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ABSTRACT 

 Chronic Obstructive Pulmonary Disease (COPD) is currently the fourth leading cause of 

death in the US. COPD is a multi-factorial disorder characterized by an oxidant/antioxidant 

imbalance, inflammation, a protease/antiprotease imbalance and apoptosis. This dissertation 

describes a general strategy for the design, synthesis and biochemical evaluation of dual function 

inhibitors which could potentially interrupt the above disorder, thereby enhancing the treatment 

of COPD. An example of this type inhibitor based on the 1,2,5-thiadiazolidin-3-one scaffold has 

been proven effective against both human neutrophil elastase (HNE) and caspase-1, two key 

enzymes responsible for elastin degradation and inflammation, respectively. In addition, an X-

ray crystal structure and a high resolution mass spectrum of inhibitor bonded HNE have proven 

the proposed mechanism of HNE inactivation. Furhtermore, simple reversible competitive 

inhibitors of COPD-related enzymes (HNE and proteinase 3) have also been designed, 

synthesized and evaluated biochemically.  

 West Nile virus and Dengue virus are recognized as a major health threat that affects 

millions of people worldwide. However, there is currently no treatment or vaccine available for 

the virus infection. This dissertation describes the design, synthesis and biochemical evaluation 

of reversible competitive inhibitors of both West Nile virus and Dengue virus NS2B-NS3 

protease. Combinatorial chemistry and click chemistry methods have been used in the design of 

the protease inhibitor and the identified hit was optimized using computational programs 

(AutoDock4 and SYBYL). Several more hits were identified during the optimization and further 

development could potentially lead to very potent inhibitors of NS2B-NS3 protease with good 

pharmacokinetics and oral bioavailability.    
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CHAPTER 1  

INTRODUCTION 

1.1 Introduction to the Proteases 

 The enormous variety of biochemical reactions that comprise life are nearly all mediated 

by a remarkable array of biological catalysts known as enzymes. Enzymes catalyze reactions 

involved in all facets of cellular life: metabolism (the production of cellular building blocks and 

energy from food sources); biosynthesis (how cells make new molecules); detoxification (the 

breakdown of toxic foreign chemicals) and information storage (the process of deoxyribonucleic 

acid (DNA)) [1]. Proteases (also known as proteolytic enzymes or proteinases) refer to a group 

of enzymes whose catalytic function is to hydrolyze peptide bonds in proteins. Proteases account 

for about 2% of the human genome, 1-5% of genomes of infectious organisms and other forms of 

life [2-3]. Proteases form one of the largest and more important groups of enzymes and are 

involved in numerous important physiological processes including protein turnover, digestion, 

blood coagulation and wound healing, fertilization, cell differentiation and growth, cell signaling, 

immune response and apoptosis [4]. 

 

1.1.1   Proteases and Diseases 

1.1.1.1     Mammalian Proteases and Diseases 

 Mammalian proteases are responsible for the degradation of proteins in all living 

organisms, where proteins are at the center of action in all biological processes and are 

continuously synthesized and degraded. Proteases are ordinarily highly regulated by endogenous 

protein inhibitors [5-9], however, uncontrolled, unregulated, or undesired proteolysis can lead to 

many disease states including emphysema, stroke, viral infections, cancer, Alzheimer's disease, 



2 
 

inflammation, arthritis and etc (selected proteases and related diseases are shown in Table 1.1).  

 

Table 1.1 Examples of Mammalian Proteases of Clinical Relevance 

Protease Related diseases 

Neutrophil elastase [10] 
Chronic pulmonary obstructive disease(COPD), emphysema, cystic 
fibrosis, asthma, chronic bronchitis, adult respiratory distress 
syndrome (ARDS) and rheumatoid arthritis 

Proteinase 3 [11] Wegener's granulomatoss, inflammation, pulmonary emphysema, 
cystic fibrosis 

Cathepsin G [12] Inflammation, asthma, tumors 
Granzyme B [13] Cancer, diabetