hz, 1H), 7.79 
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(d, J = 9.7 Hz, 1H), 7.41 (s, 4H), 4.61 (s, 2H), 3.94 (s, 2H), 3.02 – 2.76 (m, 4H), 1.97 – 

1.88 (m, 4H). 13C NMR (75 MHz, CD3OD) δ 164.8, 149.0, 138.8, 137.5, 134.0, 129.7, 

127.7, 127.4, 126.4, 122.4, 114.2, 58.8, 53.4, 43.0, 22.6. ESI-HRMS (m/z): calculated for 

C19H22N5O
 (M+H)+: 336.1819 (M+H); found: 336.1810. 

Scheme 9. Synthesis of compound 11. 

 

N-(4-(azetidin-1-ylmethyl)benzyl)-[1,2,4]triazolo[4,3-a]pyridine-6-carboxamide 

(11).  

To a solution of 46 (35 mg, 0.12 mmol) in THF (3 mL) was added azetidine 

hydrochloride (22 mg, 0.24 mmol) and Ti(OiPr)4 (0.36 mmol, 102 mg). The mixture was 

stirred under room temperature for 10 min. Then NaBH(OAc)3 (0.36 mmol, 76 mg) was 

added and the mixture was refluxed under N2. The reaction was monitored by TLC. Small 

portions of additional NaBH(OAc)3 were added to drive the reaction to completion. Upon 

complete consumption of 46, the reaction mixture was diluted with saturated NaHCO3 

solution (20 mL) and the precipitate was filtered. The filtrate was then extracted by EtOAc 

(2 × 20 mL). The combined organic layers were dried with anhydrous Na2SO4 and 

concentrated in vacuo. The residue was then purified by column chromatography (silica 

gel, 20% methanol/EtOAc as eluent) to give 11 as white solid (15 mg, 40%). 1H NMR 

(400 MHz, Methanol-d4) δ 9.29 (d, J = 0.8 Hz, 1H), 9.09 (t, J = 1.4 Hz, 1H), 7.91 – 7.76 

(m, 2H), 7.52 – 7.42 (m, 4H), 4.63 (s, 2H), 4.30 (s, 2H), 4.06 (t, J = 8.1 Hz, 4H), 2.47 (p, 

J = 8.1 Hz, 2H). 13C NMR (101 MHz, MeOD) δ 166.3, 150.4, 141.7, 138.9, 131.2, 130.9, 129.5, 128.8, 
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127.8, 123.7, 115.6, 59.2, 55.2, 44.3, 17.2. ESI-HRMS (m/z): calculated for C18H20N5O
 (M+H)+: 

322.1662; found: 322.1654. 

Scheme 10. Synthesis of compound 12. 

 

N-(4-((2-methylazetidin-1-yl)methyl)benzyl)-[1,2,4]triazolo[4,3-a]pyridine-6-

carboxamide (12).  

To a solution of 46 (58 mg, 0.2 mmol) in DMF (1 mL) was added 2-

methylazetidine hydrochloride (43 mg, 0.4 mmol) and Ti(OiPr)4 (0.6 mmol, 170 mg). The 

mixture was stirred under room temperature for 10 min. Then NaBH(OAc)3 (0.6 mmol, 

127 mg) was added and the mixture was heated to 70~75 °C for 24 h under N2. The 

reaction mixture was diluted with saturated NaHCO3 solution (20 mL) and the precipitate 

was filtered. The filtrate was then extracted by EtOAc (2 × 30 mL). The combined organic 

layers were dried with anhydrous Na2SO4 and concentrated in vacuo. The residue was then 

purified by column chromatography (silica gel, 20% methanol/EtOAc as eluent) to give 

12 as white solid (58 mg, 88%). 1H NMR (400 MHz, Methanol-d4) δ 9.22 (d, J = 0.8 Hz, 

1H), 9.02 (t, J = 1.4 Hz, 1H), 7.80 (dd, J = 9.6, 1.6 Hz, 1H), 7.71 (dt, J = 9.6, 1.0 Hz, 1H), 

7.31 – 7.20 (m, 4H), 4.54 (s, 2H), 3.58 (d, J = 12.4 Hz, 1H), 3.46 (d, J = 12.4 Hz, 1H), 

3.35 – 3.27 (m, 1H), 3.24 – 3.15 (m, 1H), 2.89 (dt, J = 9.8, 7.7 Hz, 1H), 2.04 (dtd, J = 10.2, 

7.8, 2.3 Hz, 1H), 1.72 (tt, J = 10.0, 8.5 Hz, 1H), 0.97 (d, J = 6.2 Hz, 3H). 13C NMR (101 

MHz, CD3OD) δ 167.0, 151.2, 139.8, 139.7, 138.3, 131.5, 129.7, 129.6, 128.6, 124.7, 
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116.4, 64.8, 63.7, 53.1, 45.3, 27.4, 22.1. ESI-HRMS (m/z): calculated for C19H22N5O
 

(M+H)+: 336.1819; found: 336.1814. 

Scheme 11. Synthesis of compound 13. 

 

N-(4-((2-isopropylazetidin-1-yl)methyl)benzyl)-[1,2,4]triazolo[4,3-a]pyridine-6-

carboxamide (13).  

To a solution of 46 (58 mg, 0.2 mmol) in DMF (1 mL) was added 2-

isopropylazetidine hydrochloride (54 mg, 0.4 mmol) and Ti(OiPr)4 (0.6 mmol, 170 mg). 

The mixture was stirred under room temperature for 10 min. Then NaBH(OAc)3 (0.6 

mmol, 127 mg) was added and the mixture was heated to 70~75 °C for 24 h under N2. The 

reaction mixture was diluted with saturated NaHCO3 solution (20 mL) and the precipitate 

was filtered. The filtrate was then extracted by EtOAc (2 × 30 mL). The combined organic 

layers were dried with anhydrous Na2SO4 and concentrated in vacuo. The residue was then 

purified by column chromatography (silica gel, 20% methanol/EtOAc as eluent) to give 

13 as white solid (61 mg, 84%). 1H NMR (400 MHz, Methanol-d4) δ 9.29 (dt, J = 1.9, 0.9 

Hz, 1H), 9.08 (ddt, J = 4.2, 2.8, 1.4 Hz, 1H), 7.91 – 7.77 (m, 2H), 7.46 – 7.33 (m, 4H), 

4.62 (s, 2H), 4.18 – 4.03 (m, 1H), 3.90 – 3.65 (m, 1H), 3.43 (s, 1H), 3.39 – 3.34 (m, 1H), 

3.22 (d, J = 8.8 Hz, 1H), 2.25 (d, J = 10.6 Hz, 1H), 2.07 – 1.95 (m, 1H), 1.85 (dd, J = 14.8, 

8.4 Hz, 1H), 0.95 (dd, J = 6.7, 0.8 Hz, 3H), 0.85 (dd, J = 6.7, 2.8 Hz, 3H). ESI-HRMS 

(m/z): calculated for C21H25N5O
 (M+H)+: 364.2132; found: 364.2128. 

Scheme 12. Synthesis of compound 14. 
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N-(4-((2-(tert-butyl)azetidin-1-yl)methyl)benzyl)-[1,2,4]triazolo[4,3-a]pyridine-6-

carboxamide (14).  

To a solution of 46 (48 mg, 0.165 mmol) in DMF (1 mL) was added 2-tert-butyl 

azetidine hydrochloride (50 mg, 0.33 mmol) and Ti(OiPr)4 (0.495 mmol, 141 mg). The 

mixture was stirred under room temperature for 10 min. Then NaBH(OAc)3 (0.495 mmol, 

105 mg) was added and the mixture was heated to 70~75 °C for 24 h under N2. The 

reaction mixture was diluted with saturated NaHCO3 solution (20 mL) and the precipitate 

was filtered. The filtrate was then extracted by EtOAc (2 × 30 mL). The combined organic 

layers were dried with anhydrous Na2SO4 and concentrated in vacuo. The residue was then 

purified by column chromatography (silica gel, 20% methanol/EtOAc as eluent) to give 

14 as white solid (50 mg, 80%). 1H NMR (400 MHz, Methanol-d4) δ 9.30 (d, J = 0.8 Hz, 

1H), 9.07 (t, J = 1.4 Hz, 1H), 7.92 – 7.79 (m, 2H), 7.40 – 7.29 (m, 4H), 4.61 (s, 2H), 3.95 

(d, J = 12.9 Hz, 1H), 3.47 – 3.37 (m, 1H), 3.19 – 2.98 (m, 2H), 2.76 (d, J = 9.0 Hz, 1H), 

2.01 – 1.85 (m, 2H), 0.93 (s, 9H). ESI-HRMS (m/z): calculated for C22H27N5O
 (M+H)+: 

378.2288; found: 378.2286. 

Scheme 13. Synthesis of compound 15. 

 

N-(3-(azetidin-1-ylmethyl)benzyl)-[1,2,4]triazolo[4,3-a]pyridine-6-carboxamide 

(15).  



 

68 

 

To a solution of 47 (22 mg, 0.125 mmol) and 39 (27 mg, 0.14 mmol) in DMF (0.4 

mL) was added HBTU (52 mg, 0.14 mmol) and DIPEA (33 mg, 0.25 mmol). The resulting 

solution was then stirred under room temperature overnight. The reaction mixture then 

diluted with EtOAc (30 mL), then washed with saturated NaHCO3 solution (2 × 5 mL), 

and brine (5 mL). The organic layers were dried with anhydrous Na2SO4 and concentrated 

in vacuo. The residue was then purified by column chromatography (silica gel, 20% 

methanol/EtOAc as eluent) to yield 15 as white solid (25 mg, 62%). 1H NMR (400 MHz, 

Methanol-d4) δ 9.30 (d, J = 0.9 Hz, 1H), 9.09 (t, J = 1.4 Hz, 1H), 7.94 – 7.79 (m, 2H), 

7.38 – 7.30 (m, 3H), 7.24 (d, J = 1.0 Hz, 1H), 4.63 (s, 2H), 3.63 (s, 2H), 3.31 (t, J = 7.2 

Hz, 4H), 2.21 – 2.07 (m, 2H). ESI-HRMS (m/z): calculated for C18H20N5O
 (M+H)+: 

322.1662; found: 322.1656. 

 

Methyl 4-(1-aminoethyl)benzoate (49).  

Methyl 4-acetylbenzoate 46 (500 mg, 2.8 mmol), ammonium acetate (1.29 g, 16.8 

mmol) and sodium cyanoborohydrate (263 mg, 4.2 mmol) were dissolved in 10 ml 

methanol and solution was stirred at room temperature for 16 h. The reaction mixture was 
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concentrated and acidified with 2 M HCl (5 mL), then extracted with DCM. The aqueous 

layer was basified with solid NaHCO3 and extracted with DCM (2 × 30 mL). the combined 

DCM layers were dried over Na2SO4 and concentrated. The residue was used without 

further purification. 

Methyl 4-(1-((tert-butoxycarbonyl)amino)ethyl) benzoate (50).  

Methyl 4-(1-aminoethyl)benzoate  49 (250 mg, 1.39 mmol) was dissolved in DCM 

(5 mL) and Boc anhydride (348 mg, 1.6 mmol), DIPEA (0.5 ml, 2.7 mmol) and DMAP 

(17 mg, 0.139 mmol) were added and stirred for overnight. The reaction was washed with 

water and extracted with ethyl acetate (2 × 20 mL). the combined organic layers were 

dried over Na2SO4, concentrated and purified by silica gel column chromatography (20% 

EtOAc/Hexane) to yield 50 as white solid (300 mg, 77%). 

tert-Butyl (1-(4-(hydroxymethyl)phenyl)ethyl) carbamate (51).  

Methyl 4-(1-((tert-butoxycarbonyl)amino)ethyl)benzoate 50 (0.3 g, 1.0 mmol) was 

dissolved in THF (3 mL) and the solution cooled to below -5 °C in an ice/salt bath. 

LiAlH4 (2 M in THF, 1 mL) was added dropwise over 10 min. Upon completion of 

addition, the reaction was stirred at 0 °C for 75 min. Water (0.16 mL) was added dropwise 

followed by 2 M aqueous NaOH solution (0.16 mL) and then water (0.16 mL). The 

suspension was stirred for 15 min and then diluted with EtOAc (15 mL). The mixture was 

dried over Na2SO4 and filtered and the resulting filtrate was concentrated in vacuo to 

afford the title compound, which was used without further purification (215 mg, 80%). 

tert-Butyl (1-(4-(chloromethyl)phenyl)ethyl) carbamate (52).  
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To a stirred solution of 51 (200 mg, 0.8 mmol) in DCM (5 mL) was added 

methanesulfonyl chloride (108 mg, 0.95 mmol) and triethylamine (0.23 mL, 1.6 mmol). 

The solution was stirred for 16 h at room temperature then washed with water and brine. 

After separation, the organic phase was dried over Na2SO4, filtered and concentrated. The 

residue was purified by silica gel column chromatography (EtOAc/hexane 0 to 80%) to 

yield 52 white solid (100 mg, 46% yield).  

tert-Butyl (1-(4-(azetidin-1-ylmethyl)phenyl)ethyl) carbamate (53).  

To a stirred solution of 52 (100 mg, 0.37 mmol) in acetonitrile (5 mL) was added 

azetidine hydrochloride (41 mg, 0.44 mmol) and DIPEA (0.2 ml, 1.1 mmol). The solution 

was stirred at 80 °C for 16 h. The reaction mixture was diluted with water and extracted 

with DCM. The DCM layers were dried over Na2SO4 and concentrated to yield the crude 

product, which was used without further purification (100 mg). 

1-(4-(Azetidin-1-ylmethyl)phenyl)ethan-1-amine (54).  

To a stirred solution of 53 (100 mg. 0.3 mmol), 4 M HCl in 1,4-dioxane (0.5 ml, 

1.8 mmol) was added and stirred at room temperature for 1 h. The reaction mixture was 

concentrated to yield 54 as off-white solid. ESI-HRMS (m/z): calculated for C12H19N2 

(M+H)+: 191.1543; found: 191.1539. 

N-(1-(4-(azetidin-1-ylmethyl)phenyl)ethyl)-[1,2,4]triazolo[4,3-a]pyridine-6-

carboxamide (16).  

To a stirred solution of 39 (50 mg, 0.3 mmol) and 54 (58 mg, 0.3 mmol) in DMF 

(1 ml) was added HBTU (136 mg, 0.36 mmol) and DIPEA (0.1 ml, 0.6 mmol). The 

solution was stirred at room temperature for 16 h. The reaction mixture was diluted with 
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water and extracted with DCM. The DCM layers were dried over Na2SO4 and 

concentrated to give the crude product, which was purified by flash chromatography to 

yield compound 16 as off-white solid (30 mg, 34%). 1H NMR (400 MHz, DMSO-d6) δ 

9.37 (s, 1H), 9.13 (s, 1H), 8.99 (d, J = 7.9 Hz, 1H), 7.80 (q, J = 9.7 Hz, 2H), 7.32 (d, J = 

7.5 Hz, 2H), 7.21 (d, J = 7.8 Hz, 2H), 5.14 (dd, J = 13.9, 7.1 Hz, 1H), 3.47 (s, 2H), 3.08 

(t, J = 6.8 Hz, 4H), 1.94 (dd, J = 13.4, 6.9 Hz, 2H), 1.47 (d, J = 7.0 Hz, 3H). ESI-HRMS 

(m/z): calculated for C19H22N5O (M+H)+: 336.1819; found: 336.1808. 

Scheme 14. Synthesis of compound 17. 

 

N-(4-(azetidin-1-ylmethyl)benzyl)-[1,2,4]triazolo[4,3-a]pyridine-7-carboxamide 

(17).  

To a solution of 55 (44 mg, 0.25 mmol) and 56 (45 mg, 0.275 mmol) in DMF (1 

mL) was added HBTU (104 mg, 0.275 mmol) and DIPEA (65 mg, 0.5 mmol). The 

resulting solution was then stirred under room temperature overnight. The reaction 

mixture then diluted with EtOAc (30 mL), then washed with saturated NaHCO3 solution 

(2 × 5 mL), and brine (5 mL). The organic layers were dried with anhydrous Na2SO4 and 

concentrated in vacuo. The residue was then purified by column chromatography (silica 

gel, 20% methanol/EtOAc as eluent) to yield 17 as white solid (52 mg, 65%). 1H NMR 

(400 MHz, Methanol-d4) δ 9.27 (s, 1H), 8.58 (d, J = 7.2 Hz, 1H), 8.26 (s, 1H), 7.44 (d, J 

= 7.3 Hz, 1H), 7.37 (d, J = 7.8 Hz, 2H), 7.29 (d, J = 7.1 Hz, 2H), 4.61 (s, 2H), 3.61 (s, 
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2H), 3.32 – 3.26 (m, 4H), 2.12 (p, J = 7.2 Hz, 2H). ESI-HRMS (m/z): calculated for 

C18H20N5O
 (M+H)+: 322.1662; found: 322.1653. 

Scheme 15. Synthesis of compound 18. 

 

N-(4-(azetidin-1-ylmethyl)benzyl)-[1,2,4]triazolo[1,5-a]pyridine-6-carboxamide 

(18).  

To a solution of 55 (44 mg, 0.25 mmol) and 57 (45 mg, 0.275 mmol) in DMF (1 

mL) was added HBTU (104 mg, 0.275 mmol) and DIPEA (65 mg, 0.5 mmol). The 

resulting solution was then stirred under room temperature overnight. The reaction 

mixture then diluted with EtOAc (30 mL), then washed with saturated NaHCO3 solution 

(2 × 5 mL), and brine (5 mL). The organic layers were dried with anhydrous Na2SO4 and 

concentrated in vacuo. The residue was then purified by column chromatography (silica 

gel, 20% methanol/EtOAc as eluent) to yield 18 as white solid (49 mg, 61%). 1H NMR 

(400 MHz, Methanol-d4) δ 9.34 (s, 1H), 8.52 (d, J = 1.4 Hz, 1H), 8.14 (dd, J = 9.3, 1.9 

Hz, 1H), 7.86 (d, J = 9.3 Hz, 1H), 7.38 (d, J = 7.7 Hz, 2H), 7.30 (d, J = 7.3 Hz, 2H), 4.62 

(s, 2H), 3.65 (s, 2H), 3.36 (d, J = 4.2 Hz, 4H), 2.14 (p, J = 7.2 Hz, 2H). ESI-HRMS (m/z): 

calculated for C18H20N5O
 (M+H)+: 322.1662; found: 322.1655. 

Scheme 16. Synthesis of compound 19. 
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N-(4-(azetidin-1-ylmethyl)benzyl)-2-methylpyrazolo[1,5-a]pyrimidine-6-

carboxamide (19).  

To a solution of 55 (44 mg, 0.25 mmol) and 58 (49 mg, 0.275 mmol) in DMF (1 

mL) was added HBTU (104 mg, 0.275 mmol) and DIPEA (65 mg, 0.5 mmol). The 

resulting solution was then stirred under room temperature overnight. The reaction 

mixture then diluted with EtOAc (30 mL), then washed with saturated NaHCO3 solution 

(2 × 5 mL), and brine (5 mL). The organic layers were dried with anhydrous Na2SO4 and 

concentrated in vacuo. The residue was then purified by column chromatography (silica 

gel, 20% methanol/EtOAc as eluent) to yield 19 as white solid (49 mg, 59%). 1H NMR 

(400 MHz, Methanol-d4) δ 9.29 (d, J = 2.2 Hz, 1H), 8.88 (d, J = 2.2 Hz, 1H), 7.38 (d, J = 

7.9 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 6.59 (s, 1H), 4.61 (s, 2H), 3.62 (s, 2H), 3.29 (d, J = 

7.2 Hz, 4H), 2.53 (s, 3H), 2.13 (p, J = 7.2 Hz, 2H). ESI-HRMS (m/z): calculated for 

C19H22N5O
 (M+H)+: 336.1819; found: 336.1812. 

Scheme 17. Synthesis of compound 20. 

 

tert-Butyl (4-(bromomethyl)benzyl)carbamate (60).  
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To a solution of 59 (238 mg, 1 mmol) in DCM (2 mL) was added 

triphenylphosphine (316 mg, 1.2 mmol). Then carbon tetrabromide (400 mg, 1.2 mmol) 

was added in portions under ice water bath. The reaction was left under ice water bath for 

another 3 h. Then the reaction mixture was filtered and concentrated in vacuo. The residue 

was purified by column chromatography (10:1 hexanes/EtOAc) to yield 60 as white solid 

(252 mg, 83%).  

tert-Butyl (4-(cyanomethyl)benzyl)carbamate (61).  

To a solution of 60 (150 mg, 0.5 mmol) in 2 mL of DMF was added NaCN (50 

mg, 1 mmol). The reaction mixture was then stirred under 60 °C for 4 h. The reaction 

mixture was cooled and diluted with water and extracted with DCM. Combined DCM 

layers were dried over Na2SO4 and then concentrated to yield 61 as white solid, which was 

used without further purification (96 mg, 78%). 

N-(4-(cyanomethyl)benzyl)-[1,2,4]triazolo[4,3-a]pyridine-6-carboxamide (63).  

To a solution of 61 (96 mg, 0.39 mmol) in 1 mL of 1,4-dioxane was added 4 M 

HCl solution in dioxane (4 mL). The reaction mixture was stirred at room temperature for 

1 h and then concentrated to dryness in vacuo. The residue was dissolved in 2 mL of DMF, 

to which was added 39 (64 mg, 0.39 mmol), DIPEA (155 mg, 1.2 mmol) and HBTU (175 

mg, 0.46 mmol). The reaction mixture was stirred at room temperature overnight and then 

diluted with DCM (20 mL), washed with saturated NaHCO3 solution (2 × 20 mL), 1 M 

HCl (2 × 20 mL) and brine. The combined DCM layer was dried over Na2SO4 and 

concentrated in vacuo. The residue was purified by flash chromatography (0-10% 

MeOH/DCM) to yield 63 as pale yellow solid (58 mg, 52%). 1H NMR (300 MHz, DMSO-
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d6) δ 9.37 (s, 1H), 9.29 (t, J = 5.7 Hz, 1H), 9.15 (s, 1H), 7.84 (d, J = 9.7 Hz, 1H), 7.79 (d, 

J = 9.7 Hz, 1H), 7.34 (q, J = 8.0 Hz, 4H), 4.50 (d, J = 5.8 Hz, 2H), 4.01 (s, 2H). 

N-(4-(2-amino-2-iminoethyl)benzyl)-[1,2,4]triazolo[4,3-a]pyridine-6-carboxamide 

(20).  

To 1.5 mL of absolute EtOH was dropwise added 1 mL of acetylchloride under N2 

at 0 °C. The solution was stirred at 0 °C for 5 min before a solution of 63 (20 mg, 0.069 

mmol) in absolute EtOH (0.5 mL) was added. The reaction mixture was stirred at room 

temperature for 36 h. The reaction mixture was then evaporated to dryness under high 

vacuum. To the residue was added a 7 M NH3 solution in methanol (1 mL). The reaction 

mixture was then stirred overnight and concentrated in vacuo. The residue was dissolved 

in 1 M HCl solution, and washed with EtOAc to remove residual 63, then evaporated to 

dryness to yield 20 as its hydrochloride salt (17 mg, 71%). 1H NMR (300 MHz, D2O) δ 

9.44 (s, 1H), 9.19 (s, 1H), 8.20 (d, J = 9.4 Hz, 1H), 8.05 (d, J = 9.6 Hz, 1H), 7.45 (d, J = 

8.0 Hz, 2H), 7.38 (d, J = 8.0 Hz, 1H), 4.64 (s, 2H), 3.88 (s, 2H). ESI-HRMS (m/z): 

calculated for C16H17N6O (M+H)+ : 309.1458; found: 309.1451. 

Scheme 18. Synthesis of compound 21. 

 

tert-Butyl (3-(hydroxymethyl)-4-methylbenzyl) carbamate (65).  
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2-Methyl-5-cyanobenzoic acid 64 (5 mmol, 0.81 g) was dissolved in anhydrous 

THF (15 mL). A solution of LiAlH4 in THF (1.0 M, 20 mL) was added dropwise to the 

solution under N2 at 0 °C. After completion of addition, the reaction mixture was heated 

to reflux overnight. The solution was then cooled to room temperature and then to 0 °C. 

Water (5 mL) was added dropwise, followed by 2 M NaOH solution (5 mL). After stirring 

for another 10 min, the mixture was filtered over celite. To the filtrate was added Boc2O 

(5 mmol, 1.09 g) and the solution was stirred at room temperature for 4 h. The solution 

was then concentrated in vacuo to yield crude 65 as yellow oil (0.75 g, 60%). 1H NMR 

(300 MHz, Chloroform-d) δ 7.28 (s, 1H), 7.16-7.09 (m, 2H), 4.84 (brs, 1H), 4.68 (d, J = 

5.2 Hz, 2H), 4.27 (d, J = 5.9 Hz, 2H), 2.32 (s, 3H), 1.66 (s, 1H), 1.45 (s, 9H). 

tert-Butyl (3-(bromomethyl)-4-methylbenzyl) carbamate (66).  

To a solution of 65 (1.2 mmol, 300 mg) in DCM (10 mL) was added 

triphenylphosphine (1.44 mmol, 380 mg). Then carbon tetrabromide (1.44 mmol, 480 mg) 

was added in portions at 0 °C. The reaction was stirred at 0 °C for 3 h. Then the reaction 

mixture was filtered and concentrated in vacuo. The residue was purified by column 

chromatography (hexanes/EtOAc=10:1) to yield 66 as white solid (284 mg, 76%). 1H 

NMR (300 MHz, Chloroform-d) δ 7.23 (s, 1H), 7.19-7.13 (m, 2H), 4.81 (brs, 1H), 4.59 

(s, 2H), 4.27 (d, J = 5.9 Hz, 2H), 2.40 (s, 3H), 1.46 (s, 9H). 

tert-Butyl (3-(cyanomethyl)-4-methylbenzyl) carbamate (67).  

To a solution of 66 (156 mg, 0.5 mmol) in 5 mL of DMF was added NaCN (50 

mg, 1 mmol). The reaction mixture was then stirred under 60 °C for 4 h. The reaction 

mixture was cooled and diluted with water and extracted with DCM. Combined DCM 
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layers were dried over Na2SO4 and then concentrated to yield 67 as white solid, which was 

used without further purification (78 mg, 60%). 

N-(3-(cyanomethyl)-4-methylbenzyl)-[1,2,4]triazolo[4,3-a]pyridine-6-carboxamide 

(69).  

To a solution of 67 (78 mg, 0.3 mmol) in 1 mL of 1,4-dioxane was added 4 M HCl 

solution in dioxane (4 mL). The reaction mixture was stirred at room temperature for 1 h 

and then concentrated to dryness in vacuo. The residue was dissolved in 2 mL of DMF, to 

which was added 39 (49 mg, 0.3 mmol), DIPEA (116 mg, 0.9 mmol) and HBTU (137 mg, 

0.36 mmol). The reaction mixture was stirred at room temperature overnight and then 

diluted with DCM (20 mL), washed with saturated NaHCO3 solution (2 × 20 mL), 1 M 

HCl (2 × 20 mL) and brine. The combined DCM layer was dried over Na2SO4 and 

concentrated in vacuo. The residue was purified by flash chromatography (0-10% 

MeOH/DCM) to yield 69 as white solid (46 mg, 50%). 1H NMR (300 MHz, DMSO-d6) δ 

9.37 (t, J = 0.7 Hz, 1H), 9.24 (t, J = 5.9 Hz, 1H), 9.14 (s, 1H), 7.88-7.76 (m, 2H), 7.32 (s, 

1H), 7.25-7.18 (m, 2H), 4.47 (d, J = 5.9 Hz, 2H), 3.98 (s, 2H), 2.27 (s, 3H). 

N-(3-(2-amino-2-iminoethyl)-4-methylbenzyl)-[1,2,4]triazolo[4,3-a]pyridine-6-

carboxamide (21).  

To 1.5 mL of absolute EtOH was dropwise added 1 mL acetylchloride under N2 at 

0 °C. The solution was stirred at 0 °C for 5 min before a solution of 69 (20 mg, 0.066 

mmol) in absolute EtOH (0.5 mL) was added. The reaction mixture was stirred at room 

temperature for 36 h. The reaction mixture was then evaporated to dryness under high 

vacuum. To the residue was added a 7 M NH3 solution in methanol (1 mL). The reaction 
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mixture was then stirred overnight and concentrated in vacuo. The residue was dissolved 

in 1 M HCl solution, and washed with EtOAc to remove residual 69, then evaporated to 

dryness to yield 21 as its hydrochloride salt (14 mg, 60%). 1H NMR (300 MHz, D2O) δ 

9.46 (s, 1H), 9.22 (s, 1H), 8.33 (d, J = 9.3 Hz, 1H), 8.08 (d, J = 9.2 Hz, 1H), 7.31 – 7.13 

(m, 3H), 4.50 (s, 2H), 3.83 (s, 2H), 2.14 (s, 3H). ESI-HRMS (m/z): calculated for 

C17H19N6O (M+H)+: 323.1615; found: 323.1611. 

Scheme 19. Synthesis of compound 22. 

 

tert-Butyl (3-fluoro-4-(hydroxymethyl)benzyl) carbamate (71).  

2-Fluoro-4-cyanobenzoic acid 70 (5 mmol, 0.83 g) was dissolved in anhydrous 

THF (15 mL). A solution of LiAlH4 in THF (1.0 M, 20 mL) was added dropwise to the 

above solution under N2 at 0 °C. After completion of addition, the reaction mixture was 

heated to reflux overnight. The solution was then cooled to room temperature and then to 

0 °C. Water (5 mL) was added dropwise, followed by 2 M NaOH solution (5 mL). After 

stirring for another 10 min, the mixture was filtered over celite. To the filtrate was added 

Boc2O (5 mmol, 1.09 g) and the solution was stirred at room temperature for 4 h. The 

solution was then concentrated in vacuo to yield crude 71 as yellow oil (0.71 g, 55%). 

tert-Butyl (4-(bromomethyl)-3-fluorobenzyl) carbamate (72).  
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To a solution of 71 (1.2 mmol, 306 mg) in DCM (10 mL) was added 

triphenylphosphine (1.44 mmol, 380 mg). Then carbon tetrabromide (1.44 mmol, 480 mg) 

was added in portions at 0 °C. The reaction was stirred at 0 °C for 3 h. Then the reaction 

mixture was filtered and concentrated in vacuo. The residue was purified by column 

chromatography (hexanes/EtOAc=10:1) to yield 72 as white solid (250 mg, 66%). 1H 

NMR (300 MHz, Chloroform-d) δ 7.34 (t, J = 7.8 Hz, 1H), 7.13 – 6.95 (m, 2H), 4.88 (brs, 

1H), 4.50 (s, 2H), 4.30 (d, J = 6.2 Hz, 2H), 1.46 (s, 9H). 

tert-Butyl (4-(cyanomethyl)-3-fluorobenzyl) carbamate (73).  

To a solution of 72 (159 mg, 0.5 mmol) in 5 mL of DMF was added NaCN (50 

mg, 1 mmol). The reaction mixture was then stirred under 60 °C for 4 h. The reaction 

mixture was cooled and diluted with water and extracted with DCM. Combined DCM 

layers were dried over Na2SO4 and then concentrated to yield 73 as white solid, which was 

used without further purification (85 mg, 64%). 

N-(4-(cyanomethyl)-3-fluorobenzyl)-[1,2,4]triazolo[4,3-a]pyridine-6-carboxamide 

(75).  

To a solution of 73 (79 mg, 0.3 mmol) in 1 mL of 1,4-dioxane was added 4 M HCl 

solution in dioxane (4 mL). The reaction mixture was stirred at room temperature for 1 h 

and then concentrated to dryness in vacuo. The residue was dissolved in 2 mL of DMF, to 

which was added 39 (49 mg, 0.3 mmol), DIPEA (116 mg, 0.9 mmol) and HBTU (137 mg, 

0.36 mmol). The reaction mixture was stirred at room temperature overnight and then 

diluted with DCM (20 mL), washed with saturated NaHCO3 solution (2 × 20 mL), 1 M 

HCl (2 × 20 mL) and brine. The combined DCM layer was dried over Na2SO4 and 
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concentrated in vacuo. The residue was purified by flash chromatography (0-10% 

MeOH/DCM) to yield 75 as white solid (51 mg, 55%). 1H NMR (300 MHz, Methanol-d4) 

δ 9.29 (s, 1H), 9.09 (s, 1H), 7.83 (t, J = 8.7 Hz, 2H), 7.46 (t, J = 7.8 Hz, 1H), 7.34 – 7.16 

(m, 2H), 4.63 (s, 2H), 3.92 (s, 2H). 

N-(4-(2-amino-2-iminoethyl)-3-fluorobenzyl)-[1,2,4]triazolo[4,3-a]pyridine-6-

carboxamide (22).  

To 1.5 mL of absolute EtOH was added dropwise 1 mL of acetylchloride under N2 

at 0 °C. The solution was stirred at 0 °C for 5 min before a solution of 75 (20 mg, 0.065 

mmol) in absolute EtOH (0.5 mL) was added. The reaction mixture was stirred at room 

temperature for 36 h. The reaction mixture was then evaporated to dryness under high 

vacuum. To the residue was added a 7 M NH3 solution in methanol (1 mL). The reaction 

mixture was then stirred overnight and concentrated in vacuo. The residue was dissolved 

in 1 M HCl solution, and washed with EtOAc to remove residual 75, then evaporated to 

dryness to yield 22 as its hydrochloride salt (10 mg, 47%). 1H NMR (300 MHz, D2O) δ 

9.46 (s, 1H), 9.22 (s, 1H), 8.22 (dd, J = 9.6, 1.5 Hz, 1H), 8.06 (d, J = 9.6 Hz, 1H), 7.41 (t, 

J = 8.0 Hz, 1H), 7.33 – 7.14 (m, 2H), 4.63 (s, 2H), 3.93 (s, 2H). ESI-HRMS (m/z): 

calculated for C16H16FN6O (M+H)+: 327.1364; found: 327.1352. 

Scheme 20. Synthesis of compound 23. 
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tert-Butyl (4-fluoro-3-(hydroxymethyl)benzyl) carbamate (77).  

2-Fluoro-5-cyanobenzoic acid 76 (5 mmol, 0.83 g) was dissolved in anhydrous 

THF (15 mL). A solution of LiAlH4 in THF (1.0 M, 20 mL) was added dropwise to the 

solution under N2 at 0 °C. After completion of addition, the reaction mixture was heated 

to reflux overnight. The solution was then cooled to room temperature and then to 0 °C. 

Water (5 mL) was added dropwise, followed by 2 M NaOH solution (5 mL). After stirring 

for another 10 min, the mixture was filtered over celite. To the filtrate was added Boc2O 

(5 mmol, 1.09 g) and the solution was stirred at room temperature for 4 h. The solution 

was then concentrated in vacuo to yield crude 77 as yellow oil (0.81 g, 59%). 

tert-Butyl (3-(bromomethyl)-4-fluorobenzyl) carbamate (78).  

To a solution of 77 (1.2 mmol, 306 mg) in DCM (10 mL) was added 

triphenylphosphine (1.44 mmol, 380 mg). Then carbon tetrabromide (1.44 mmol, 480 mg) 

was added in portions at 0 °C. The reaction was stirred at 0 °C for 3 h. Then the reaction 

mixture was filtered and concentrated in vacuo. The residue was purified by column 

chromatography (hexanes/EtOAc=10:1) to yield 78 as white solid (234 mg, 62%). 1H 

NMR (300 MHz, Chloroform-d) δ 7.34 – 7.27 (m, 1H), 7.25-7.18 (m, 1H), 7.05-6.96 (m, 

1H), 4.87 (brs, 1H), 4.49 (s, 2H), 4.29 (d, J = 6.2 Hz, 2H), 1.46 (s, 9H). 

tert-Butyl (3-(cyanomethyl)-4-fluorobenzyl) carbamate (79).  

To a solution of 78 (159 mg, 0.5 mmol) in 5 mL of DMF was added NaCN (50 

mg, 1 mmol). The reaction mixture was then stirred under 60 °C for 4 h. The reaction 

mixture was cooled and diluted with water and extracted with DCM. Combined DCM 
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layers were dried over Na2SO4 and then concentrated to yield 79 as white solid, which was 

used without further purification (79 mg, 60%). 

N-(3-(cyanomethyl)-4-fluorobenzyl)-[1,2,4]triazolo[4,3-a]pyridine-6-carboxamide 

(81).  

To a solution of 79 (79 mg, 0.3 mmol) in 1 mL of 1,4-dioxane was added 4 M HCl 

solution in dioxane (4 mL). The reaction mixture was stirred at room temperature for 1 h 

and then concentrated to dryness in vacuo. The residue was dissolved in 2 mL of DMF, to 

which was added 39 (49 mg, 0.3 mmol), DIPEA (116 mg, 0.9 mmol) and HBTU (137 mg, 

0.36 mmol). The reaction mixture was stirred at room temperature overnight and then 

diluted with DCM (20 mL), washed with saturated NaHCO3 solution (2 × 20 mL), 1 M 

HCl (2 × 20 mL) and brine. The combined DCM layer was dried over Na2SO4 and 

concentrated in vacuo. The residue was purified by flash chromatography (0-10% 

MeOH/DCM) to yield 81 as white solid (57 mg, 62%). 1H NMR (300 MHz, DMSO-d6) δ 

9.37 (s, 1H), 9.29 (t, J = 5.6 Hz, 1H), 9.14 (s, 1H), 7.85 (d, J = 9.6 Hz, 1H), 7.78 (dd, J = 

9.7, 1.5 Hz, 1H), 7.48 – 7.20 (m, 3H), 4.50 (d, J = 6.1 Hz, 2H), 4.05 (s, 2H). 

N-(4-(2-amino-2-iminoethyl)-3-fluorobenzyl)-[1,2,4]triazolo[4,3-a]pyridine-6-

carboxamide (23).  

To 1.5 mL of absolute EtOH was dropwise added 1 mL of acetylchloride under N2 

at 0 °C. The solution was stirred at 0 °C for 5 min before a solution of 81 (20 mg, 0.065 

mmol) in absolution EtOH (0.5 mL) was added. The reaction mixture was stirred at room 

temperature for 36 h. The reaction mixture was then evaporated to dryness under high 

vacuum. To the residue was added a 7 M NH3 solution in methanol (1 mL). The reaction 
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mixture was then stirred overnight and concentrated in vacuo. The residue was dissolved 

in 1 M HCl solution, and washed with EtOAc to remove residual 81, then evaporated to 

dryness to yield 23 as its hydrochloride salt (13 mg, 60%). 1H NMR (300 MHz, D2O) δ 

9.51 (s, 1H), 9.27 (s, 1H), 8.35 (dd, J = 9.6, 1.6 Hz, 1H), 8.13 (d, J = 9.6 Hz, 1H), 7.50 – 

7.34 (m, 2H), 7.27 – 7.10 (m, 1H), 4.62 (s 2H), 3.91 (s, 2H). ESI-HRMS (m/z): calculated 

for C16H16FN6O (M+H)+ : 327.1364; found: 327.1359. 

Scheme 21. Synthesis of compound 24. 

 

N-(4-(((5-fluoropyrimidin-2-yl)amino)methyl)benzyl) -[1,2,4]triazolo[4,3-

a]pyridine-6-carboxamide (24).  

To a stirred solution of 2-chloro-5-fluoropyrimidine (24 mg, 0.18 mmol) and 

amine 6 (48 mg. 0.15 mmol) in ethanol (1 mL) was added DIPEA (0.1 mL, 0.57 mmol) 

and the reaction mixture was heated to 75 °C for 36 h. The reaction was concentrated and 

purified by flash chromatography (silica gel, 5% methanol/EtOAc as eluent) to yield 24 

as light-yellow solid (22 mg, 39%). 1H NMR (400 MHz, DMSO-d6) δ 9.36 (s, 1H), 9.21 

(t, J = 5.9 Hz, 1H), 9.12 (t, J = 1.4 Hz, 1H), 8.32 (d, J = 1.0 Hz, 2H), 7.86 – 7.73 (m, 3H), 

7.26 (s, 4H), 4.46 (d, J = 5.9 Hz, 2H), 4.43 (d, J = 6.4 Hz, 2H). 13C NMR (101 MHz, 

DMSO) δ 163.9, 159.9, 153.3, 150.9, 148.8, 146.1, 145.8, 139.4, 138.0, 137.8, 127.8, 

127.5, 127.2, 126.9, 121.6, 114.9, 44.7, 43.0. ESI-HRMS (m/z): calculated for 

C19H17FN7O
 (M+H)+: 378.1473; found: 378.1465. 

Scheme 22. Synthesis of compound 25. 
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N-(4-(((5-isopropylpyrimidin-2-yl)amino)methyl) benzyl)-[1,2,4]triazolo[4,3-

a]pyridine-6-carboxamide (25).  

To a stirred solution of amine 6 (50 mg, 0.17 mmol) and 2-chloro-5-

isopropylpyrimidine (15 mg, 0.17 mmol) in ethanol (2 mL) was added DIPEA (68 mg, 

0.53 mmol) and heated to 80 °C for 48 h. The reaction mixture was concentrated and 

purified by flash chromatography (0-10% methanol/DCM) to yield 25 as off-white solid 

(10 mg, 18%). 1H NMR (400 MHz, DMSO-d6) δ 9.35 (d, J = 0.8 Hz, 1H), 9.21 (t, J = 5.8 

Hz, 1H), 9.13 (t, J = 1.4 Hz, 1H), 8.16 (s, 2H), 7.86 – 7.73 (m, 2H), 7.49 (t, J = 6.4 Hz, 

1H), 7.26 (s, 4H), 4.49 – 4.40 (m, 4H), 2.71 (hept, J = 6.9 Hz, 1H), 1.15 (d, J = 6.9 Hz, 

7H). 13C NMR (101 MHz, DMSO-d6) δ 163.9, 161.7, 156.5, 148.8, 139.9, 138.0, 137.7, 

129.2, 127.7, 127.5, 127.2, 127.0, 121.6, 114.9, 44.3, 43.0, 28.7, 24.0. ESI-HRMS (m/z): 

calculated for C22H23N7ONa (M+Na)+: 424.1856, found: 424.1849. 

Scheme 23. Synthesis of compound 26. 

 

N-(4-(((4,5-dihydro-1H-imidazol-2-yl)amino)methyl)benzyl)-[1,2,4]triazolo[4,3-

a]pyridine-6-carboxamide (26).  

To a stirred solution of amine 6 (95 mg, 0.3 mmol) and 82 (70 mg, 0.6 mmol) in 

DMF (2 mL) was added triethylamine (91 mg, 0.9 mmol) and heated to 100 °C for 16 h. 
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The reaction mixture was concentrated under reduce pressure. Water was added to the 

crude product and the solid was filtered and concentrated under reduced pressure to 

provide the crude compound 26 (20 mg, 19%). The crude compound was purified by RP-

HPLC (HPLC gradient: 0-70 min: 95% A to 50% A). 1H NMR (300 MHz, DMSO-d6) δ 

9.38 (s, 1H), 9.28 (s, 1H), 9.14 (s, 1H), 8.67 (s, 1H), 7.82 (q, J = 9.7 Hz, 2H), 7.46 – 7.18 

(m, 4H), 4.49 (d, J = 5.9 Hz, 2H), 4.35 (d, J = 5.9 Hz, 2H), 3.60 (s, 4H). ESI-HRMS (m/z): 

calculated for C18H20N7O (M+H)+: 350.1724; found: 350.1724. 

Scheme 24. Synthesis of compound 27. 

 

tert-Butyl (4-(((5-fluoropyridin-2-yl)amino)methyl) benzyl)carbamate (84). 

To a stirred solution of 83 (1 mmol, 300 mg) in 5 mL DMF was added 60 (1 mmol, 

112 mg) and K2CO3 (1 mmol, 138 mg). The reaction mixture was stirred at room 

temperature overnight. The reaction mixture was diluted with water (25 mL) and then 

extracted with DCM (2 × 20 mL). The organic layer was dried over anhydrous Na2SO4 

and concentrated. The residue was then purified by flash chromatography to yield 84 as 

white solid (100 mg, 30%). 1H NMR (400 MHz, CDCl3) δ 7.96 (d, J = 3.0 Hz, 1H), 7.31 

(d, J = 7.9 Hz, 2H), 7.25 (d, J = 8.2 Hz, 2H), 7.19 (ddd, J = 9.0, 7.9, 3.0 Hz, 1H), 6.32 (dd, 
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J = 9.1, 3.4 Hz, 1H), 4.84 (s, 2H), 4.46 (d, J = 5.6 Hz, 2H), 4.30 (d, J = 6.0 Hz, 2H), 1.46 

(s, 9H). 

N-(4-(aminomethyl)benzyl)-5-fluoropyridin-2-amine dihydrochloride (85).  

To a stirred solution of 84 (0.3 mmol, 100 mg) in 1,4-dioxane (1 mL) was add a 4 

M HCl solution in dioxane (4 mL). The solution was stirred at room temperature for 1 h. 

The reaction mixture was then concentrated in vacuo to yield 85 as white solid (85 mg, 

95%), which was used without further purification. 

N-(4-(((5-fluoropyridin-2-yl)amino)methyl)benzyl)-[1,2,4]triazolo[4,3-a]pyridine-6-

carboxamide (27).  

To a stirred solution of 85 (54 mg, 0.18mmol) and 39 (32 mg, 0.20 mmol) in DMF 

(2 mL) was added DIPEA (0.15 mL, 0.8 mmol) and HBTU (80 mg, 0.22 mmol). The 

solution was then stirred at room temperature overnight. The reaction mixture was then 

diluted with water (20 mL) and extracted with EtOAc (2 × 20 mL). The organic layer was 

dried over anhydrous Na2SO4 and concentrated. The residue was then purified by flash 

chromatography to provide 27 as pale yellow solid (38 mg, 56%). 1H NMR (400 MHz, 

DMSO-d6) δ 9.36 (d, J = 0.8 Hz, 1H), 9.21 (t, J = 5.9 Hz, 1H), 9.13 (t, J = 1.4 Hz, 1H), 

7.90 (d, J = 3.1 Hz, 1H), 7.87 – 7.73 (m, 2H), 7.33 (td, J = 8.8, 3.1 Hz, 1H), 7.28 (s, 4H), 

7.04 (t, J = 6.0 Hz, 1H), 6.51 (dd, J = 9.1, 3.6 Hz, 1H), 4.47 (d, J = 5.9 Hz, 2H), 4.40 (d, 

J = 6.0 Hz, 2H). 13C NMR (101 MHz, DMSO) δ 163.5, 155.7, 153.7, 151.3, 148.4, 139.2, 

137.6, 137.4, 133.5, 133.3, 127.3, 127.2, 126.7, 126.5, 125.1, 124.9, 121.1, 114.4, 108.8, 

108.7, 44.4, 42.6. ESI-HRMS (m/z): calculated for C20H17FN6O
 (M+H)+: 377.1521; 

found: 377.1520. 
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Scheme 25. Synthesis of compound 28. 

 

N-(4-(((3,6-difluoropyridin-2-yl)amino)methyl)benzyl)-[1,2,4]triazolo[4,3-

a]pyridine-6-carboxamide (28).  

To a stirred solution of 2,3,6-trifluoropyridine (32 mg, 0.24 mmol) and amine 6 

(63 mg. 0.2 mmol) in N-methyl-2-pyrrolidone (NMP, 0.5 mL) was added DIPEA (0.1 mL, 

0.57 mmol), and the reaction mixture was heated to 90 °C overnight. The reaction mixture 

was cooled and then diluted with EtOAc (25 mL), then washed with brine (2 x 5 mL). The 

organic layers were dried with anhydrous Na2SO4 and concentrated in vacuo. The residue 

was then purified by column chromatography (silica gel, 5% methanol/EtOAc as eluent) 

to yield 28 as light-yellow solid (30 mg, 38%). 1H NMR (400 MHz, Methanol-d4) δ 9.27 

(d, J = 1.0 Hz, 1H), 9.04 (q, J = 1.4 Hz, 1H), 7.90 – 7.76 (m, 2H), 7.41 – 7.25 (m, 5H), 

6.02 (dtd, J = 8.2, 3.1, 2.6, 1.3 Hz, 1H), 4.59 (d, J = 1.1 Hz, 2H), 4.57 (s, 2H). ESI-HRMS 

(m/z): calculated for C20H17F2N6O
 (M+H)+: 395.1426; found: 395.1426. 

 

2.4.5 Surface plasmon resonance (SPR) assay 

All SPR experiments were performed on a Biosensing BI-4500 instrument with 1 

× PBS with 0.1% DMSO as running buffer and a flow rate at 60 µL/min. His-ENL YEATS 

was immobilized through EDC/NHS coupling on CM dextran coated sensor chips 

(Biosensing). Sensor chip was activated by flowing 200 µL 0.05 M NHS plus 0.2 M EDC 
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solution through the surface. Then 200 µL of 6 µM His-ENL YEATS in 10 mM 

NaOAc/HOAc, 150 mM NaCl, pH 5.5 was injected and flowed through the activated 

surface. 100 µL of 1 M ethanolamine pH 7.8 solution was injected to block the remaining 

activated ester on the surface. Compound 11 and 24 was dissolved in running buffer and 

subjected to a 2-fold serial dilution for a total of 4 concentrations ranging from 5.6 µM to 

0.7 µM (for 24 5.4 µM to 0.675 µM). For each cycle, 350 µL of compound solution was 

injected and flow through the surface followed by a 600 s delay for dissociation. Prior to 

the first cycle, 350 µL of running buffer was injected for baseline calibration. A control 

flow channel was set up in parallel without His-ENL YEATS immobilization to subtract 

non-specific binding signals. The data analysis was performed on the kinetic analysis 

software provided by Biosensing Instrument Inc. and fitted into the Langmuir 1:1 binding 

model. 

 

2.4.6 Nuclear magnetic resonance (NMR) experiments for ENL YEATS domain 

For NMR experiments, the YEATS domain of ENL (aa 1-148) was expressed as a 

C-terminal, uncleavable 6xHis fusion protein (plasmid was a generous gift from Oleg 

Fedorov). The 15N-labeled protein was expressed in E. coli Rosetta-2 (DE3) pLysS cells 

grown in NH4Cl (Sigma-Aldrich) minimal media. After induction with IPTG (final 

concentration 0.5 mM) (Gold biotechnology) for 18 hrs at 16 °C, cells were harvested via 

centrifugation and lysed by sonication. The uniformly 15N-labeled YEATS domain was 

incubated with Ni-NTA resins (Thermo Fisher Sci), washed and eluted with imidazole. 
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The protein was further purified by size exclusion chromatography, concentrated 

(Millipore) and stored at -80 °C. 

NMR experiments were performed at 298 K on a Varian INOVA 600 MHz 

spectrometer. The 1H,15N HSQC spectra of 0.2 mM uniformly 15N-labeled YEATS 

domain (25-50 mM Tris-HCl pH 7.5 buffer, supplemented with 150 mM NaCl, 0.2 mM 

TCEP and 10% D2O) were collected in the presence of increasing amount of H3K27cr (aa 

22-31) peptide (synthesized by Synpeptide) or compound 7. NMR data were processed 

and analyzed with NMRPipe and NMRDraw as previously described[118]. 

 

2.4.7 Competitive peptide pulldown assay 

Compounds at indicated concentrations were mixed with 2 g of GST-fused 

YEATS proteins in 300 L binding buffer (50 mM Tris-HCl pH7.5, 250 mM NaCl, 0.1% 

NP-40, 1 mM PMSF) and rotated at 4ºC for 1h. Then, 0.5 g of biotinylated histone 

peptides with different modifications were added and incubated for 4 h. Streptavidin 

magnetic beads (Amersham) were added to the mixture, and the mixture was incubated 

for 1 h with rotation. The beads were then washed three times and analyzed using SDS-

PAGE and western blotting. 

 

2.4.8 IC50 determination in the inhibition of YEATS domains 

To assess the specificity of 7, 11 and 24, their IC50 values in inhibition of the four 

human YEATS domain proteins binding to targeted histone peptides were determined in 

AlphaScreen assays. Compounds were subjected to twelve 3-fold serial dilutions, for a 
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total of thirteen concentrations ranging from 54 μM to 0.1 nM for dose response curve. 

IC50 values were determined from the plot using nonlinear regression of variable slope 

(four parameters) and curve fitting performed by the GraphPad Prism software. 

 

2.4.9 Cell growth inhibition assay 

Human Leukemia MV4;11 and MOLM13 cells were maintained in RPMI-1640 

(Cellgro) supplemented with 10% fetal bovine serum (Sigma). Human U2OS cells were 

maintained in DMEM (Cellgro) supplemented with 10% fetal bovine serum. Five 

thousand cells were seeded in 96-well plate in 100 L medium, treated with DMSO or 

compounds at indicated concentrations for 3 days. Cell viability was measured using the 

CellTiter-Glo luminescent cell viability assay kit (Promega) according to the 

manufacturer’s instruction. Survived cells were calculated as % relative to DMSO treated 

cells. 

 

2.4.10 RNA extraction and RT-qPCR 

Total RNA was extracted using the RNeasy plus kit (Qiagen) and reverse 

transcribed using an iScript cDNA synthesis kit (Bio-Rad). Quantitative real-time PCR 

(qPCR) analyses were performed as described previously using PowerUp SYBR Green 

PCR Master Mix and the Bio-Rad CFX96 real-time PCR detection system. Gene 

expressions were calculated following normalization to GAPDH levels using the 

comparative Ct (cycle threshold) method. 
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2.4.11 Combinatorial treatment of compound 7 and JQ1 

MOLM13 or MV4;11 cells were treated with DMSO, compound 7, JQ1 or 

combination of compounds 7 and JQ1 at indicated concentrations for 6 days. Cell viability 

was measured using the CellTiter-Glo luminescent cell viability assay kit (Promega). 

Survived cells were calculated as % relative to DMSO treated cells. Synergistic 

interactions were analyzed and visualized using the Combenefit software[114]. 



*Reprinted with permission from K. S. Yang, X. R. Ma, Y. Ma, Y. R. Alugubelli, D. A. 

Scott, E. C. Vatansever, A. K. Drelich, B. Sankaran, Z. Z. Geng, L. R. Blankenship, H. 

E. Ward, Y. J. Sheng, J. C. Hsu, K. C. Kratch, B. Zhao, H. S. Hayatshahi, J. Liu, P. Li, 

C. A. Fierke, C.-T. K. Tseng, S. Xu, W. R. Liu, A Quick Route to Multiple Highly 

Potent SARS-CoV-2 Main Protease Inhibitors, ChemMedChem, 2021, 16 (6), 942. 

Copyright 2021 John Wiley & Sons, Inc. 
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CHAPTER III  

STRUCTURE-BASED DRUG DEVELOPMENT FOR SARS-COV-2 MAIN 

PROTEASE* 

 

3.1 Introduction 

 

Coronaviruses (CoVs) are a group of related RNA viruses that cause diseases in a 

wide range of vertebrates including humans and domestic animals[119]. HCoV-229E and 

HCoV-OC43, known as human pathogens[120, 121]. Before 2003, there were only two CoVs, 

The SARS pandemic in 2003 led to the revelation of SARS-CoV-1, a pathogen causing a 

severe respiratory infection[122]. The subsequent surge in CoV research resulted in the 

discovery of two additional human CoVs, HCoV-NL63 and HCoV-HKU1, that are mildly 

pathogenic[123, 124]. One addition to this group was MERS-CoV that emerged in 2012 as a 

pathogen causing a severe respiratory infection[125]. Although SARS-CoV-1 and MERS-

CoV are highly lethal pathogens, the public health, social, and economic damages that 

they have caused are diminutive in comparison to that from SARS-CoV-2, a newly 

emerged human CoV pathogen that causes COVID-19[126]. Rival only to the 1918 

influenza pandemic, the COVID-19 pandemic has led to catastrophic impacts worldwide. 
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To alleviate catastrophic damages of COVID-19 on public health, society and economy, 

finding timely treatment options is of paramount importance. 

Similar to all other CoVs, SARS-CoV-2 is an enveloped, positive-sensed RNA 

virus with a genome of nearly 30 kb in size[127]. Its genome encodes 10 open reading 

frames (ORFs). The largest ORF, ORF1ab encompasses more than two thirds of the whole 

genome. Its translated products, ORF1a (~500 kDa) and ORF1ab (~800 kDa)[128], are very 

large polypeptides that undergo proteolytic cleavage to form 15 mature proteins. These 

are nonstructural proteins (Nsps) that are essential for the virus to modulate human cell 

hosts for efficient viral protein expression, viral genome replication, virion packaging, and 

viral genomic RNA processing. The proteolytic cleavage of ORF1a and ORF1ab is an 

autocatalytic process. Two internal polypeptide regions, Nsp3 and Nsp5, possess cysteine 

protease activity that cleaves themselves, and all other Nsps, from the two polypeptides. 

Nsp3 is commonly referred to as papain-like protease (PLpro and Nsp5 as 3C-like protease 

(3CLPro protease (Mpro)[129]. Although we have yet to understand SARS-CoV-2 biology 

and COVID-19 pathogenesis, previous studies of SARS-CoV-1 have established that 

activity of both PLpro and Mpro is essential to viral replication and pathogenesis. Of the 

two proteases, Mpro processes 12 out of the total 15 Nsps; inhibition of this enzyme is 

anticipated to have more significant impacts on the viral biology than that of PLpro. 

Therefore, small molecule medicines that potently inhibit SARS-CoV-2 Mpro are 

potentially effective treatment options for COVID-19[67, 81, 130]. In this work we report our 

progress in the development of potent SC2Mpro inhibitors. 
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Figure 23. The design of SC2Mpro inhibitors based on medicinal chemistry learned from 

SC1Mpro studies. (A) The structure of SC1Mpro complexed with a peptide substrate (based on 

PDB ID: 5B6O). Active-site cavities that bind P1, P2, P4, and P3’ residues in the substrate are 

labeled. (B) Schematic diagram that shows interactions between SC1Mpro and a substrate. (C) A 

scheme in which a substrate P1 residue is converted to glutaminal and then β-(S-2-oxopyrrolidin-

3-yl)-alaninal (Opal) to form a reversible covalent inhibitor that reacts with the SC1Mpro active-

site cysteine C145. (D) Scaffold structures of Opal-based inhibitors designed for SC2Mpro. 

 

3.2 Methods and Results 
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3.2.1 The Design of β-(S-2-oxopyrrolidin-3-yl)-alaninal (Opal)-Based, Reversible 

Covalent Inhibitors for SC2Mpro. 

Although we are at the inaugural stage of learning medicinal chemistry to inhibit 

SC2Mpro, much has been learned from studies of SARS-CoV-1 Mpro (SC1Mpro) that 

shares 96% sequence identity with SC2Mpro[74]. SC1Mpro has a large active site that 

consists of several smaller pockets for the recognition of residues at P1, P2, P4, and P3’ 

positions in a protein substrate (Figure 23A)[131]. P4 is typically a small hydrophobic 

residue, whereas P2 and P3’ are large. For all Nsps that are processed by SC1Mpro and 

SC2Mpro, Gln is the P1 residue at their cleavage sites. In order to bind the P1 Gln, 

SC1Mpro forms strong van der Waals interactions with the Gln side chain, and also uses 

two hydrogen bonds with the Gln side chain amide oxygen and α-carbonyl oxygen atoms 

(Figure 23B). Previous efforts in the development of irreversible covalent inhibitors for 

SC1Mpro primarily focused on fixing the P1 residue as a more potent β-S-2-

oxopyrrolidine-containing Gln analog and changing the scissile backbone amide to an 

alkene Michael acceptor in order to react with the active-site cysteine C145, as well as 

varying substituents on two sides to improve potency[132]. The enhanced potency from the 

use of the β-S-2-oxopyrrolidine-containing Gln analog is most probably due to the 

reduction of entropy loss during the binding of SC1Mpro to the more rigid lactam 

compared to the flexible Gln. Although converting the scissile backbone amide to a 

Michael acceptor in a SC1Mpro ligand turns it into a covalent inhibitor, it eliminates the 

critical hydrogen bond between the P1 α-carbonyl oxygen and SC1Mpro. Therefore, most 
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Michael acceptor inhibitors developed for SC1Mpro and recently for SC2Mpro tend to 

have efficacy with low micromolar or sub-micromolar IC50 values rather than low 

nanomolar levels[132]. To maintain this critical hydrogen bond and exploit a covalent 

interaction with C145 to form a hemiacetal for high affinity, both aldehyde and ketoamide 

moieties have been used to replace the P1C-side α-amide to develop potent reversible 

covalent inhibitors for SC1Mpro. For aldehyde-based inhibitors, a typical potent inhibitor 

contains Opal at the P1 site that consists of a β-S-2-oxopyrrolidine side chain and an α-

aldehyde for both taking advantage of strong interactions with the SC1Mpro P1-binding 

pocket and the formation of a reversible covalent bond with C145 (Figure 23C). 

Typical examples of this design include GC376, which was originally developed 

for Mpro from feline infectious peritonitis (FIP) CoV and two inhibitors, 11a and 11b, 

which were recently developed for SC2Mpro[75, 133]. Given its relative simplicity, we have 

followed a similar scheme according to structure diagrams shown in Figure 23D to design 

and synthesize reversible covalent inhibitors for SC2Mpro and pursued structural 

variations at P2, P3, and R positions for improved potency. 

 

3.2.2 Synthesis and IC50 Characterization of SC2Mpro Inhibitors (MPIs) 

GC376 (Figure 24A) has confirmed potency against SC1Mpro[134]. We purchased 

it as a potential SC2Mpro inhibitor. We designed two similar dipeptidyl compounds 

MPI1-2 (Figure 24A) and synthesized them according to a synthetic scheme shown in 

Scheme S1 in the Supporting Information. Both MPI1 and MPI2 have Phe at the P2 site 

which was previously shown to contribute to strong bonding to SC1Mpro[132]. MPI2 has 
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also an o-fluoro-p-chlorocinnamyl group as an N-terminal cap. This group is more rigid 

than the CBZ group and therefore possibly introduces a strong interaction with the P4-

binding pocket in SC2Mpro[135]. To characterize IC50 values of all three molecules for 

inhibition of SC2Mpro, we recombinantly expressed a His-6-SUMO-SC2Mpro fusion 

protein in Escherichia coli and purified and digested this protein with SUMO protease to 

obtain intact SC2Mpro with more than 95% purity. We used a previously described 

fluorescent peptide assay to measure the IC50 values for GC376, MPI1, and MPI2 as 31 ± 

4, 100 ± 23, and 103 ± 14 nM, respectively (Figure 24B)[130]. Our determined IC50 value 

for GC376 agrees well with that from Ma et al[136]. In the light of the publication of 

inhibitors 11a and 11b that showed similar IC50 values as 53 ± 5 and 40 ± 2 nM, 

respectively[75], we shifted our focus from the synthesis of bipeptidyl inhibitors to that of 

tripeptidyl inhibitors. By adding one more residue to the design of inhibitors, additional 

interactions with SC2Mpro might be achieved to improve potency. In the design of 

SC1Mpro inhibitors, Leu, Phe, and Cha (cyclohexylalanine) are three residues used 

frequently at the P2 site and Val and Thr(tBu) (O-tert-butylthreonine) are two residues 

used frequently at the P3 site[132]. Installation of these residues at two sites and including 

CBZ as a N-terminal cap led to the design of six compounds MPI3-8 (Figure 24B). We 

added one additional compound MPI9 that has an o-fluoro-p-chlorocinnamyl cap to this 

series to compare the effect of the two N-terminal caps on the inhibitor potency for 

SC2Mpro. We synthesized all seven compounds according to a synthetic scheme 

presented in Scheme S2 and characterized their IC50 values using the fluorescent peptide 

assay. As shown in Figure 24B, all inhibitors have IC50 values below 100 nM, except for 
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MPI8 that has an IC50 value as 105 ± 22 nM. The most potent compound is MPI3 with an 

IC50 value as 8.5 ± 1.5 nM, followed by MPI4 and MPI5 with IC50 values as 15 ± 5 and 

33 ± 2 nM, respectively. We also synthesized 11a (named as MPI10 in our series) 

according to the procedure in Dai et al. and used it as a positive control in our enzyme and 

viral inhibition analyses[75]. Using our fluorescent peptide assay, we determined the IC50 

value of 11a as 31 ± 3 nM. As far as we know, MPI3 is the most potent SC2Mpro inhibitor 

that has been reported so far. From the perspective of enzyme inhibition, Leu and Val are 

optimal residues at P2 and P3 sites in an inhibitor for improved affinity for SC2Mpro and 

CBZ also enhances affinity compared to the o-fluoro-p-chlorocinnamyl as a N-terminal 

capping group. 
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Figure 24. SC2Mpro inhibitors and their IC50 values. (A) Structures of GC376 and ten Opal-

based inhibitors. (B) The inhibition curves of all 11 inhibitors toward SC2Mpro. Triplicate 

experiments were performed for each compound. The determined IC50 values and Ki values are 

presented as mean ± standard error (SE) in the associated table. 
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3.2.3 Structural Characterization of SC2Mpro Interactions with Opal-based Inhibitors 

In order to understand how our designed inhibitors interact with SC2Mpro at its 

active site, we screened crystallization conditions for apo-SC2Mpro, soaked apo-

SC2Mpro crystals with different inhibitors, and determined the crystal structures of these 

inhibitors in complex with SC2Mpro. We used Hampton Research Crystal Screen and 

Index kits to perform initial screening and identified several conditions that yielded single 

crystals of apo-SC2Mpro. For all conditions, crystals were in a thinplate shape. The best 

crystallization condition contained 0.2 M dibasic ammonium phosphate and 17% PEG 

3,350. We refined the structure of apo-SC2Mpro against diffraction data to 1.6 Å 

resolution (PDB ID: 7JPY). In the apoenzyme crystals, SC2Mpro existed as a monomer 

in the crystallographic asymmetric unit and packed relatively densely. The active site of 

each monomer stacked upon another monomer (two representative monomers are shown 

in red and blue respectively in Figure 25A). This close contact and dense protein packing 

made the diffusion of inhibitors to the active site quite slow. We soaked apo SC2Mpro 

crystals with all nine inhibitors that we synthesized and collected and processed their X-

ray diffraction data for structural determination. For crystals that we soaked with the 

inhibitors for just 2 h, we did not find observable ligand electron density at the enzyme 

active site. 
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Figure 25. X-ray crystallography analysis of SC2Mpro in its apo-form and complexes with 

different inhibitors. (A) The packing of apo-SC2Mpro in its crystals. An asymmetric unit 

monomer in the center is colored in red. Its active site is presented as a concave surface. Another 

monomer that stacks on the active site of the monomer is colored in blue. (B) A contoured 2Fo-Fc 

map at the 1σ level around MPI3 and C145 in the active site of SC2Mpro. A covalent bond 

between MPI3 and C145 is observable. (C) Structure overlay between apo-SC2Mpro and the 

SC2Mpro-MPI3 complex. A black arrow points to a region that undergoes structure rearrangement 

from the apoenzyme to accommodate MPI3 in the SC2Mpro-MPI3 complex. (D) Occupation of 

the active-site cavity of SC2Mpro by MPI3. The enzyme is shown in its surface presentation mode. 

(E) Extensive hydrogen bonding and van del Waals interactions between SC2Mpro and MPI3. 

The backbone of SC2Mpro is colored in blue and side chain carbon atoms in orange. Hydrogen 

bonds between MPI3 and SC2Mpro are depicted as yellow dashed lines. (F) Overlay of seven 

Opal-based inhibitors at the active site of SC2Mpro. Color coded for the names is shown in the 

figure. All images were made by using the program PyMOL. The PDB IDs for SC2Mpro in its 

apo form and complexes with inhibitors are 7JPY (apo), 7JPZ (MPI1), 7JQ0 (MPI3), 7JQ1 

(MPI4), 7JQ2 (MPI5), 7JQ3 (MPI6), 7JQ4 (MPI7), and 7JQ5 (MPI8). 

For seven inhibitors including MPI1 and MPI3-8, we performed two-day soaking 

and observed clear electron density in the difference maps in the active site of the enzyme. 

For MPI2 and MPI9, we were not able to determine structures of their complexes with 
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SC2Mpro due to cracking of the crystals upon soaking with the inhibitors. For MPI3, the 

electron density around the P1, P2, and P3 residues were well defined, and the covalent 

interaction between the C145 side-chain thiolate and the Opal aldehyde to form a 

hemiacetal was clearly observable (Figure 25B; PDB ID: 7JQ0). The electron density 

around CBZ was very weak indicating flexible CBZ binding around the enzyme P4-

binding pocket. Figure 25C shows the superposition of apo-SC2Mpro and the SC2Mpro-

MPI3 complex structures. The two structures display very little overall variation with 

RMSD as 0.2 Å. Around the active site in the two structures, large structural 

rearrangements exist for residues M49 and N142 and the loop region that contains P168. 

In apoenzyme, the side chain of M49 folds into the P2-binding pocket. It flips toward the 

solvent to make space available for the binding of the P2 Leu in MPI3. The side chain of 

N142 rotates by almost 180° between the two structures and adopts a conformation in the 

SC2Mpro-MPI3 complex that closely caps the P1-binding site for strong van der Waals 

interactions with the Opal residue in MPI3. In the SC2Mpro-MPI3 complex, the P168-

containing loop is pushed away from its original position in the apoenzyme, probably by 

interaction with the CBZ group, which triggers a position shift for the whole loop. Except 

for M49, N142, and the P168-containing loop, structural orientations of all other residues 

at the active site closely resemble each other in the two structures. In the active site, MPI3 

occupies the P1, P2, and P4-binding pockets and leaves the large P3’-binding pocket 

empty (Figure 25D). Extensive hydrogen bonding and van der Waals interactions in 

addition to the covalent interaction with C145 contribute to the strong binding of MPI3 to 

SC2Mpro (Figure 25E). Residues F140, N142, H163, E166, and H172 form a small cage 
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to accommodate the Opal side chain. Three hydrogen bonds form between the Opal lactam 

amide and the E166 side chain carboxylate, H163 imidazole, and F140 backbone carbonyl 

oxygen. The precise fitting of Opal into the P1-binding pocket and the formation of three 

hydrogen bonds explain the preferential binding of the Opal side chain to this pocket. In 

the SC2Mpro-MPI3 complex, M49 flips from the P2-binding pocket to leave space for the 

binding of the P2 Leu in MPI3. Residues H41, M49, M165 and D187, backbones of the 

M165-containing strand, and the D187-containing loop form a hydrophobic pocket that is 

in a close range of van der Waals interactions with the P2 Leu in MPI3. We observe Leu 

as the best residue in this position probably due to this close van der Waals interaction 

range for the recognition of the P2 Leu side chain. The enzyme has no P3-binding pocket. 

However, the P3 Val in MPI3 positions its side chain in van der Waals interaction distance 

to E166 and P168. In the structure, CBZ narrowly fits into the P4-binding pocket and the 

channel formed between the P168- and Q192-containing loops. The P168 loop rearranges 

its position from that in apoenzyme to accommodate the CBZ group. The CBZ group also 

has weak electron density. These observations indicate that CBZ is not an optimal 

structural moiety for interaction at these sites. Besides interactions involving side chains 

and the CBZ group in MPI3, its two backbone amides and carbamate form 6 hydrogen 

bonds with the enzyme. Two of them are formed between the P3 Val in MPI3 and the 

backbone amino and carbonyl groups of E166 in SC2Mpro. One water molecule mediates 

a hydrogen bond bridge between the P2 Leu amino group in MPI3 and the Q189 side chain 

amide in SC2Mpro. For the P1 Opal residue in MPI3, its α-amino group forms a hydrogen 

bond with the H164 α-carbonyl oxygen in the enzyme. The original aldehyde oxygen in 
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MPI3 forms two hydrogen bonding interactions, one with the α-amino group of G143 and 

the other the C145 α-amine in SC2Mpro. The two hydrogen bonds are probably the reason 

that Opal-based reversible covalent inhibitors are typically stronger than Michael acceptor 

inhibitors, in which the original scissile amide is replaced with an alkene, for inhibition of 

Mpro enzymes. In the structures of SC2Mpro complexes with the other 6 inhibitors, we 

observed similar structure rearrangements at M49, N142, and the P168-containing loop to 

accommodate inhibitors and a covalent interaction (PDB IDs: 7JPZ, 7JQ1, 7JQ2, 7JQ3, 

7JQ4, 7JQ5). 

 

3.2.4 SARS-CoV-2 Inhibition Analysis of GC376, MPI1-8, and 11a 

To evaluate our molecules’ ability to inhibit SARS-CoV-2, we conducted a live 

virus-based microneutralization assay in Vero E6 cells. Vero E6 is a kidney epithelial cell 

line isolated from African Green Monkey. It has been used widely as a model system for 

human CoV studies[137]. We tested 10 molecules including GC376, MPI1-8, and 11a in a 

concentration range from 80 nM to 10 μM and recorded cytopathogenic effect (CPE) 

observed in SARS-CoV-2-infected Vero E6 cells that we cultured in the presence of 

different concentrations of inhibitors. 11a was included as a positive control. For each 

condition, we conducted two repeats. Although it was disappointing that MPI3 was not 

able to completely prevent CPE at all tested concentrations, several inhibitors abolished 

CPE: GC376, MPI2, MPI6, and 11a at 10 μM, MPI5 at 5 μM, MPI7 at 2.5-5 μM, and 

MPI8 at 2.5 μM (Figure 26A). Three compounds MPI5, MPI7 and MPI8 performed better 

than GC376 that has been recently explored by Anivive Lifesciences for the treatment of 
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COVID-19 and 11a that has been considered for COVID-19 clinical studies[130]. As we 

only recorded complete abolition of CPE, the real EC50 values for these compounds are 

expected to be much lower than lowest observed concentrations for CPE abolishment. 

 

Figure 26. The SARS-CoV-2 viral inhibition results of selected inhibitors in (A) Vero E6 and 

(B) A549/ACE2 cells. CPE: cyto-pathogenic effect. 

Encouraged by our results in Vero E6 cells, we tested the three most potent 

compounds MPI5, MPI7, and MPI8 and also 11a in A549/ACE2 cells. The A549/ACE2 

cell line was derived from human alveolar epithelial cells. It mimics the SARS-CoV-2 

infection of the human respiratory tract system better than Vero E6[138]. We tested a same 

concentration range for all four compounds. MPI7 was not able to completely abolish CPE 

at all tested conditions. However, both MPI5 and MPI8 performed much better than in 

Vero E6 cells with complete abolition of CPE at 160-310 nM and much better than 11a 

(Figure 26B). 11a displayed potency similar to that shown in Vero E6 cells. Given that 

real EC50 values are expected to be lower than the lowest observed concentration for CPE 
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abolishment, MPI5 and MPI8 are, as far as we know, the most potent anti-SARS-CoV-2 

small molecules in infected cells that have been reported so far. 

 

3.3 Discussion and Conclusion 

 

Guided by previous medicinal chemistry studies about SC1Mpro, we designed and 

synthesized a number of Opal-based dipeptidyl and tripeptidyl inhibitors that potently 

inhibit SC2Mpro, an essential enzyme for SARS-CoV-2, the pathogen of COVID-19. As 

the most potent inhibitor of SC2Mpro, MPI3 displayed an IC50 value of 8.5 nM. As far as 

we know, this is the lowest reported IC50 for known SC2Mpro inhibitors. During the 

search of optimal conditions for IC50 characterizations, we noticed that 10 nM was the 

lowest SC2Mpro concentration that could provide reliable activity[130]. To characterize the 

Ki value of an inhibitor, the Km value for a used substrate needs to be determined. The 

substrate we used for the inhibitor characterization has a sequence as Dabcyl-

KTSAVLQSGFRKME-Edans. At a fixed enzyme concentration at 20 nM, the substrate 

cleavage rate was roughly proportional to the added substrate concentration up to 200 μM. 

Above 200 μM, the substrate had a significant quenching effect and was also not well 

soluble. Based on our results, the Km value is about 422.4 μM. Based on this determined 

Km value, Ki for all the inhibitors are calculated and presented in Figure 24B. X-ray 

crystallography analysis of the SC2Mpro MPI3 complex revealed that MPI3 fits precisely 

in the P1- and P2-binding pockets at the SC2Mpro active site (PDB ID: 7JQ0). Strong van 

der Waals interactions at the P1- and P2-binding pockets, nine hydrogen bonds with 
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active-site residues, and the covalent interaction with C145 necessitate high affinity of 

MPI3 to SC2Mpro. The N-terminal capping group of MPI3 and other inhibitors are not 

well defined in the crystal structures, indicating an unfitting size for this group or relatively 

loosely bound pattern in P4-binding pocket. Optimization on size or ligand-protein 

interacting to introduce stronger interaction between ligand and SC2Mpro at this site 

would contribute to the generation of more potent inhibitors in the future. Although MPI3 

is the most potent inhibitor for the enzyme, its cellular activity in inhibiting SARS-CoV-

2 is much lower than several other inhibitors we have generated. A likely reason is its 

lower cellular stability. MPI3 has Leu and Val at its P2 and P3 sites respectively. Both are 

naturally occurring amino acids that are expected to be targeted by both extracellular and 

cellular proteases. Since Leu and Val are optimal residues at two sites, modest changes 

based on these structures will be necessary for both maintaining high potency in inhibiting 

SC2Mpro and improving cellular stability for enhanced cellular activity in inhibiting the 

virus. As such, Val and Leu analogs at these two sites need to be explored. Since both 

MPI5 and MPI8 show high anti-SARS-CoV-2 activity in both Vero E6 and ACE2+ A549 

cells and each has Cha at their P2 site, we suggest maintaining Opal and Cha at P1 and P2 

sites and varying the residue at P3 and the N-terminal capping moiety to improve anti-

SARS-CoV-2 activity in cells. Based on our structures of SC2Mpro complexes with seven 

inhibitors, the P1 Opal occupies precisely the P1-binding pocket in SC2Mpro and three 

hydrogen bonds to the Opal lactam amide are critical in maintaining strong binding to 

SC2Mpro. Chemical space to manipulate the P1 residue in an inhibitor for improved 

binding to SC2Mpro is minimal. But one direction that may be explored is to introduce 
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additional heteroatom(s) to Opal for the formation of hydrogen bond(s) with the N142 side 

chain am-ide. In the SC2Mpro-MPI3 complex, the N142 side chain flips by about 180° 

from its position in apoenzyme to form a closed P1-binding pocket. However, only van 

der Waals inter-actions with Opal are involved with N142. Given the close distance 

between the Opal side chain and the side chain amide of N142, some hydrogen bonds may 

be designed for improved potency. In all our designed inhibitors, an Opal aldehyde is 

involved in the formation of a covalent interaction with C145. This design, although 

necessary for the formation of a hemiacetal covalent complex, effectively excludes the 

exploration of the P3’-binding site in SC2Mpro for improved potency in a designed 

inhibitor. Figure 25D illustrates that the P3’-binding pocket is completely empty. In our 

early discussion, we argued that it is critical to maintain the hydrogen bond between the 

scissile amide oxygen in a substrate and SC2Mpro for high affinity. Changing the scissile 

amide to an aldehyde in an inhibitor is effective in maintaining this hydrogen bond and 

allows a covalent interaction with C145. Two hydrogen bonds formed between the 

hemiacetal alcohol and SC2Mpro contribute to high potency of this group of molecules. 

In our study, cell-based anti-SARS-CoV-2 activity of our designed inhibitors do 

not correlate with their IC50 values in inhibiting SC2Mpro. This is expected since cellular 

stability and other features of these inhibitors are very different. However, information 

regarding both enzyme inhibition IC50 values and anti-SARS-CoV-2 activity is critical for 

the design of a new generation of inhibitors that perform excellent in both aspects. Given 

that MPI3 has already reached a single-digit nanomolar IC50 value and MPI5 and MPI8 

display high potency in inhibiting SARS-CoV-2, merging features of the three molecules 
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will lead to inhibitors with extreme potency in inhibiting the virus. Our antiviral assays 

indicated that MPI5 and MPI8 performed much better than GC376 and 11a, two molecules 

that have been explored for COVID-19 preclinical and clinical tests. These two molecules 

are ready for preclinical analysis that we are actively exploring. We noticed in our antiviral 

assays that MPI5 and MPI8 have much higher potency in A549/ACE2 cells than in Vero 

E6 cells. These two cell lines have different host protease proteomes. It is likely that MPI5 

and MPI8 inhibit some host proteases that serve critical functions in the SARS-CoV-2 

entry into and replication in host cells and therefore exert different SARS-CoV-2 

inhibition. 

 

3.4 Experimental Details 

 

3.4.1 Recombinant SC2Mpro Protein Expression and Purification 

The construct pET28a-His-SUMO-SC2Mpro construct was made based on the a 

pET28a plasmid modified with N-terminal His-SUMO tag. The gene encoding SC2Mpro 

was amplified from a previous plasmid pBAD-sfGFP-Mpro using the forward primer 5’-

CGCGGATCCGGGTTTCGCAAG-3’ and the reverse primer 5’-

CCGCTCGAGTTACTGAAAAGTTACGCC-3’. The amplified PCR product was 

digested with BamHI and XhoI and ligated into the vector pET28a-His-SUMO plasmid 

digested with the same restriction enzymes. The gene sequence of His-SUMO-SC2Mpro 

was verified by sequencing at Eton Bioscience Inc. 
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The pET28a-His-SUMO-SC2Mpro construct was transformed into E. coli strain 

BL21(DE3). Cells were cultured at 37°C in 6 L 2xYT medium with kanamycin (50 

μg/mL) for 3 h and induced with isopropyl-D-1-thiogalactoside (IPTG) at final 

concentration of 1 mM when the OD600 reached 0.8. After 3 h, cells were harvested by 

centrifugation at 12,000 rpm, 4 °C for 30 min. Cell pellets were resuspended in 150 mL 

buffer A (20 mM Tris, 100 mM NaCl, 10 mM imidazole, pH 8.0) and then lysed by 

sonication on ice. The lysate was clarified by centrifugation at 16,000 rpm, 4 °C for 30 

min. The supernatant was loaded onto a nickel-chelating column with High Affinity Ni-

Charged Resin (GenScript) and washed with 10 column volumes of buffer A to remove 

unspecific binding proteins, followed by elution using buffer B (20 mM Tris, 100 mM 

NaCl, 250 mM imidazole, pH 8.0). The protein eluates were subjected to buffer exchange 

with buffer C (20 mM Tris, 10 mM NaCl, 1mM dithiothreitol (DTT), pH 8.0) by using 

HiPrep 26/10 desalting column (GE Healthcare). The His-SUMO-SC2Mpro proteins were 

digested with SUMO protease overnight at 4 °C. The digested protein was applied to 

nickel-chelating column again to remove the His-tagged SUMO protease, the His-SUMO 

tag, and protein with uncleaved His-SUMO tag. The tag-free SC2Mpro protein was loaded 

onto an anion-exchange column with Q Sepharose, Fast Flow (GE Healthcare) 

equilibrated with buffer C for further purification. The column was eluted by buffer D (20 

mM Tris, 1 M NaCl, 1 mM DTT, pH 8.0) with a linear gradient ranging from 0 to 500 

mM NaCl (10 column volumes buffer). Fractions eluted from the anion-exchange column 

were condensed and loaded to size exclusion column with HiPrep 16/60 Sephacryl S-100 

HR (GE Healthcare) pre-equilibrated with buffer E (20 mM Tris, 100 mM NaCl, 1 mM 
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DTT, 1 mM EDTA, pH 7.8). The eluted SC2Mpro protein in buffer E was concentrated 

to 20 mg/mL and stored in -80 °C for further use. 

 

3.4.2 The Determination of Km for Sub3 

The assays were carried out with 20 nM enzyme and various concentration of 

Sub3, a fluorogenic substrate we purchased from BaChem (DABCYL-Lys-Thr-Ser-Ala-

Val-Leu-Gln-Ser-Gly-Phe-Arg-Lys-Met-Glu-EDANS) at 37 °C. Aliquot was taken out at 

indicated time points and diluted 10 times to stop the reaction. Fluorescent intensity was 

recorded immediately. Data treatment were done with Graph Pad Prism 8.0 software. First 

14 min were analyzed by linear regression for initial reaction rate analyses. The initial 

reaction rates were used to determine the Km value by fitting with Michaelis-Menten non-

linear regression. 

 

3.4.3 IC50 Analysis 

The assays were carried out with 20 nM enzyme (except for MPI3, for which 10 

nM enzyme was used) and 10 μM substrate at 37 C with continuous shaking. All the 

analyses were carried out in triplicate. The substrate (DABCYL-Lys-Thr-Ser-Ala-Val-

Leu-Gln-Ser-Gly-Phe-Arg-Lys-Met-Glu-EDANS) was purchased from Bachem and 

stored as 1 mM solution in 100% DMSO. Enzyme activity was monitored by fluorescence 

with excitation at 336 nm and emission at 455 nm wavelength. The dilution buffer (used 

for enzyme and substrate dilution) is 10 mM NaxHyPO4, 10mM NaCl, 0.5 mM EDTA, pH 

7.6. Final composition of the assay buffer is 10 mM NaxHyPO4, 10 mM NaCl, 0.5 mM 
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EDTA, 2 μM DTT (coming from enzyme stock solution), pH 7.6 with 1.25% DMSO. All 

the inhibitors were stored as 10 mM in 100% DMSO solutions in -20 °C freezer. 

IC50 analysis, the inhibitor was diluted to 400-fold times higher than the highest 

working concentration to make the secondary stock solution (i.e. if the highest working 

concentration of inhibitor is 2 μM, then the inhibitor was diluted from its 10 mM stock 

solution to 800 μM in DMSO). 10 μL from this secondary stock solution was added to the 

990 uL of dilution buffer. Serial dilutions were carried out in dilution buffer containing 

1% DMSO to ensure all the inhibitor serial dilutions are at 1% DMSO. 25 μL of each 

inhibitor solution were added to 96-well plate with multichannel pipettor. Next, 25 μL of 

80 nM enzyme solution (diluted from 10 μM enzyme storage solution in 10 mM NaxHyPO4 

,10 mM NaCl, 0.5 mM EDTA, pH 7.6, 1 mM DTT with dilution buffer) were added by 

multichannel pipettor and mixed by pipetting up and down three times. Then, the enzyme-

inhibitor solution was incubated at 37 °C for 30 minutes. During incubation period, 20 μM 

of the substrate solution is prepared by diluting from 1 mM stock solution with dilution 

buffer. When the incubation period is over, 50 μL of the 20 μM substrate solution added 

to each well by multichannel pipettor and the assay started. Data recording were stopped 

after 30 minutes. Data treatment were done with Graph Pad Prism 8.0 software. First 0-

300 seconds were analyzed by linear regression for initial slope analyses. Then, the initial 

slopes were normalized and IC50 values were determined by inhibitor vs response - 

variable slope (four parameters). 

 

3.4.4 Crystallization of SC2Mpro 
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A freshly prepared SC2Mpro protein solution at a concentration of 10 mg/mL was 

cleared by centrifugation at 14,000 rpm, 10 min. Next, a basic screen with the 

commercially available screening kits (Hampton Research IndexTM, Crystal ScreenTM 

1 and 2, PEGRxTM 1 and 2, PEG/IonTM 1 and 2) were performed employing the sitting-

drop vapor-diffusion method at 18 °C. 1.0 μL of SC2Mpro protein solution and 1.0 μL of 

reservoir buffer were mixed to equilibrate against 100 μL reservoir solution. Crystals 

appeared overnight under over 50 conditions. The most promising crystal was found under 

condition No.44 of PEG/IonTM (0.2 M Ammonium phosphate dibasic, 20% w/v 

PEG3350, pH 8.0). Subsequent optimization was performed by adjusting the temperature 

and concentration of protein and precipitant. The best plate-like crystals were obtained at 

25 °C from 0.2 M Ammonium phosphate dibasic, 17% w/v PEG3350, pH 8.0, with a 

SC2Mpro protein concentration of 14 mg/ml. Overnight growing crystals were washed 

with cryo-protectant containing mother liquor plus gradually increasing glycerol (5%, 

10%, 15%, 20%, 25% and 30%). Cryo-protected crystals were fished for data collection. 

 

3.4.5 Crystallization of SC2Mpro in Complex with Inhibitors 

Soaking was performed to produce SC2Mpro-inhibitor complex crystals. 

Overnight growing SC2Mpro crystals were washed with reservoir solution three times in 

situ. Subsequently, the crystals were washed three times with reservoir solution plus 0.5 

mM inhibitor and 2% DMSO (Inhibitors were dissolved to 25 mM in 100% DMSO). The 

mixture was incubated at 25 °C for 48 h. The cryoprotectant solution contained mother 
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liquor plus 30% glycerol, 0.5 mM inhibitor and 2% DMSO. Cryo-protected crystals were 

fished for data collection. 

 

3.4.6 Data collection and Structure Determination 

The data of SC2Mpro with MPI6 and MPI8 were collected on a Rigaku R-AXIS 

IV++ image plate detector. All the other data were collected at the Advanced Light Source 

(ALS) beamline 5.0.2 using a Pilatus3 6M detector. The diffraction data were indexed, 

integrated and scaled with iMosflm.1 All crystals are in space group C121. All the 

structures were determined by molecular replacement using the structure model of the free 

enzyme of the SARS-CoV-2 (2019-nCoV) main protease [Protein Data Bank (PDB) ID 

code 6Y2E] as the search model using Phaser in the Phenix package.2-3 JLigand and 

Sketcher from the CCP4 suite were employed for the generation of PDB and geometric 

restraints for the inhibitors. The inhibitors were built into the Fo-Fc density by using 

Coot.4 Refinement of all the structures was performed with Real-space Refinement in 

Phenix.3 Details of data quality and structure refinement are summarized in Table S1. All 

structural figures were generated with PyMOL (https://www.pymol.org). 

 

3.4.7 SARS-CoV-2 Inhibition by a Cell-based Assay 

A slightly modified cytopathic effect (CPE)-based microneutralization assay was 

used to evaluate the drug efficacy against SARS-CoV-2 infection. Briefly, confluent 

African green monkey kidney cells (Vero E6) or human alveolar epithelial A549 cells 

stably expressing human ACE2 viral receptor, designated A549/hACE2, grown in 96-

https://www.pymol.org/
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wells microtiter plates were pretreated with serially 2-folds diluted individual drugs for 

two hours before infection with 100 or 500 infectious SARS-CoV-2 (US_WA-1 isolate) 

particles in 100 μL EMEM supplemented with 2% FBS, respectively. Cells pre-treated 

with parallelly diluted DMSO with or without virus were included as positive and negative 

controls, respectively. After cultivation at 37 °C for 3 (Vero E6) or 4 days (A549/hACE2), 

individual wells were observed under the microcopy for the status of virus-induced 

formation of CPE. The efficacy of individual drugs was calculated and expressed as the 

lowest concentration capable of completely preventing virus-induced CPE in 100% 

(EC100) or 50% (EC50) of the wells. All compounds were dissolved in 100% DMSO as 10 

mM stock solutions before subjecting to dilutions with culture media. 

 

3.4.8 The synthesis of inhibitors MPI1-9 

Scheme 26. Synthesis of compound 89. 

 

Dimethyl (2S,4R)-2-((tert-butoxycarbonyl)amino)-4-(cyanomethyl)pentanedioate 

(87) 

A solution of N-Boc-glutamic acid dimethyl ester (3 g, 11 mmol, 1 equiv.) in 

anhydrous THF (20 mL) was cooled under -78 °C. Then 24 mL of 1 M LiHMDS solution 

in THF (24 mmol, 2.18 equiv.) was added to the solution dropwise. After addition, the 
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solution was stirred under -78 °C for 1 h. Meanwhile, boromoacetonitrile was stirred with 

activated basic alumina for 2 h and then filtered. Freshly dried and filtered 

bromoacetonitrle (1.4 g, 11.8 mmol, 1.06 equiv.) was then added dropwise to the dianion 

solution. The solution was then stirred under -78 °C for 3~5 h, until TLC confirms 

complete consumption of the starting material. Then the reaction was quenched with 

precooled methanol (1 mL) in one portion and stirred under the same temperature for 30 

min. The methoxide solution was then quenched with pre-cooled AcOH/THF (1 mL in 6 

mL THF) in one portion and stirred for another 30 min under the same temperature. Then 

the cooling bath was removed. The reaction mixture was allowed to warm up to room 

temperature and poured into 50 mL of saturated brine solution. The layers were separated, 

and the organic layer was then concentrated to give dark oil. Then to the residue was added 

4 g of silica gel, 1 g of activated charcoal and 50 mL of dichloromethane. The slurry was 

stirred for 1 h, and then filtered and washed with another 50 mL of dichloromethane. The 

filtrate was then concentrated to give brown oil, which was used without further 

purification. 

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-((S)-2-oxopyrrolidin-3-yl)propanoate 

(88) 

To a pre-cooled solution of CoCl2·6H2O (1.54 g, 6.5 mmol) and 13 (11 mmol, 

crude) in methanol under 0 °C was added NaBH4 (44 mmol, 1.67 g) in portions over 30 

min. The reaction was exothermic and produces copious amount of hydrogen and black 

precipitate. The reaction mixture was stirred under room temperature for 24 h, and then 

concentrated on vacuo. The residue oil was then poured into 10% citric acid and filtered. 
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The filtrate was then extracted with ethyl acetate twice. The organic layer was then dried 

over anhydrous Na2SO4 and concentrated. The residue was purified by flash 

chromatography to afford 88 as light-yellow oil (2.1 g, 66%). 1H NMR (400 MHz, CDCl3): 

δ 6.58 (s, 1H), 5.58 (d, J = 8.5 Hz, 1H), 4.19-4.36 (m, 1H), 3.71 (s, 3H), 3.23-3.39 (m, 

2H), 2.36-2.54 (m, 2H), 2.04-2.19 (m, 1H), 1.73-1.90 (m, 1H), 1.41 (s, 9H). 

(S)-1-Methoxy-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)propan-2-amine hydrochloride 

(89) 

To a solution of 88 (2.1 g, 7.3 mmol) in 1,4-dioxane (10 mL) was added dropwise 

a HCl solution in 1,4-dioxane (4 M, 10 mL). The resulting solution was stirred at room 

temperature for 1 h. Then residue was then concentrated on vacuo to afford 5 as light-

yellow hydroscopic crystal (1.5 g, 92%). 1H NMR (400 MHz, d6-DMSO): δ 8.72 (s, 3H), 

7.97 (s, 1H), 4.13-4.24 (m, 1H), 3.76 (s, 3H), 3.12-3.24 (m, 2H), 2.54-2.65 (m, 1H), 2.23-

2.34 (m, 1H), 2.01-2.10 (m, 1H), 1.83-1.92 (m, 1H), 1.62-1.73 (m, 1H). 

Scheme 27. Synthesis of MPI1 
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Methyl (S)-2-((S)-2-(((benzyloxy)carbonyl)amino)-3-phenylpropanamido)-3-((S)-2-

oxopyrrolidin-3-yl)propanoate (91) 

To a solution of 90 (2 mmol, 0.44 g) and 89 (2 mmol, 0.44 g) in anhydrous DMF 

(10 mL) was added DIPEA (4 mmol, 0.52 g) and was cooled to 0 °C. HATU (2.2 mmol, 

0.84 g) was added to the solution under 0 °C and then stirred at room temperature 

overnight. The reaction mixture was then diluted with ethyl acetate (50 mL) and washed 

with saturated NaHCO3 solution (2 × 20 mL), 1 M HCl solution (2 × 20 mL), and saturated 

brine solution (2 × 20 mL) sequentially. The organic layer was dried over anhydrous 

Na2SO4 and then concentrated on vacuo. The residue was then purified with flash 

chromatography (50-100% EtOAc in hexanes as the eluent) to afford 91 as white solid 

(520 mg, 56%). 1H NMR (400 MHz, d6-DMSO): δ 8.59 (d, J = 7.9 Hz, 1H), 7.66 (s, 1H), 

7.53 (d, J = 8.5 Hz, 1H), 7.03-7.43 (m, 10H), 4.93 (q, J = 12.3, 11.8 Hz, 2H), 4.31-4.42 

(m, 1H), 4.22-4.31 (m, 1H), 3.63 (s,3H), 2.91-3.18 (m, 3H), 2.68-2.79 (m, 1H), 2.23-2.36 

(m, 1H), 2.01-2.17 (m, 2H), 1.53-1.67 (m, 2H). 

Benzyl ((S)-1-oxo-1-(((S)-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)-3-

phenylpropan-2-yl)carbamate (MPI1) 

To a solution of 91 (0.1 mmol, 47 mg) in anhydrous dichloromethane (5 mL) was 

added a solution of LiBH4 in anhydrous THF (2 M, 0.1 mL, 0.2 mmol) at 0 °C. The 

resulting solution was stirred at the same temperature for 3 h. Then a saturated solution of 

NH4Cl (5 mL) was added dropwise to quench the reaction. The layers were separated, and 

the organic layer was washed with saturated brine solution (2 × 10 mL), dried over 

anhydrous Na2SO4. and evaporated to dryness. The residue was then dissolved in 
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anhydrous dichloromethane (5 mL) and cooled to 0 °C. Dess-Martin periodinane (0.2 

mmol, 85 mg) was added to the solution. The reaction mixture was then stirred at room 

temperature overnight. Then the reaction was quenched with a saturated NaHCO3 solution 

 containing 10% Na2S2O3. The layers were separated. The organic layer was then washed 

with saturated brine solution (2 × 10 mL), dried over anhydrous Na2SO4 and evaporated 

in vacuo. The residue was then purified with flash chromatography (1-10% methanol in 

dichloromethane as the eluent) to afford MPI1 as white solid (30 mg, 65%). 1H NMR (400 

MHz, CDCl3): δ 9.26 (s, 1H), 8.18 (s, 1H), 7.46-7.08 (m, 10H), 5.54 (s, 1H), 5.44 (d, J = 

9.2 Hz, 1H), 5.11 (s, 2H), 4.65-4.53 (m, 1H), 4.30-4.16 (m, 1H), 3.37-3.24 (m, 2H), 3.23-

3.14 (m, 1H), 3.07 (dd, J = 13.6, 6.5 Hz, 1H), 2.40-2.28 (m, 1H), 2.27-2.19 (m, 1H), 1.92-

1.73 (m, 3H); 13C NMR (100 MHz, CDCl3) δ 199.98, 180.16, 172.13, 155.96, 136.39, 

129.62, 128.73, 128.65, 128.29, 128.15, 127.14, 67.11, 58.05, 56.14, 40.72, 38.96, 38.17, 

31.08, 29.53, 28.88; ESI-MS calcd for C24H28N3O5 (M+H+): 438.2; found 438.3. 

Scheme 28. Synthesis of MPI2. 
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Methyl (S)-2-((S)-2-((E)-3-(3-chloro-5-fluorophenyl)acrylamido)-3-

phenylpropanamido)-3-((S)-2-oxopyrrolidin-3-yl)propanoate (93) 

To a solution of 91 (0.25 mmol, 116 mg) in methanol was added 10 % Pd/C (26 

mg). The mixture was then stirred with hydrogen balloon at room temperature for 3 h. The 

catalyst was then filtered off and the solution was evaporated on vacuo to afford 92 as 

white solid, which was used without purification. To a solution of 92 in 2 mL dry DMF 

was added DIPEA (0.5 mmol, 65 mg) and cooled to 0 °C. Then HATU (0.3 mmol, 114 

mg) was added to the solution at the same temperature. The solution was stirred at room 

temperature overnight. The reaction mixture was then diluted with ethyl acetate (20 mL) 

and washed with saturated NaHCO3 solution (2 × 10 mL), 1 M HCl solution (2 × 10 mL), 

and saturated brine solution (2 × 10 mL) sequentially. The organic layer was dried over 

anhydrous Na2SO4 and then concentrated in vacuo. The residue was then purified with 

flash chromatography (1-10% methanol in dichloromethane as the eluent) to afford 93 as 

white solid (80 mg, 62%). 1H NMR (400 MHz, CDCl3): δ 7.92 (d, J = 6.7 Hz, 1H), 7.62 

(d, J = 15.8 Hz, 1H), 7.40 (t, J = 8.3 Hz, 1H), 7.32-7.17 (m, 5H), 7.11 (td, J = 8.7, 7.4, 3.0 

Hz, 2H), 6.61-6.43 (m, 2H), 5.89 (s, 1H), 5.02 (dd, J = 8.2, 5.9 Hz, 1H), 4.51-4.33 (m, 

1H), 3.72 (s, 3H), 3.38-3.25 (m, 2H), 3.25-3.11 (m, 2H), 2.44-2.31 (m, 1H), 2.27-2.19 (m, 

1H), 2.17-2.05 (m, 1H), 1.95-1.74 (m, 2H). 

(E)-3-(3-chloro-5-fluorophenyl)-N-((S)-1-oxo-1-(((S)-1-oxo-3-((S)-2-oxopyrrolidin-3-

yl)propan-2-yl)amino)-3-phenylpropan-2-yl)acrylamide (MPI2) 

To a solution of 93 (0.1 mmol, 52 mg) in anhydrous dichloromethane (5 mL) was 

added a solution of LiBH4 in anhydrous THF (2 M, 0.1 mL, 0.2 mmol) at 0 °C. The 
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resulting solution was stirred at the same temperature for 3 h. Then a saturated solution of 

NH4Cl (5 mL) was added dropwise to quench the reaction. The layers were separated, and 

the organic layer was washed with saturated brine solution (2 × 10 mL), dried over 

anhydrous Na2SO4. and evaporated to dryness. The residue was then dissolved in 

anhydrous dichloromethane (5 mL) and cooled to 0 °C. Dess-Martin periodinane (0.2 

mmol, 85 mg) was added to the solution. The reaction mixture was then stirred at room 

temperature overnight. Then the reaction was quenched with a saturated NaHCO3 

solutioncontaining 10% Na2S2O3. The layers were separated. The organic layer was then 

washed with saturated brine solution (2×10 mL), dried over anhydrous Na2SO4 and 

evaporated in vacuo. The residue was then purified with flash chromatography (1-10% 

methanol in dichloromethane as the eluent) to afford MPI2 as white solid (27 mg, 55%). 

1H NMR (400 MHz, DMSO-d6): δ 9.30 (s, 1H), 8.67 (d, J = 7.6 Hz, 1H), 8.58 (d, J = 8.2 

Hz, 1H), 7.68-7.61 (m, 2H), 7.52 (dd, J = 10.8, 2.1 Hz, 1H), 7.41-7.32 (m, 2H), 7.30-7.15 

(m, 5H), 6.81 (d, J = 16.0 Hz, 1H), 4.75-4.67 (m, 1H), 4.21-4.12 (m, 1H), 3.18-3.04 (m, 

3H), 2.89 (dd, J = 13.8, 9.3 Hz, 1H), 2.25-2.05 (m, 2H), 1.88 (ddt, J = 13.9, 11.3, 5.6 Hz, 

1H), 1.67-1.55 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 199.87, 179.97, 171.97, 165.18, 

162.26, 159.71, 136.30, 133.45, 130.13, 129.55, 128.59, 127.05, 124.96, 123.37, 121.40, 

116.82, 57.99, 54.27, 40.62, 38.83, 38.10, 29.42, 28.75; ESI-MS: calcd for 

C25H26ClFN3O4 (M+H+): 486.1; found 486.1. 

Scheme 29. Synthesis of MPI3. 
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(S)-Methyl 2-((S)-2-(((benzyloxy)carbonyl)amino)-3-methylbutanamido)-4-

methylpentanoate (96) 

The amino acid methyl ester hydrochloride 95 (1.0 g, 5.52 mmol) and the Cbz-

protected amino acid 94 (1.88 g, 6.08 mmol) were dissolved in dry DMF (20 mL) and the 

reaction was cooled to 0 °C. HATU (2.52 g, 6.62 mmol) and DIPEA (3.92 mL, 22.08 

mmol) were added, and the reaction mixture was allowed warm up to room temperature 

and stirred for 12 h. The mixture was then poured into water (50 mL) and extracted with 

ethyl acetate (4×20 mL). The organic layer was washed with aqueous hydrochloric acid 

10% v/v (2×20 mL), saturated aqueous NaHCO3 (2×20 mL), brine (2×20 mL) and dried 

over Na2SO4. The organic phase was evaporated to dryness and the crude material purified 

by silica gel column chromatography (15-50% EtOAc in n-hexane as the eluent) to afford 

96 white solid (1.82, 69%). 1H NMR (CDCl3, 400MHz) δ 7.28-7.22 (m, 5H), 6,28 (d, J = 

7.72 Hz, 1H), 5.35 (d, J = 8.64 Hz, 1H), 5.03 (s, 2H), 4.56-451 (m, 1H), 3.97 (t, J = 8.12 

Hz, 1H), 3.65 (s, 3H), 2.19-1.98 (m, 1H), 1.62-1.43 (m, 3H), 0.92-0.83 (m, 12H); 13C 
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NMR (CDCl3, 100MHz) δ 173.2, 171.1, 156., 136.2, 128.5 (2C), 128.2, 128 (2C), 67.0, 

60.2, 52.3, 50.7, 31.3, 2.8, 22.7, 21.9, 19.1, 17.8. 

(S)-2-((S)-2-(((Benzyloxy)carbonyl)amino)-3-methylbutanamido)-4-

methylpentanoic acid (97) 

The dipeptide methyl ester 96 (500 mg, 1.14 mmol) was dissolved in THF/H2O 

(1:1, 10 mL). LiOH (114 mg, 2.86 mmol) was added at 0 °C. The mixture was stirred at 

room temperature overnight. Then THF was removed in vacuo and the aqueous layer was 

acidified with 1 M HCl and extracted with dichloromethane (3×10 mL). The organic layer 

was dried over anhydrous Na2SO4 and concentrated to yield 97 as white solid (315 mg, 

65%). 1H NMR (CDCl3, 400 MHz): δ 7.26-7.23 (m, 5H), 6.65 (d, J = 7.88, 1H), 5.68 (d, 

J = 4.64 Hz, 1H), 5.03 (s, 2H), 4.56-4.45 (m, 1H), 3.97 (t, J = 7.92 Hz, 1H), 2.02-1.96 (m, 

1H), 1.66-1.46 (m, 3H), 0.85 (dd, J = 7.36, 13.3 Hz, 12H); 13C NMR (CDCl3, 100 MHz): 

δ 176.0, 171.8, 156.7, 136.1, 128.5 (2C), 128.2, 128.0 (2C), 67.2, 60., 50.8, 41.1, 31.1, 

24.8, 22.8, 21.8, 19.1, 18.0. 

(5S,8S,11S)-Methyl 8-isobutyl-5-isopropyl-3,6,9-trioxo-11-(((S)-2-oxopyrrolidin-3-

yl)methyl)-1-phenyl-2-oxa-4,7,10-triazadodecan-12-oate (98) 

The methyl (S)-2-amino-3-((S)-2-oxopyrrolidin-3-yl)propanoate hydrochloride 89 

(150 mg, 0.657 mmol) and the dipeptide 97 (270 mg, 0.743 mmol) were dissolved in dry 

DMF (10 mL) and the reaction was cooled to 0 °C. HATU (308 mg, 0.788 mmol) and 

DIPEA (0.48 mL, 2.63 mmol) were added, and the reaction mixture was allowed to warm 

up to room temperature and stirred for 12 h. The mixture was then poured into water (20 

mL) and extracted with ethyl acetate (4×20 mL). The organic layer was washed with 
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aqueous hydrochloric acid 10% v/v (2×20 mL), saturated aqueous NaHCO3 (2×20 mL), 

brine (2×20 mL) and dried over Na2SO4. The organic phase was evaporated to dryness 

and the crude material purified by silica gel column chromatography afford 98 as white 

solid (250 mg, 70%). 1H NMR (CDCl3, 400 MHz) δ 7.89 (d, J = 7.16 Hz, 1H), 7.28-7.20 

(m, 5H), 7.00 (d, J = 8.24 Hz, 1H), 6.65 (brs, 1H), 5.47 (d, J = 8.8 Hz, 1H), 5.01 (s, 2H), 

4.59-4.51 (m, 1H), 4.46-4.38 (m, 1H), 3.94 (t, J = 7.84 Hz, 1H), 3.63 (s, 3H), 3.28-3.18 

(m, 2H), 2.38-2.22 (m, 2H), 2.29-1.98 (m, 2H), 1.79-1.70 (m, 1H), 1.68-1.51 (m, 2H), 

1.50-1.25 (m, 2H), 0.86-0.81 (m, 12H); 13C NMR (CDCl3, 100 MHz) δ 179.8, 172.5, 

172.1, 171.2, 156.5, 136.2, 128.5 (2C), 128.2, 128.0 (2C), 67.1, 60.5, 52.4, 51.7, 51.1, 

42.0, 40.5, 38.3, 33.1, 31.1, 28.1, 24.6, 22.8, 22.0, 19.7, 19.1. 

Benzyl ((S)-3-methyl-1-(((S)-4-methyl-1-oxo-1-(((S)-1-oxo-3-((S)-2-oxopyrrolidin-3- 

yl)propan-2-yl)amino)pentan-2-yl)amino)-1-oxobutan-2-yl)carbamate (MPI3) 

To a stirred solution of compound 98 (120 mg, 0.254 mmol) in THF (8 mL) was 

added LiBH4 (2.0 M in THF, 0.636 mL, 1.27 mmol) in several portions at 0 °C under a 

nitrogen atmosphere. The reaction mixture was stirred at 0 °C for 1 h, then allowed to 

warm up to room temperature, and stirred for an additional 2 h. The reaction was quenched 

by the drop wise addition of 1.0 M HCl (aq) (1.2 mL) with cooling in an ice bath. The 

solution was diluted with ethyl acetate and H2O. The phases were separated, and the 

aqueous layer was extracted with ethyl acetate (3×15 mL). The organic phases were 

combined, dried over MgSO4, filtered, and concentrated in vacuo to give a yellow oily 

residue. The residue was dissolved in CH2Cl2 (6 mL) and cooled at 0 °C. Dess-Martin 

reagent (180 mg, 0.427 mmol, 3 equiv) was added at 0 °C. The resulting mixture was then 
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stirred at room temperature for 3 h. Then the reaction was quenched with a saturated 

NaHCO3 solution containing 10 % Na2S2O3. The layers were separated. The organic layer 

was then washed with saturated brine solution, dried over anhydrous Na2SO4 and 

concentrated on vacuo. The residue was then purified with flash chromatography to afford 

MPI3 as white solid (45 mg, 64%). 1H NMR (CDCl3, 400 MHz): δ 9.41 (s, 1H), 8.18 (d, 

J = 5.12 Hz, 1H), 7.28 - 7.26 (m, 5H), 6.63 (d, J = 7.0 Hz, 1H), 6.15 (brs, 1H), 5.40 (d, J 

= 6.88 Hz, 1H), 5.02 (s, 2H), 4.52 - 4.50 (m, 1H), 4.27 - 4.25 (m, 1H), 3.94 - 3.92 (m, 2H), 

3.27 - 3.23 (m, 2H), 2.35-2.27 (m, 2H), 2.07-2.05 (m, 1H), 1.90 - 1.81 (m, 2H), 1.76-1.71 

(m, 1H), 1.57-1.43 (m, 3H), 0.85 (dd, J = 6.76, 14.72 Hz, 12H); 13C NMR (CDCl3, 100 

MHz): δ 199.6, 180.0, 173.2, 171.4, 156.6, 136.2, 128.6 (2C), 128.2, 128.1 (2C), 67.1, 

60.6, 57.5, 51.2, 41.7, 40.6, 38.0, 31.0, 29.8, 28.4, 24.8, 22.9, 21.9, 19.2, 17.8. 

Scheme 30. Synthesis of MPI4. 

 

Methyl ((benzyloxy)carbonyl)-L-valyl-L-phenylalaninate (100) 

To a solution of 94 (5 mmol, 1.25 g) and 95 (5 mmol, 1.07g) in anhydrous DMF 

(20 mL) was added DIPEA (10 mmol, 1.29 g) and was cooled to 0 °C. HATU (5.5 mmol, 
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2.09 g) was added to the solution under 0 °C and then stirred at room temperature 

overnight. The reaction mixture was then diluted with ethyl acetate (100 mL) and washed 

with saturated NaHCO3 solution (2×50 mL), 1 M HCl solution (2×50 mL), and saturated 

brine solution (2×50 mL) sequentially. The organic layer was dried over anhydrous 

Na2SO4 and then concentrated on vacuo. The residue was then purified with flash 

chromatography (15-50% EtOAc in hexanes as the eluent) to afford 100 as white soild 

(1.52 g, 74%). 

((Benzyloxy)carbonyl)-L-valyl-L-phenylalanine (101) 

100 (1 mmol, 470 mg) was dissolved in 5 mL of THF. A solution of LiOH·H2O 

(2 mmol, 84 mg) in 5 mL H2O was added to the solution. The mixture was stirred at room 

temperature overnight. Then THF was removed in vacuo and the aqueous layer was 

acidified with 1 M HCl and extracted with dichloromethane (3×10 mL). The organic layer 

was dried over anhydrous Na2SO4 and evaporated to give 101 as white solid (312 mg, 76 

%). 1H NMR (400 MHz, CD3OD): δ 7.29 - 7.42 (m, 5H), 7.16 - 7.29 (m, 5H), 5.11 (s, 

2H), 4.73 – 4.68 (m, 1H), 3.94 (d, J = 7.3 Hz, 1H), 3.21 (dd, J = 13.9, 5.2 Hz, 1H), 3.01 

(dd, J = 13.9, 8.6 Hz, 1H), 2.06 – 1.95 (m, 1H), 0.91 (dd, J = 8.5, 6.7 Hz, 6H). 

Methyl (5S,8S,11S)-8-benzyl-5-isopropyl-3,6,9-trioxo-11-(((S)-2-oxopyrrolidin-3-

yl)methyl)-1-phenyl-2-oxa-4,7,10-triazadodecan-12-oate (102) 

To a solution of 101 (0.4 mmol, 160 mg) and 89 (0.4 mmol, 88 mg) in anhydrous 

DMF (2 mL) was added DIPEA (0.8 mmol, 103 mg) and was cooled to 0 °C. HATU (0.44 

mmol, 167 mg) was added to the solution under 0 °C and then stirred at room temperature 

overnight. The reaction mixture was then diluted with ethyl acetate (20 mL) and washed 
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with saturated NaHCO3 solution (2×10 mL), 1 M HCl solution (2×10 mL), and saturated 

brine solution (2×10 mL) sequentially. The organic layer was dried over anhydrous 

Na2SO4 and then concentrated in vacuo. The residue was then purified with flash 

chromatography (1-10% methanol in dichloromethane as the eluent) to afford 102 as white 

solid (151 mg, 67%). 1H NMR (400 MHz, CDCl3): δ 7.71 (d, J = 7.1 Hz, 1H), 7.42 – 7.30 

(m, 5H), 7.25 – 7.13 (m, 5H), 6.78 (d, J = 8.5 Hz, 1H), 5.83 (s, 1H), 5.26 (d, J = 8.7 Hz, 

1H), 5.10 (d, J = 4.2 Hz, 2H), 4.83 (q, J = 6.9 Hz, 1H), 4.51 – 4.41 (m, 1H), 3.96 (dd, J = 

8.6, 6.2 Hz, 1H), 3.70 (s, 3H), 3.37 – 3.25 (m, 2H), 3.11 (d, J = 6.3 Hz, 2H), 2.44 – 2.31 

(m, 1H), 2.26 – 2.13 (m, 1H), 2.13 – 1.99 (m, 2H), 1.93 – 1.74 (m, 2H), 0.91 (d, J = 6.8 

Hz, 3H), 0.82 (d, J = 6.8 Hz, 3H).  

Benzyl ((S)-3-methyl-1-oxo-1-(((S)-1-oxo-1-(((S)-1-oxo-3-((S)-2-oxopyrrolidin-3-

yl)propan-2-yl)amino)-3-phenylpropan-2-yl)amino)butan-2-yl)carbamate (MPI4) 

To a solution of 102 (0.1 mmol, 57 mg) in anhydrous dichloromethane (5 mL) was 

added a solution of LiBH4 in anhydrous THF (2 M, 0.1 mL, 0.2 mmol) at 0 °C. The 

resulting solution was stirred at the same temperature for 3 h. Then a saturated solution of 

NH4Cl (5 mL) was added dropwise to quench the reaction. The layers were separated, and 

the organic layer was washed with saturated brine solution (2×10 mL), dried over 

anhydrous Na2SO4. and evaporated to dryness. The residue was then dissolved in 

anhydrous dichloromethane (5 mL) and cooled to 0 °C. Dess-Martin periodinane (0.2 

mmol, 85 mg) was added to the solution. The reaction mixture was then stirred at room 

temperature overnight. Then the reaction was quenched with a saturated NaHCO3 solution 

containing 10 % Na2S2O3. The layers were separated. The organic layer was then washed 
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with saturated brine solution (2×10 mL), dried over anhydrous Na2SO4 and evaporated in 

vacuo. The residue was then purified with flash chromatography (1-10% methanol in 

dichloromethane as the eluent) to afford MPI4 as white solid (30 mg, 65 %). 1H NMR 

(400 MHz, CDCl3): δ 9.26 (s, 1H), 8.18 (s, 1H), 7.46 – 7.08 (m, 10H), 5.54 (s, 1H), 5.44 

(d, J = 9.2 Hz, 1H), 5.11 (s, 2H), 4.65 – 4.53 (m, 1H), 4.30 – 4.16 (m, 1H), 3.37 – 3.24 

(m, 2H), 3.23 – 3.14 (m, 1H), 3.07 (dd, J = 13.6, 6.5 Hz, 1H), 2.40 – 2.28 (m, 1H), 2.27 – 

2.19 (m, 1H), 1.92 – 1.73 (m, 3H); 13C NMR (100 MHz, CDCl3) δ 199.98, 180.16, 172.13, 

155.96, 136.39, 129.62, 128.73, 128.65, 128.29, 128.15, 127.14, 67.11, 58.05, 56.14, 

40.72, 38.96, 38.17, 31.08, 29.53, 28.88; ESI-MS calcd for C24H28N3O5 (M+H+): 438.2; 

found 438.3. 

Scheme 31. Synthesis of MPI5. 

 

Methyl (S)-2-((S)-2-(((benzyloxy)carbonyl)amino)-3-methylbutanamido)-3- 

cyclohexylpropanoate (104). 

To a solution of 94 (2g, 7.95 mmol, 1.0 equiv) in anhydrous DMF (15 mL) at 0 

°C, and then 103 (1.8 g, 7.95 mmol, 1,0 equiv), HATU (4.5 g, 12.0 mmol, 1.5 equiv), 
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DIPEA (7.0 mL, 40.0 mmol, 5.0 equiv) was added sequentially. The mixture was stirred 

at room temperature for 6 h. The mixture was diluted with EtOAc and washed with water, 

1M HCl, sat. NaCl, dried over Na2SO4, and concentrated. The residue was purified by 

column chromatography (EtOAc: Hexane = 1:2 v/v) to afford the pure product 104 as a 

white solid (2.7 g, 81%). 1H NMR (400 MHz, CD3OD-d4) δ 7.4 – 7.3 (m, 5H), 5.1 (d, J = 

1.6 Hz, 2H), 4.5 (dd, J = 9.6, 5.6 Hz, 1H), 4.0 (d, J = 7.5 Hz, 1H), 3.7 (s, 3H), 2.2 – 2.0 

(m, 1H), 1.8 – 1.6 (m, 7H), 1.4 (tdd, J = 11.0, 6.9, 3.6 Hz, 1H), 1.3 – 1.1 (m, 3H), 1.0 (dd, 

J = 11.7, 6.7 Hz, 7H), 0.9 – 0.8 (m, 1H). 13C NMR (100 MHz, CD3OD-d4) δ 174.5, 174.3, 

158.5, 138.2, 129.4, 129.4, 129.0, 128.8, 128.8, 67.6, 61.9, 52.5, 51.3, 39.9, 35.2, 34.7, 

33.1, 32.0, 27.5, 27.3, 27.1, 19.7, 18.7. 

(S)-2-((S)-2-(((benzyloxy)carbonyl)amino)-3-methylbutanamido)-3-

cyclohexylpropanoic acid (105). 

To a solution of 104 (400 mg, 1.2 mmol, 1.0 equiv) in 1:1 THF/H2O (8 mL) was 

added LiOH·H2O (200 mg, 4.8 mmol, 4.0 equiv). The reaction was stirred at room 

temperature for 2 h. After completion, the reaction mixture was neutralized with 1M HCl 

solution and extracted with EtOAc. The organic layer was washed with sat. NaCl, dried 

over Na2SO4 and concentrated to afford the product 105 (310 mg, yield 80%) as a white 

solid. The residue was used in the next without further purification. 

Methyl (5S,8S,11S)-8-(cyclohexylmethyl)-5-isopropyl-3,6,9-trioxo-11-(((S)-2-

oxopyrrolidin-3-yl)methyl)-1-phenyl-2-oxa-4,7,10-triazadodecan-12-oate (106). 

To a solution of 105 (300 mg, 0.74 mmol, 1.0 equiv) in anhydrous DMF (5 mL) at 

0 °C, and then 89 (165 mg, 0.74 mmol, 1.0 equiv), HATU (400 mg, 1.05 mmol, 1.5 equiv), 
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DIPEA (610 μL, 3.7 mmol, 5.0 equiv) was added sequentially. The mixture was stirred at 

room temperature for 6 h. The mixture was diluted with EtOAc and washed with water, 

1M HCl, sat. NaCl, dried over Na2SO4, and concentrated. The residue was purified by 

column chromatography (MeOH: DCM = 1:20 v/v) to afford the pure product 106 as a 

white solid (250 mg, 60%). 

Benzyl ((S)-1-(((S)-3-cyclohexyl-1-oxo-1-(((S)-1-oxo-3-((S)-2-oxopyrrolidin-3-

yl)propan-2-yl)amino)propan-2-yl)amino)-3-methyl-1-oxobutan-2-yl)carbamate 

(MPI5). 

To a solution of 106 (250 mg, 0.44 mmol, 1.0 equiv) in anhydrous THF (10 mL) 

at 0 °C was added LiBH4 (1.0 M in THF, 1.32 mL, 1.32 mmol, 3.0 equiv). The mixture 

was stirred at room temperature for 2 h. After the reaction was completed, excess reactants 

were consumed by slow addition of H2O. The mixture was diluted with H2O and extracted 

with EtOAc, washed with sat. NaCl, dried over Na2SO4 and concentrated. The residue was 

purified by column chromatography (MeOH: DCM = 1:15 v/v) to afford a white solid 

(130 mg, 54%). The solid (130 mg, 0.24 mmol, 1.0 equiv) was dissolved in anhydrous 

DCM (10 mL). Dess-Martin reagent (200 mg, 0.48 mmol,2.0 equiv) was added slowly at 

0 °C. Then the reaction mixture was stirred at room temperature for 1 h. A solution of 

NaHCO3 and Na2S2O3 was added to quench the reaction. After 10 min, the mixture was 

washed with water, sat. NaCl, dried over Na2SO4 and concentrated. The residue was 

purified by column chromatography (MeOH: DCM = 1:15 v/v) to afford MPI5 as white 

solid (60 mg, 47%). 1H NMR (400 MHz, CDCl3-d) δ 9.4 (s, 1H), 8.1 (d, J = 6.9 Hz, 1H), 

7.3 (s, 5H), 7.1 (d, J = 8.5 Hz, 1H), 6.7 (s, 1H), 5.6 (d, J = 8.8 Hz, 1H), 5.0 (q, J = 12.3 
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Hz, 2H), 4.6 (td, J = 8.9, 5.7 Hz, 1H), 4.3 (p, J = 5.0 Hz, 1H), 4.0 (t, J = 7.8 Hz, 1H), 3.3 

– 3.1 (m, 2H), 2.4 – 2.2 (m, 2H), 2.1 – 1.9 (m, 2H), 1.8 (ddd, J = 13.6, 7.3, 4.1 Hz, 1H), 

1.7 – 1.4 (m, 8H), 1.3 – 1.2 (m, 1H), 1.1 – 1.0 (m, 3H), 0.8 (dd, J = 13.4, 6.9 Hz, 8H). 13C 

NMR (100 MHz, CDCl3-d) δ 199.6, 180.1, 173.5, 171.5, 156.7, 136.3, 128.7, 128.7, 

128.3, 128.1, 128.1, 67.2, 60.7, 57.4, 51.2, 40.7, 40.3, 38.0, 34.3, 33.6, 32.6, 31.1, 30.0, 

28.4, 26.5, 26.3, 26.2, 19.3, 19.3. ESI-MS calcd for C29H43N4O6
+ (M+H+): 543.3; found 

543.3. 

Scheme 32. Synthesis of MPI6. 

 

(S)-Methyl 2-((2S,3R)-2-(((benzyloxy)carbonyl)amino)-3-(tert-butoxy)butanamido)-

4-methylpentanoate (108) 

95 (1.0 g, 5.52 mmol) and the 107 (1.52 g, 6.08 mmol) were dissolved in dry DMF 

(20 mL) and the reaction was cooled to 0 °C. HATU (2.52 g, 6.62 mmol) and DIPEA (3.92 

mL, 22.08 mmol) were added, and the reaction mixture was allowed warm up to room 

temperature and stirred for 12 h. The mixture was then poured into water (50 mL) and 

extracted with ethyl acetate (4×20 mL). The organic layer was washed with aqueous 
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hydrochloric acid 10% v/v (2×20 mL), saturated aqueous NaHCO3 (2×20 mL), brine 

(2×20 mL) and dried over Na2SO4. The organic phase was evaporated to dryness and the 

crude material purified by silica gel column chromatography (15-50% EtOAc in hexanes 

as the eluent) to afford 108 as colorless oil (1.71 g, 71%). 1H NMR (CDCl3, 400 MHz): δ 

7.58 (d, J = 7.64 Hz, 1H), 7.28-7.21 (m, 5H), 5.88 (d, J = 4.68 Hz, 1H), 5.04 (ABq, J = 

12.16 Hz, 2H), 4.47-4.41 (m, 1H), 4.15-4.08 (m, 2H), 3.65 (s, 3H), 1.63-1.46 (m, 3H), 

1.23 (s, 9H), 1.03 (d, J = 6.28, 3H), 0.86 (dd, J = 3.84, 5.92 Hz, 6H); 13C NMR (CDCl3, 

100 MHz) δ 172.9, 169.4, 156.1, 136.3, 128.5 (2C), 128.0, 127.9, 75.5, 66.8, 60.4, 58.4, 

52.2, 51.1, 41.3, 28.2 (3C), 25.0 22.8, 21.9, 16.4. 

(S)-2-((2S,3R)-2-(((Benzyloxy)carbonyl)amino)-3-(tert-butoxy)butanamido)-4-

methylpentanoic acid (109) 

108 (500 mg, 1.32 mmol) was dissolved in THF/H2O (1:1, 6.0 mL), and LiOH 

(138 mg, 3.30 mmol) was added at 0 °C. The mixture was stirred at room temperature 

overnight. Then THF was removed in vacuo and the aqueous layer was acidified with 1 

M HCl and extracted with dichloromethane (3×10 mL). The organic layer was dried over 

anhydrous Na2SO4 and concentrated to yield 109 as white solid (350 mg, 70%). 1H NMR 

(CDCl3, 400 MHz): δ 7.62 (d, J = 7.44 Hz, 1H), 7.29-7.22 (m, 5H), 5.94 (d, J = 5.28 Hz, 

1H), 5.04 (ABq, J=12.32 Hz, 2H), 4.45-4.40 (m, 1H), 4.17-4.08 (m, 2H), 1.68-1.50 (m, 

3H), 1.21 (s, 9H), 1.02 (d, J = 6.32 Hz, 3H), 0.87 (m, 6H); 13C NMR (CDCl3, 100 MHz) 

δ 177.1, 169.9, 156.2, 136.2, 128.5 (2C), 128.2, 128.0 (2C), 75.6, 66.97, 66.92, 58.4, 51.1, 

41.0, 28.2 (3C), 25.0, 22.8, 21.8, 16.5. 
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(5S,8S,11S)-Methyl 5-((R)-1-(tert-butoxy)ethyl)-8-isobutyl-3,6,9-trioxo-11-(((S)-2-

oxopyrrolidin-3-yl)methyl)-1-phenyl-2-oxa-4,7,10-triazadodecan-12-oate (110) 

89 (140 mg, 0.606 mmol) and 109 (242 mg, 0.666 mmol) were dissolved in dry 

DMF (6 mL), and the reaction was cooled to 0 °C. HATU (276 mg, 0.727 mmol) and 

DIPEA (0.43 mL, 2.42 mmol) were added, and the reaction mixture was allowed warm 

up to room temperature and stirred for 12 h. The mixture was then poured into water (20 

mL) and extracted with ethyl acetate (4×20 mL). The organic layer was washed with 

aqueous hydrochloric acid 10% v/v (2×20 mL), saturated aqueous NaHCO3 (2×20 mL), 

brine (2×20 mL) and dried over Na2SO4. The organic phase was evaporated to dryness 

and the crude material purified by silica gel column chromatography afford 110 as white 

solid (240 mg, 64%). 1H NMR (CDCl3, 400 MHz): δ 7.64 (d, J = 7.08 Hz, 1H), 7.39 (d, J 

= 7.92 Hz, 1H), 7.31-7.20 (m, 5H), 6.34 (brs, 1H), 5.87 (d, J = 5.0 Hz, 1H), 5.03 (ABq, J 

= 12.36 Hz, 2H), 4.50-4.43 (m, 1H), 4.50-4.43 (m, 1H), 4.40-4.34 (m, 1H), 4.11-4.09 (m, 

2H), 3.67 (s, 3H), 3.29-3.15 (m, 2H), 2.38-2.23 (m, 2H), 2.10-2.02 (m, 1H), 1.81-1.61 (m, 

4H), 1.51-1.44 (m, 1H), 1.18 (s, 9H), 0.99 (d, J = 5.76, 3H), 0.86 (dd, J = 5.6, 14.32, 6H). 

13C NMR (CDCl3, 100 MHz): δ 179.7, 172.2, 169.5, 136.2, 128.6 (2C), 128.3, 128.1 (2C), 

77.1, 75.4, 67.0, 66.7, 58.9, 52.4, 51.9, 51.1, 41.7, 40.5, 38.2, 33.0, 28.2 (3C), 28.2, 24.7, 

22.8, 22.2, 17.2. 

Benzyl ((2S,3R)-3-(tert-butoxy)-1-(((S)-4-methyl-1-oxo-1-(((S)-1-oxo-3-((S)-2-

oxopyrrolidin-3-yl)propan-2-yl)amino)pentan-2-yl)amino)-1-oxobutan-2-

yl)carbamate (MPI6) 
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To a stirring solution of compound 110 (120mg, 0.225 mmol) in THF (5 mL) was 

added LiBH4 (2.0 M in THF, 0.56 mL, 1.12 mmol) in several portions at 0 °C under a 

nitrogen atmosphere. The reaction mixture was stirred at 0 °C for 1 h, then allowed to 

warm up to room temperature, and stirred for an additional 2 h. The reaction was quenched 

by the drop wise addition of 1.0 M HCl (1.2 mL) with cooling in an ice bath. The solution 

was diluted with ethyl acetate and H2O. The phases were separated, and the aqueous layer 

was extracted with ethyl acetate (3×15 mL). The organic phases were combined, dried 

over Na2SO4, filtered, and concentrated to give a yellow oily residue. Column 

chromatographic purification of the residue (6% MeOH in CH2Cl2 as the eluent) afforded 

a white solid (85 mg, 68%). To a solution of the solid (70 mg, 0.138 mmol) in DCM (6 

mL) was Dess-Martin reagent (180 mg, 3 equiv). The resulting mixture was stirred at room 

temperature for 3 h. Then the reaction was quenched with a saturated NaHCO3 solution 

containing 10 % Na2S2O3. The layers were separated. The organic layer was then washed 

with saturated brine solution, dried over anhydrous Na2SO4 and concentrated in vacuum. 

The residue was then purified with flash chromatography afford MPI6 as white solid (41 

mg, 59%). 1H NMR (400 MHz, CDCl3): δ 9.44 (s, 1H), 8.04 (d, J = 6.24 Hz, 1H), 7.41 (d,  

J= 7.64 Hz, 1H), 7.31-7.27 (m, 5H), 6.14 (brs, 1H), 5.85 (d, J= 4.68 Hz, 1H), 5.05 (ABq, 

J = 12.2 Hz, 2H), 4.45-4.38 (m, 1H), 4.34-4.28 (m, 1H), 4.18-4.05 (m, 2H), 3.30-3.11 (m, 

2H), 2.48-2.33 (m, 1H), 2.33-2.21 (m, 1H), 2.11-1.92 (m, 2H), 1.91-1.89 (m, 1H), 1.87-

1.58 (m, 1H), 1.57-1.53 (m, 2H), 1.52-1.48 (m, 1H), 1.21 (s, 9H), 1.01 (d, J = 5.92 Hz, 

3H), 0.89 (dd, J = 6.12, 11.56 Hz, 6H). 13C NMR (CDCl3, 100 MHz): 199.6, 179.9, 172.8, 
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169.7, 156.2, 136.1, 128.6 (2C), 128.3, 128.1 (2C), 77.1, 75.4, 67.0, 66.7, 58.9, 57.6, 52.1, 

41.6, 40.5, 37.9, 29.7, 28.5, 28.2 (3C), 24.9, 22.9, 22.1, 17.3. 

Scheme 33. Synthesis of MPI7. 

 

Methyl N-((benzyloxy)carbonyl)-O-(tert-butyl)-L-allothreonyl-L-phenylalaninate 

(111) 

To a solution of 107 (5 mmol, 1.55 g) and 99 (5 mmol, 1.07g) in anhydrous DMF 

(20 mL) was added DIPEA (10 mmol, 1.29 g) and was cooled to 0 °C. HATU (5.5 mmol, 

2.09 g) was added to the solution under 0 °C and then stirred at room temperature 

overnight. The reaction mixture was then diluted with ethyl acetate (100 mL) and washed 

with saturated NaHCO3 solution (2×50 mL), 1 M HCl solution (2×50 mL), and saturated 

brine solution (2×50 mL) sequentially. The organic layer was dried over anhydrous 

Na2SO4 and then concentrated in vacuo. The residue was then purified with flash 

chromatography (15-50% EtOAc in hexanes as the eluent) to afford 111 as colorless oil 

(1.64 g, 70%). 

N-((benzyloxy)carbonyl)-O-(tert-butyl)-L-allothreonyl-L-phenylalanine (112) 
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111 (1 mmol, 470 mg) was dissolved in 5 mL of THF. A solution of LiOH·H2O (2 

mmol, 84 mg) in 5 mL H2O was added to the solution. The mixture was stirred at room 

temperature overnight. Then THF was removed in vacuo and the aqueous layer was 

acidified with 1 M HCl and extracted with dichloromethane (3×10 mL). The organic layer 

was dried over anhydrous Na2SO4 and concentrated to yield 112 as white solid (330 mg, 

72 %). 1H NMR (400 MHz, CD3OD): δ 7.29-7.43 (m, 5H), 7.11-7.29 (m, 5H), 5.11 (s, 

2H), 4.71 (t, J = 6.2 Hz, 1H), 4.14 (d, J = 3.9 Hz, 1H), 3.98-4.07 (m, 1H), 3.17 (dd, J = 

13.9, 5.6 Hz, 1H), 3.05 (dd, J = 13.8, 6.8 Hz, 1H), 0.98-1.16 (m, 12H). 

Methyl (5S,8S,11S)-8-benzyl-5-((R)-1-(tert-butoxy)ethyl)-3,6,9-trioxo-11-(((S)-2-

oxopyrrolidin-3-yl)methyl)-1-phenyl-2-oxa-4,7,10-triazadodecan-12-oate (113) 

To a solution of 112 (0.4 mmol, 182 mg) and 89 (0.4 mmol, 88 mg) in anhydrous 

DMF (2 mL) was added DIPEA (0.8 mmol, 103 mg) and was cooled to 0 °C. HATU (0.44 

mmol, 167 mg) was added to the solution under 0 °C and then stirred at room temperature 

overnight. The reaction mixture was then diluted with ethyl acetate (20 mL) and washed 

with saturated NaHCO3 solution (2×10 mL), 1 M HCl solution (2×10 mL), and saturated 

brine solution (2×10 mL) sequentially. The organic layer was dried over anhydrous 

Na2SO4 and then concentrated on vacuo. The residue was then purified with flash 

chromatography (1-10% methanol in dichloromethane as the eluent) to afford 113 as white 

solid (180 mg, 72%). 1H NMR (400 MHz, CDCl3): δ 7.44 – 7.19 (m, 10H), 5.90 (d, J = 

5.4 Hz, 1H), 5.52 (s, 1H), 5.12 (q, J = 12.3 Hz, 2H), 4.77 (q, J = 6.8 Hz, 1H), 4.65 – 4.53 

(m, 1H), 4.22 – 4.09 (m, 2H), 3.72 (s, 3H), 3.40 – 3.29 (m, 2H), 3.21 (dd, J = 14.0, 6.4 
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Hz, 1H), 3.09 (dd, J = 13.9, 6.1 Hz, 1H), 2.50 – 2.40 (m, 1H), 2.35 – 2.26 (m, 1H), 2.18 – 

2.05 (m, 1H), 1.95 – 1.77 (m, 2H), 1.29 (s, 2H), 1.17 (s, 9H), 1.08 (d, J = 6.2 Hz, 3H). 

Benzyl ((2S,3R)-3-(tert-butoxy)-1-oxo-1-(((S)-1-oxo-1-(((S)-1-oxo-3-((S)-2-

oxopyrrolidin-3-yl)propan-2-yl)amino)-3-phenylpropan-2-yl)amino)butan-2-

yl)carbamate (MPI7) 

To a solution of 113 (0.1 mmol, 62 mg) in anhydrous dichloromethane (5 mL) was 

added a solution of LiBH4 in anhydrous THF (2 M, 0.1 mL, 0.2 mmol) at 0 °C. The 

resulting solution was stirred at the same temperature for 3 h. Then a saturated solution of 

NH4Cl (5 mL) was added dropwise to quench the reaction. The layers were separated, and 

the organic layer was washed with saturated brine solution (2×10 mL), dried over 

anhydrous Na2SO4. and evaporated to dryness. The residue was then dissolved in 

anhydrous dichloromethane (5 mL) and cooled to 0 °C. Dess-Martin periodinane (0.2 

mmol, 85 mg) was added to the solution. The reaction mixture was then stirred at room 

temperature overnight. Then the reaction was quenched with a saturated NaHCO3 solution 

containing 10 % Na2S2O3. The layers were separated. The organic layer was then washed 

with saturated brine solution (2×10 mL), dried over anhydrous Na2SO4 and evaporated 

on vacuo. The residue was then purified with flash chromatography (1-10% methanol in 

dichloromethane as the eluent) to afford MPI7 as white solid (27 mg, 45 %). 1H NMR 

(400MHz, CDCl3): δ 9.28 (s, 1H), 7.80 (d, J = 6.5 Hz, 1H), 7.44 – 7.09 (m, 10H), 5.87 (d, 

J = 5.6 Hz, 1H), 5.71 (s, 1H), 5.08 (q, J = 11.1 Hz, 2H), 4.76 (q, J = 7.1 Hz, 1H), 4.32 (q, 

J = 7.0 Hz, 1H), 4.19 – 4.04 (m, 2H), 3.38 – 3.26 (m, 2H), 3.19 (dd, J = 13.8, 6.3 Hz, 1H), 

3.07 (dd, J = 13.8, 6.8 Hz, 1H), 2.41 – 2.22 (m, 2H), 1.88 (t, J = 6.7 Hz, 2H), 1.84 – 1.73 
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(m, 1H), 1.30 – 1.22 (m, 1H), 1.16 (s, 9H), 1.05 (d, J = 6.1 Hz, 3H); 13C NMR (100 MHz, 

CDCl3) δ 199.60, 179.68, 171.55, 169.49, 156.32, 136.34, 136.28, 129.49, 128.87, 128.73, 

128.40, 128.20, 127.35, 84.26, 75.61, 67.15, 66.80, 59.18, 57.74, 54.53, 40.53, 38.32, 

37.82, 28.80, 28.23, 17.63. ESI-MS calcd for C32H43N4O7 (M+H+): 595.3; found: 595.4. 

Scheme 34. Synthesis of MPI8. 

 

Methyl (S)-2-((2S,3R)-2-(((benzyloxy)carbonyl)amino)-3-(tert-butoxy)butanamido)-

3-cyclohexylpropanoate (114). 

To a solution of 107 (2 g, 6.46 mmol, 1.0 equiv), in anhydrous DMF (15 mL) at 0 

°C, and then 103 (1.4 g, 6.46 mmol, 1.0 equiv), HATU (3.7 g, 9.70 mmol, 1.5 equiv) and 

DIPEA (5.7 mL, 32.3 mmol, 5.0 equiv) were added sequentially. The mixture was stirred 

at room temperature for 6 h. The mixture was diluted with EtOAc and washed with water, 

1M HCl, sat. NaCl, dried over Na2SO4, and concentrated. The residue was purified by 

column chromatography (EtOAc: Hexane = 1:4 v/v) to afford the pure product 114 as 

colorless oil (2.5 g, 83%). 1H NMR (400 MHz, CDCl3-d) δ 7.6 (d, J = 7.8 Hz, 1H), 7.3 – 

7.1 (m, 5H), 5.9 (d, J = 5.3 Hz, 1H), 5.1 – 4.9 (m, 2H), 4.4 (td, J = 8.4, 5.1 Hz, 1H), 4.2 – 
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4.1 (m, 2H), 3.6 (s, 3H), 1.7 – 1.5 (m, 6H), 1.5 (ddd, J = 14.2, 9.0, 5.7 Hz, 1H), 1.2 (s, 

9H), 1.2 – 1.1 (m, 3H), 1.0 (d, J = 6.3 Hz, 4H), 0.9 – 0.7 (m, 2H). 13C NMR (100 MHz, 

CDCl3-d) δ 172.7, 169.2, 155.9, 136.2, 128.3, 128.3, 127.8, 127.7, 127.7, 75.2, 66.7, 66.5, 

60.0, 51.8, 50.2, 39.5, 34.0, 33.3, 32.3, 28.0, 28.0, 28.0, 26.1, 26.0, 25.8, 20.7. 

(S)-2-((2S,3R)-2-(((benzyloxy)carbonyl)amino)-3-(tert-butoxy)butanamido)-3-

cyclohexylpropanoic acid (115). 

To a solution of 114 (400 mg, 0.84 mmol, 1.0 equiv) in 1:1 THF/H2O (8 mL) was 

added LiOH·H2O (140 mg, 3.4 mmol, 4.0 equiv). The reaction was stirred at room 

temperature for 2 h. After completion, the reaction mixture was neutralized with 1M HCl 

solution and extracted with EtOAc. The organic layer was washed with sat. NaCl, dried 

over Na2SO4 and concentrated to afford the product 115 (330 mg, 85%) as a white solid. 

The residue was used in the next without further purification. 

Methyl (5S,8S,11S)-5-((R)-1-(tert-butoxy)ethyl)-8-(cyclohexylmethyl)-3,6,9-trioxo-

11-(((S)-2-oxopyrrolidin-3-yl)methyl)-1-phenyl-2-oxa-4,7,10-triazadodecan-12-oate 

(116). 

To a solution of 115 (300 mg, 0.65 mmol, 1.0 equiv) in anhydrous DMF (5 mL) at 

0 °C, and then 89 (144 mg, 0.65 mmol, 1.0 equiv), HATU (370 mg, 0.98 mmol, 1.5 equiv), 

DIPEA (580 μL, 3.25 mmol, 5.0 equiv) was added sequentially. The mixture was stirred 

at room temperature for 6 h. The mixture was diluted with EtOAc and washed with water, 

1M HCl, sat. NaCl, dried over Na2SO4, and concentrated. The residue was purified by 

column chromatography (MeOH: DCM = 1:15 v/v) to afford the pure product 116 as a 

white solid (265 mg, 65%). 
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Benzyl ((2S,3R)-3-(tert-butoxy)-1-(((S)-3-cyclohexyl-1-oxo-1-(((S)-1-oxo-3-((S)-2-

oxopyrrolidin-3-yl)propan-2-yl)amino)propan-2-yl)amino)-1-oxobutan-2-

yl)carbamate (MPI8). 

To a solution of 116 (250 mg, 0.40 mmol, 1.0 equiv) in anhydrous THF (10 mL) 

at 0 °C was added LiBH4 (1.0 M in THF, 1.2 mL, 1.20 mmol, 3.0 equiv). The mixture was 

stirred at room temperature for 2 h. After the reaction was completed, excess reactants 

were consumed by slow addition of H2O. The mixture was diluted with H2O and extracted 

with EtOAc, washed with sat. NaCl, dried over Na2SO4 and concentrated. The residue was 

purified by column chromatography (MeOH: DCM = 1:15 v/v) to afford a white solid 

(160 mg, 66%). The solid (160 mg, 0.26 mmol, 1.0 equiv) was dissolved in anhydrous 

DCM (10 mL). Dess-Martin reagent (225 mg, 0.52 mmol,2.0 equiv) was added slowly at 

0 °C. Then the reaction mixture was stirred at room temperature for 1 h. A solution of 

NaHCO3 and Na2S2O3 was added to quench the reaction. After 10 min, the mixture was 

washed with water, sat. NaCl, dried over Na2SO4 and concentrated. The residue was 

purified by column chromatography (MeOH: DCM = 1:15 v/v) to afford MPI8 as white 

solid (82 mg, 53%). 1H NMR (400 MHz, CDCl3-d) δ 9.5 (s, 1H), 8.1 (d, J = 6.8 Hz, 1H), 

7.5 (q, J = 8.4, 7.6 Hz, 1H), 7.4 – 7.3 (m, 5H), 6.8 (s, 1H), 5.9 (d, J = 5.6 Hz, 1H), 5.1 (q, 

J = 12.1 Hz, 2H), 4.5 (td, J = 8.6, 5.6 Hz, 1H), 4.4 (q, J = 9.9, 7.2 Hz, 1H), 4.2 – 4.1 (m, 

2H), 3.2 (p, J = 8.4, 7.1 Hz, 2H), 2.5 – 2.4 (m, 1H), 2.3 – 2.2 (m, 1H), 2.0 (ddt, J = 16.2, 

11.3, 5.6 Hz, 1H), 1.8 (ddd, J = 13.3, 7.9, 4.2 Hz, 1H), 1.8 – 1.5 (m, 8H), 1.4 – 1.1 (m, 

12H), 1.0 (d, J = 6.2 Hz, 4H), 1.0 – 0.8 (m, 2H). 13C NMR (100 MHz, CDCl3-d) δ 199.7, 

180.0, 173.0, 169.8, 156.3, 136.2, 128.6, 128.6, 128.3, 128.1, 128.1, 75.4, 67.0, 66.8, 59.0, 
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57.3, 51.4, 40.6, 40.2, 37.9, 34.2, 34.2, 33.6, 32.7, 29.9, 28.3, 28.3, 28.3, 26.4, 26.2, 26.0, 

17.4. ESI-MS calcd for C32H49N4O7
+ (M+H+): 601.3; found 601.3. 

Scheme 35. Synthesis of MPI9. 

 

Methyl (S)-2-((S)-2-((S)-2-((E)-3-(4-chloro-2-fluorophenyl)acrylamido)-3-

methylbutanamido)-4-methylpentanamido)-3-((S)-2-oxopyrrolidin-3-yl)propanoate 

(118) 

To a solution of 98 (106 mg, 0.2 mmol) in methanol (5 mL) was added 10% Pd/C 

(21 mg). The mixture was then stirred with hydrogen balloon at room temperature for 3 h. 

The reaction mixture was then filtered, and the filtrate was concentrated in vacuo to afford 

117 as colorless oil, which was used without further purification. To a solution of 117 in 

2 mL anhydrous DMF was added 2-fluoro-4-chlorocinnamic acid (40 mg, 0.2 mmol) and 

DIPEA (0.4 mmol, 52 mg). The solution was cooled to 0 °C, follow by the addition of 

HATU (0.24 mmol, 91 mg). The solution was then allowed to warm up to room 

temperature and stirred overnight. The reaction mixture was then diluted with ethyl acetate 

(20 mL) and washed with saturated NaHCO3 solution (2×10 mL), 1 M HCl solution (2×10 

mL), and saturated brine solution (2×10 mL) sequentially. The organic layer was dried 
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over anhydrous Na2SO4 and then concentrated in vacuo. The residue was then purified 

with flash chromatography (1-10% methanol in dichloromethane as the eluent) to afford 

118 as white solid (75 mg, 65%). 1H NMR (400 MHz, DMSO-d6) δ 8.46 (d, J = 8.2 Hz, 

1H), 8.25 (d, J = 8.9 Hz, 1H), 8.11 (d, J = 7.7 Hz, 1H), 7.66 (dd, J = 17.7, 9.4 Hz, 2H), 

7.54 (dd, J = 10.7, 2.1 Hz, 1H), 7.44 (d, J = 16.0 Hz, 1H), 7.38 (dd, J = 8.4, 2.1 Hz, 1H), 

7.00 (d, J = 16.0 Hz, 1H), 4.42 – 4.24 (m, 3H), 3.62 (s, 3H), 3.16 (t, J = 9.2 Hz, 1H), 3.06 

(q, J = 9.3, 8.9 Hz, 1H), 2.36 – 2.27 (m, 1H), 2.12 – 1.95 (m, 3H), 1.62 (dtd, J = 20.8, 

11.7, 10.8, 6.9 Hz, 3H), 1.46 (t, J = 7.3 Hz, 2H), 0.95 – 0.81 (m, 12H). 

(S)-2-((S)-2-((E)-3-(4-chloro-2-fluorophenyl)acrylamido)-3-methylbutanamido)-4-

methyl-N-((S)-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)pentanamide (MPI9) 

To a solution of 118 (0.1 mmol, 58 mg) in anhydrous tetrahydrofuran (5 mL) was 

dropwise added a solution of LiBH4 in tetrahydrofuran (2 M, 0.1 mL, 0,2 mmol) at 0 °C. 

The solution was stirred under the same temperature for 3 h. Then a saturated solution of 

NH4Cl (5 mL) was added dropwise to quench the reaction. The layers were separated, and 

the organic layer was washed with saturated brine solution (2×10 mL), dried over 

anhydrous Na2SO4. and evaporated to dryness. The residue was then dissolved in 

anhydrous dichloromethane (5 mL) and cooled to 0 °C. Dess-Martin periodinane (0.2 

mmol, 85 mg) was added to the solution. The reaction mixture was then stirred at room 

temperature overnight. Then the reaction was quenched with a saturated NaHCO3 solution 

containing 10% Na2S2O3. The layers were separated. The organic layer was then washed 

with saturated brine solution (2×10 mL), dried over anhydrous Na2SO4 and evaporated in 

vacuo. The residue was then purified with flash chromatography (1-10% methanol in 
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dichloromethane as the eluent) to afford MPI9 as white solid (32 mg, 58%). 1H NMR (400 

MHz, DMSO-d6) δ 9.41 (s, 1H), 8.46 (d, J = 7.9 Hz, 1H), 8.26 (d, J = 8.7 Hz, 1H), 8.17 

(d, J = 7.6 Hz, 1H), 7.66 (t, J = 8.3 Hz, 1H), 7.62 (s, 1H), 7.53 (dd, J = 10.6, 2.1 Hz, 1H), 

7.43 (d, J = 15.9 Hz, 1H), 7.37 (dd, J = 8.5, 2.0 Hz, 1H), 7.00 (d, J = 15.9 Hz, 1H), 4.42 – 

4.18 (m, 3H), 3.16 (t, J = 9.1 Hz, 1H), 3.06 (td, J = 9.4, 7.1 Hz, 1H), 2.36 – 2.21 (m, 1H), 

2.13 (dt, J = 14.0, 7.8 Hz, 1H), 2.01 (h, J = 6.6 Hz, 1H), 1.88 (ddd, J = 14.9, 11.4, 4.0 Hz, 

1H), 1.70 – 1.56 (m, 3H), 1.55 – 1.39 (m, 2H), 0.97 – 0.73 (m, 12H); 13C NMR (101 MHz, 

DMSO-d6) δ 201.24, 178.73, 173.08, 171.32, 165.00, 161.93, 159.41, 135.01, 134.90, 

130.74, 130.63, 126.15, 125.84, 122.35, 122.23, 117.35, 117.09, 58.07, 56.54, 51.68, 

41.08, 37.59, 31.34, 29.82, 27.75, 24.67, 23.30, 22.24, 19.59, 18.53. ESI-MS: calcd for 

C27H37ClFN4O5 (M+H+): 551.2; found 551.4.



*Reprinted with permission from X. R. Ma, Y. R. Alugubelli, Y. Ma, E. C. Vantasever, 

D. A. Scott, Y. Qiao, G. Yu, S. Xu, W. R. Liu. MPI8 is Potent Against SARS-CoV-2 by 

Inhibiting Dually and Selectively the SARS-CoV-2 Main Protease and the Host 

Cathepsin L. ChemMedChem, 2021, Accepted Author Manuscript. DOI: 

10.1002/cmdc.202100456. Copyright 2021 John Wiley & Sons, Inc. 
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CHAPTER IV  

SELECTIVITY OF MPIS BETWEEN SARS-COV-2 MAIN PROTEASE AND 

HUMAN HOST PROTEASES* 

 

4.1 Introduction 

 

The COVID-19 pandemic has now already infected all seven continents, over 200 

countries and over 100 million of people so far, among which more than two million 

people died. Since the identification of the pathogenic virus, SARS-CoV-2, intense efforts 

have been put into the research of the virus and the development of drugs and vaccines. 

There have been quite a few vaccines that showed good effectiveness being approved and 

distributed. Nevertheless, more and more reported virus variants with mutations on the 

spike protein of the virus could possibly diminish the effectiveness and expose human 

beings under threaten again in the future. In such a sense, the development of an antiviral 

drug against SARS-CoV-2 is as important as that of vaccines. Although there are still a 

lot to elucidate about SARS-CoV-2 biology and COVID-19 pathogenesis, previous 

studies of SARS‐CoV‐1 have demonstrated that the main protease (Mpro) is essential to 

viral replication and pathogenesis. Mpro has been validated as an antiviral drug target for 

SARS-CoV-2. Unlike Spike that is highly mutable, Mpro is highly conserved as 

https://doi.org/10.1002/cmdc.202100456
https://doi.org/10.1002/cmdc.202100456
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exemplified by the 96% sequence identity between SARS-CoV-1 Mpro and SARS-CoV-

2 Mpro (SC2Mpro). Small‐molecule medicines that potently inhibit SC2Mpro could be 

potentially effective treatment for COVID‐19. A good number of inhibitors have been 

identified to inhibit SC2Mpro and some of them have shown promising in vitro and in 

vivo efficacy. 

Selectivity between viral proteases and human proteases should always be paid 

enough attention in drug development. SC2Mpro is a cysteine protease. Its enzymatic 

activity relies on its Cys145 residue at the active site. Thus, much effort in SC2Mpro 

inhibitor development focused on covalent inhibitors with aldehyde and α-ketoamide 

warheads, which can form reversible covalent bond with Cys145 through nucleophilic 

addition. Nevertheless, these covalent warheads also render the inhibitors potentially able 

to form covalent bonds with human cysteine proteases or serine proteases through the 

same chemistry. Currently many SCM2pro covalent inhibitors are developed based on the 

substrate preference of SCM2pro and adopt a peptidomimetic structure, which also 

renders the inhibitors more likely to bind to and inhibit human proteases. However, there 

was also evidence showing certain human proteases function as preprocessor of SARS-

CoV-2 spike proteins and facilitate virus entry, including cathepsin L and transmembrane 

protease, serine 2 (TMPRSS2)[62-64]. After SARS-CoV-2 is internalized into an endosome, 

cathepsin L potentiates its membrane fusion with the endosome for the release of the virus 

RNA genome into the host cytosol. Thus, cathepsin L is a potential antiviral drug target 

for SARS-CoV-2.[62-64] A dual inhibitor design strategy that selectively target both 

SCM2pro and other important human proteases associated with SARS-CoV-2 life cycle 
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such as cathepsin L would provide improved overall antiviral potency and efficacy.  One 

potential concern is that these inhibitors can also target other similar host proteases leading 

to undesirable off-target effects by non-specific interactions. Although a number of 

SCM2pro inhibitors have been developed to combat COVID-19, little is known about their 

selectivity that is an important aspect for evaluating drugs. Herein, to explore the dual and 

selective inhibitors, we tested the in vitro inhibitory potency of 14 previously reported 

SCM2pro inhibitors (including 11 peptidomimetic aldehydes and 3 indole chloropyridinyl 

esters) against SCM2pro, cathepsin B/L/K, furin, and TMPRSS2. We also tested the 

intracellular inhibition of lysosome activities of 4 aldehyde inhibitors, which previously 

showed antiviral activity in cells and proposed their possible dual-inhibition mechanism 

of action against SCM2pro and cathepsin L. 

 

Figure 27. Structures of the tested compounds in this study, MPI1-9, 11a, GC376, 10-1, 10-

2, and 10-3. 
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4.2 Methods and Results 

 

4.2.1 Evaluation of Potency against Cathepsins and Other Host Proteases in vitro 

In 2020 our group reported MPI1-MPI9 as a series of potent peptidyl aldehyde 

inhibitors for SC2Mpro[139],  with the most potent one having a single-digit nanomolar 

IC50 value. In the following cytopathic effect (CPE) assay, two compounds (MPI5 and 

MPI8) showed low-micromolar EC50 values against SARS-CoV-2 virus in Vero E6 cells 

and submicromolar EC50 values in ACE2-expressing A549 cells, while other MPIs did not 

inhibit CPE in cells despite they have much lower IC50 values compared to MPI5 and 

MPI8. The higher antiviral efficacy of MPI5 and MPI8 in ACE2+ A549 cells compared to 

that in Vero E6 cells implies that these inhibitors might also block ACE2-mediated viral 

entry mechanism in addition to SC2Mpro inhibition. As peptidyl aldehydes, MPIs are very 

likely to covalently inhibit human cysteine or serine proteases the same way as SC2Mpro. 

Some human proteases play an important role in facilitating viral entry, including 

cathepsin L and TMPRSS2. If MPIs can also target these human proteases, it is possible 

that the observed efficacy of SARS-CoV-2 inhibition in cells is a result of dual-inhibition 

of both SC2Mpro and protease-mediated SARS-CoV-2 entry. 
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Figure 28. Peptidyl aldehydes inhibiting host serine proteases such as furin and TMPRSS2. 

(A) The mechanism of peptidyl aldehydes reacting with catalytical serine residue of serine 

protease. (B) Normalized furin activity after incubation with 1 µM MPI1-9 for 30 min. (C) 

Normalized TMPRSS2 activity after incubation with 1 µM MPI1-9 for 30 min. 

Previously we reported a cellular assay by which we can specifically evaluate the 

potency of inhibitors against SC2Mpro in cells. We confirmed that all MPIs inhibited 

SC2Mpro activity in cells to different extents. Among them, MPI8 has the lowest cellular 

IC50 of 0.031 M. As the next step to investigate the possibility of dual-target mechanism, 

4e first determined the in vitro IC50 of MPI1-9 against cathepsin L, cathepsin B, cathepsin 

K, furin, and TMPRSS2 by a kinetic assay where the rate of the hydrolysis of a fluorogenic 

substrate by the proteases was measured. The protocols were adapted and modified from 

published literatures[19, 140, 141]. The substrates were chosen to be Z-Phe-Arg-AMC for 

cathepsin B/L/K, Pyr-Arg-Thr-Lys-Arg-AMC for furin and Boc-Gln-Ala-Arg-AMC for 

TMPRSS2. The substrate concentrations were 20 µM for cathepsin assays and 10 µM for 

furin and TMPRSS2 assays. The concentration of enzymes used in the assay was 

determined to be 2 nM for cathepsin L, 1 nM for cathepsin K, 5 nM for cathepsin B, 10 
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nM for furin and 1 µM for TMPRSS2, so that an optimal signal-to-noise ratio could be 

reached. The results of enzymatic inhibitory assays showed that all tested MPIs are also 

potent inhibitors for cathepsin L, cathepsin B and cathepsin K with IC50 as low as 80 pM 

(Table 3, Figure 29), while furin and TMPRSS2 are not inhibited at all even with 1 µM 

MPIs (Figure 28). Furthermore, there is dramatic difference between the potency of MPIs 

against different cathepsins: many MPIs showed a higher potency in the inhibition of 

cathepsin L than cathepsin B and cathepsin K. The selectivity between cathepsin L/K and 

cathepsin L/B ranges from 2.7 folds of MPI9 to 147 folds of MPI8, and 35 folds of MPI5 

to 846 folds of MPI6. A few of them, including MPI4, MPI5, MPI7 and MPI8 showed 

moderate to strong selectivity to both cathepsin B and K (Table 3). 

 

Figure 29. Indole chloropyridinyl esters showed strong inhibition against SC2Mpro but little 

inhibition against cathepsin L, cathepsin B or cathepsin K. (A) IC50 curves for 10-1, 10-2, and 

10-3 against SC2Mpro. (B) Percentage of cathepsin B activity after treatment of 10-1, 10-2, and 

10-3. (C) Percentage of cathepsin K activity after treatment of 10-1, 10-2, and 10-3. (D) Percentage 

of cathepsin L activity after treatment of 10-1, 10-2, and 10-3. 

Besides MPIs developed by our group, we also tested other reported SC2Mpro 

inhibitors, including 11a[75], GC376[142] and three indole chloropyridinyl esters (10-1, 10-

2 and 10-3)[135]. GC376 and 11a are two investigational drugs undergoing clinical trials 

for the treatment of COVID-19 patients in United States. They are also peptidyl aldehydes 

and share much structural similarity to our MPIs which showed sub-micromolar IC50 
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against SC2Mpro. As for indole chloropyridinyl esters, we also measured their IC50 

against SC2Mpro. Despite of their relatively simple structures, compound 10-1 and 10-2 

exhibited IC50s of 38 nM and 67 nM (Figure 29), which are similar to those of many 

peptidyl aldehyde inhibitors, but 10-3 showed a much higher IC50 of 7.6 µM. We then 

measured the IC50s of these five compounds against cathepsin B/L/K, furin and 

TMPRSS2. Similarly, all these compounds showed no inhibition against furin or 

TMPRSS2 at 1 µM, but they acted dramatically differently with cathepsins. 11a and 

GC376 still turned out to be potent cathepsin B/L/K inhibitors with an IC50 of 0.14 nM of 

GC376 and 0.23 nM of 11a. However, their selectivity between cathepsin L and cathepsin 

B/K are poorer compared to many MPIs (Table 3). But compound 10-1, 10-2 and 10-3 

displayed no inhibition or minimal inhibition against cathepsins up to the concentration of 

10 µM (Figure 29). 

Table 3. IC50 of MPI1-9, 11a, and GC376 against cathepsin L, cathepsin B, and cathepsin K. 

Parenthesized numbers indicate selective indices with respect to the activity toward cathepsin L. 

Compound Cathepsin L IC50 

(nM) 

Cathepsin B IC50 

(nM) 

Cathepsin K IC50 

(nM) 

MPI1 0.079 ± 0.029 25 ± 2 (320) 0.88 ± 0.12 (11) 

MPI2 0.19 ± 0.03 4.1 ± 0.4 (22) 0.78 ± 0.06 (4.1) 

MPI3 0.30 ± 0.07 112 ± 10 (370) 1.18 ± 0.18 (3.9) 

MPI4 0.33 ± 0.04 46 ± 3 (139) 49 ± 16 (150) 

MPI5 2.3 ± 1.9 80 ± 6 (35) 134 ± 18 (58) 
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MPI6 0.45 ± 0.08 380 ± 21 (840) 1.07 ± 0.21 (2.4) 

MPI7 0.61 ± 0.15 64 ± 7 (105) 51 ± 6 (84) 

MPI8 1.2 ± 1.0 230 ± 20 (192) 180 ± 50 (150) 

MPI9 0.56 ± 0.06 147 ± 10 (262) 1.5 ± 0.2 (2.7) 

11a 0.14 ± 0.04 4.9 ± 0.4 (35) 1.4 ± 0.2 (10) 

GC376 0.23 ± 0.05 98 ± 5 (426) 0.35 ± 0.05 (1.5) 
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Figure 30. IC50 curves of tested peptidyl aldehydes against cathepsin B, cathepsin K, 

cathepsin L. (A) MPI1. (B) MPI2. (C) MPI3. (D) MPI4. (E) MPI5. (F) MPI6. (G) MPI7. (H) 

MPI8. (I) MPI9. (J) GC376. (K) 11a. 

 

4.2.2 Evaluation of Lysosomal Activity Inhibition in Cells  
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Given the evidence reported earlier that cathepsin L plays key roles in the entry of 

SARS-CoV-2, it is very likely that these peptidyl aldehydes can block SARS-CoV-2 entry 

through cathepsin L inhibition in cells. However, when the potency of cathepsin L 

inhibition is compared, MPI5 and MPI8 are still the least potent compounds among these 

peptidyl aldehydes, leaving it questionable whether MPI5 and MPI8 are genuinely 

inhibiting cathepsin L activity, or more generally, lysosomal or endosomal activities in 

cells as they do in vitro. To confirm that, we further used HEK293T cells to perform 

intracellular lysosomal activity assay on MPI5, MPI8, 11a and GC376, the four inhibitors 

that showed SARS-CoV-2 inhibition efficacy in the cellular level. The cells were first 

treated with the inhibitors. Then a fluorogenic substrate was used to assess the lysosomal 

activity of the treated cells. Lysosomotropic agent bafilomycin A1, which inhibit 

lysosomal activity, was used as control. The results showed that both MPI5, MPI8, 11a 

and GC376 inhibit cellular lysosomal activity at a concentration as low as 2.5 µM (Figure 

31), strongly suggesting that these compounds inhibit SARS-CoV-2 replication in cells 

via a dual-target mechanism. 
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Figure 31. Inhibition of cellular lysosomal activity by MPI5, MPI8, 11a, and GC376. The 

intensity of cellular fluorescence indicated how much fluorogenic substrate was degraded by 

lysosomes, representing cellular lysosomal activity. For each compound, three concentrations (10 

µM, 5 µM, and 2.5 µM) were used and the fluorescence signals were normalized to that of DMSO 

group. 

 

4.3 Discussion and Conclusion 

 

4.3.1 Discussion 

It is quite intriguing that all peptidyl aldehyde inhibitors we tested showed 

remarkable potency in the inhibition of cathepsin B/L/K in vitro, especially cathepsin L. 

This observation might not be pure coincidence but have underlying connections with the 

substrate specificity of cathepsin L and SC2Mpro. According to SC2Mpro crystal 

structure[67], glutamine residue or γ-lactam residue are considered the best fit for its S1 

pocket, which overlaps with the substrate specificity of cathepsin L in which glutamine 

and glycine are the most favored residues at P1 position[143]. At P2 position, SC2Mpro 
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favors leucine the most and accommodate many other hydrophobic residues as well[80]. 

This also overlaps with P2 specificity of cathepsin L of aliphatic residues. The overlapped 

substrate specificity between these two proteases makes peptidomimetic inhibitors 

designed based on the substrate specificity of one of them naturally more likely to inhibit 

the other one as well. This is also implying that a non-peptidomimetic inhibitor should be 

more selective between SC2Mpro and cathepsin L.We have also demonstrated MPI5, 

MPI8, 11a and GC376 can inhibit intracellular lysosomal activity, which unveiled more 

complicated pharmacology of these peptidyl aldehyde compounds in cells. From one 

perspective, by inhibiting the activity of cathepsin L and lysosomes in cells, these Mpro 

inhibitors can also block SARS-CoV-2 entry, providing them with a dual mechanism of 

action other than mono-specific inhibition of SC2Mpro activity. One obvious advantage 

of the dual-target mechanism is the less susceptibility to mutation of virus and consequent 

drug resistance. However, from the other perspective, the inclusion of a human protease 

as immediate drug targets also means a higher chance of adversary effects and may 

significantly lower their therapeutic indexes, limiting their potential as an anti-SARS-

CoV-2 therapy. As far as we know, cathepsin L is the only enzyme in the cathepsin family 

that showed clear relevance to SARS-CoV-2 entry. This makes it particularly a concern 

for those inhibitors that showed relatively poor selectivity between different cathepsins. 

Among the four compounds that showed anti-lysosomal activity in cells, GC376 has 

barely any selectivity between cathepsin K and cathepsin L, 11a and MPI5 have some 

moderate selectivity and MPI8 showed to be the most selective one despite its relatively 
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low potency, which implies that MPI8 might be a better candidate for the dual-target 

inhibition of SARS-CoV-2. 

On the other hand, chloropyridinyl esters 10-1 and 10-2 exhibited excellent 

selectivity between SC2Mpro and the human proteases we tested. Nevertheless, despite of 

their good in vitro potency against SC2Mpro, these inhibitors are very likely to suffer from 

poor in vivo stability due to the chemical nature of esters. Further study into their binding 

mode with SC2Mpro may provide more information to structural modifications leading to 

more potent and stable selective SC2Mpro inhibitors. 

 

4.3.2 Conclusion 

In this study, we tested the in vitro IC50 against cathepsin B, cathepsin L, cathepsin 

K, furin, and TMPRSS2 of 11 peptidyl aldehyde and 3 chloropyridinyl ester SC2Mpro 

inhibitors. All peptidyl aldehydes were found to be potent cathepsin inhibitors, especially 

potent against cathepsin L. All the four peptidyl aldehyde compounds that can inhibit 

SARS-CoV-2 replication in cells (MPI5, MPI8, 11a, and GC376) have also shown 

inhibition of lysosomal activity in HEK293T cells, implying these inhibitors have a dual-

target mechanism of action. Among them, MPI8 has the lowest cellular SC2Mpro IC50 

and a good selectivity between cathepsin L and cathepsin B/K, making it a better candidate 

for the dual-target inhibition purpose. In contrast, chloropyridinyl esters 1 and 2 showed 

excellent selectivity between SC2Mpro and the human proteases tested, which could be a 

starting point for the development of selective SC2Mpro inhibitors. 
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4.4 Experimental Details 

 

4.4.1 Inhibition assay for cathepsin L 

The assay was performed in the following assay buffer: 100 mM MES-NaOH 

solution (pH 5.5) containing 2.5 mM EDTA, 2.5 mM DTT and 9% DMSO. The stock 

solution of the enzyme was diluted to 20 nM with assay buffer containing 2.5 mM DTT. 

Stock solutions of inhibitors were prepared in DMSO. A 10 mM stock solution of the 

fluorogenic substrate Z-Phe-Arg-AMC was diluted with assay buffer. The final 

concentration in enzymatic assay of DMSO was 10%, and those of the substrate and 

cathepsin L was 20 µM and 2 nM, respectively. Into a well containing 39 µL assay buffer, 

1 µL inhibitor solution (or DMSO) and 10 µL diluted solution of cathepsin L were added 

and mixed thoroughly, and then incubated at 37 ºC for 30 min. The reaction was initiated 

by adding 50 µL diluted solution of substrate and the fluorescence intensity at 440 nm 

under 360 nm excitation was measured. Experiments were performed in triplicate with at 

least ten different concentration inhibitor and both positive and negative controls. The 

initial rate was calculated according to the fluorescent intensity in the first five minutes by 

linear regression, which was then normalized according to the initial rate of positive and 

negative controls. IC50 curve was simulated by GraphPad 8.0 using sigmoidal model (four 

parameters). 

 

4.4.2 Inhibition assay for cathepsin B 
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The assay was performed in the following assay buffer: 100 mM MES-NaOH 

solution (pH 6.0) containing 2.5 mM EDTA, 2.5 mM DTT, 0.001% Tween 20 and 9% 

DMSO. The stock solution of the enzyme was diluted to 50 nM with assay buffer 

containing 2.5 mM DTT. Stock solutions of inhibitors were prepared in DMSO. A 10 mM 

stock solution of the fluorogenic substrate Z-Phe-Arg-AMC was diluted with assay buffer. 

The final concentration in enzymatic assay of DMSO was 10%, and those of the substrate 

and cathepsin B was 20 µM and 5 nM, respectively. Into a well containing 39 µL assay 

buffer, 1 µL inhibitor solution (or DMSO) and 10 µL diluted solution of cathepsin B were 

added and mixed thoroughly, and then incubated at 37 ºC for 30 min. The reaction was 

initiated by adding 50 µL diluted solution of substrate and the fluorescence intensity at 

440 nm under 360 nm excitation was measured. Experiments were performed in triplicate 

with at least ten different concentration inhibitor and both positive and negative controls. 

The initial rate was calculated according to the fluorescent intensity in the first five 

minutes by linear regression, which was then normalized according to the initial rate of 

positive and negative controls. IC50 curve was simulated by GraphPad 8.0 using sigmoidal 

model (four parameters). 

 

4.4.3 Inhibition assay for cathepsin K 

The assay was performed in the following assay buffer: 100 mM MES-NaOH 

solution (pH 5.5) containing 2.5 mM EDTA, 2.5 mM DTT and 9% DMSO. The stock 

solution of the enzyme was diluted to 10 nM with assay buffer containing 2.5 mM DTT. 

Stock solutions of inhibitors were prepared in DMSO. A 10 mM stock solution of the 
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fluorogenic substrate Z-Phe-Arg-AMC was diluted with assay buffer. The final 

concentration in enzymatic assay of DMSO was 10%, and those of the substrate and 

cathepsin K was 20 µM and 1 nM, respectively. Into a well containing 39 µL assay buffer, 

1 µL inhibitor solution (or DMSO) and 10 µL diluted solution of cathepsin K were added 

and mixed thoroughly, and then incubated at 37 ºC for 30 min. The reaction was initiated 

by adding 50 µL diluted solution of substrate and the fluorescence intensity at 440 nm 

under 360 nm excitation was measured. Experiments were performed in triplicate with at 

least ten different concentration inhibitor and both positive and negative controls. The 

initial rate was calculated according to the fluorescent intensity in the first five minutes by 

linear regression, which was then normalized according to the initial rate of positive and 

negative controls. IC50 curve was simulated by GraphPad 8.0 using sigmoidal model (four 

parameters). 

 

4.4.4 Inhibition assay for furin 

The assay was performed in the following assay buffer: 100 mM HEPES buffer 

(pH 7.0) containing 0.2% Triton X-100, 2 mM CaCl2, 0.02% sodium azide, and 1 mg/mL 

BSA. The stock solution of the enzyme was diluted to 100 nM with assay buffer. Stock 

solutions of inhibitors were prepared in DMSO. A 10 mM stock solution of the fluorogenic 

substrate Pyr-Arg-Thr-Lys-Arg-AMC was diluted with assay buffer. The final 

concentration in enzymatic assay of the substrate and furin was 10 µM and 10 nM, 

respectively. Into a well containing 39 µL assay buffer, 1 µL inhibitor solution (or DMSO) 

and 10 µL diluted solution of furin were added and mixed thoroughly, and then incubated 
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at 37 ºC for 30 min. The reaction was initiated by adding 50 µL diluted solution of 

substrate and the fluorescence intensity at 440 nm under 360 nm excitation was measured. 

Experiments were performed in triplicate with at least ten different concentration inhibitor 

and both positive and negative controls. The initial rate was calculated according to the 

fluorescent intensity in the first five minutes by linear regression, which was then 

normalized according to the initial rate of positive and negative controls. IC50 curve was 

simulated by GraphPad 8.0 using sigmoidal model (four parameters). 

 

4.4.5 Inhibition assay for TMPRSS2 

The assay was performed in the following assay buffer: 50 mM Tris (pH 8.0) 

containing 150 mM NaCl, and 0.01% Tween20. The stock solution of the enzyme was 

diluted to 10 µM with assay buffer. Stock solutions of inhibitors were prepared in DMSO. 

A 10 mM stock solution of the fluorogenic substrate Boc-Gln-Ala-Arg-AMC was diluted 

with assay buffer. The final concentration in enzymatic assay of the substrate and 

TMPRSS2 was 10 µM and 1 µM, respectively. Into a well containing 39 µL assay buffer, 

1 µL inhibitor solution (or DMSO) and 10 µL diluted solution of TMPRSS2 were added 

and mixed thoroughly, and then incubated at 37 ºC for 30 min. The reaction was initiated 

by adding 50 µL diluted solution of substrate and the fluorescence intensity at 440 nm 

under 360 nm excitation was measured. Experiments were performed in triplicate with at 

least ten different concentration inhibitor and both positive and negative controls. The 

initial rate was calculated according to the fluorescent intensity in the first five minutes by 

linear regression, which was then normalized according to the initial rate of positive and 
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negative controls. IC50 curve was simulated by GraphPad 8.0 using sigmoidal model (four 

parameters). 

 

4.4.6 Intracellular lysosomal activity assay 

The protocol was adapted from that provided by Abcam with some modifications. 

HEK293T cells were grown in DMEM media containing 10 % FBS in standard 24-well 

plate and incubated under 37 °C, 5 % CO2 overnight. Media was then removed and 

replaced with fresh DMEM media containing different concentrations of test compounds 

with 0.1 % DMSO (experimental group), 0.1 % DMSO (negative control group) or 1 × 

bafilomycin A1 (positive control group). The cells were incubated under 37 °C, 5 % CO2 

for 2 hours. The media was then removed and replaced with fresh DMEM media 

containing 0.5 % FBS and the same concentration of test compounds, DMSO or 

bafilomycin. 15 µL of self-quenched fluorogenic substrate was added to each well per 1 

mL of media. The cells were incubated under 37 °C, 5 % CO2 for another 2 hours. The 

media was then removed, and the cells were harvested, washed with 1 mL ice cold assay 

buffer (provided in assay kit) twice and resuspended in PBS buffer for flow cytometry 

analysis under 488 nm excitation. Experiments were performed in triplicate. 
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CHAPTER V  

CONCLUSIONS AND PROSPECTIVES 

 

This dissertation presents the results of applying structure-based drug design 

strategies in the development of human ENL YEATS domain inhibitors and SARS-CoV-

2 main protease inhibitors. Both projects afforded several potent inhibitors against 

respective targets, once more proving the importance and great potential of utilizing 

structural information of drug target in early-stage drug discovery. 

For human ENL YEATS domain, we have successfully developed a series of 

potent inhibitors that are able to effectively block the recognition of H3K9 acetylation by 

ENL. One of them displayed good efficacy in MLL-rearranged leukemia cells, in terms of 

both the inhibition of cell proliferation and the downregulation of oncogene transcription. 

However, the biological processes where ENL are involved in MLL-rearranged leukemia 

are still not totally clear. A lot of research is still needed to further elucidate the functions 

ENL play in the leukemogenesis process. In such a sense, our developed ENL YEATS 

domain inhibitors could also serve as a template for the development of different chemical 

probes and be used in the research of ENL-related cellular processes. These studies will 

in return provide medicinal chemists with more useful information about ENL, MLL-

rearranged leukemias, and related proteins and biological processes, which could be very 

helpful for the development of more potent and specific drugs for leukemias and other 

related diseases. 
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For SARS-CoV-2 main protease, we have also successfully developed a series of 

potent SARS-CoV-2 main protease inhibitors. Among them, MPI8 showed excellent 

SARS-CoV-2 main protease inhibition potency both in vitro and in human cell lines. It 

also showed good efficacy in inhibiting cytopathic effects in SARS-CoV-2 infected 

mammalian cells. Moreover, MPI8 is also a cathepsin L inhibitor, which enables it to 

block the major cell entry pathway of SARS-CoV-2 while still maintain a good selectivity 

among other host proteases. Collectively, MPI8 is a very promising drug candidate for the 

treatment of COVID-19. Given the still severe situation of the global COVID-19 

pandemic, especially the difficulty in the manufacturing, transportation, distribution, and 

storage of COVID-19 vaccines in less developed areas of the world, an easy-to-produce, 

shelf-stable, and preferably orally bioavailable antiviral agent for SARS-CoV-2 is in great 

demand. Our developed MPI8, along with many other drug candidates that have been or 

are being developed, provides a hope to control and contain, if not to defeat the COVID-

19 pandemic in the future. 
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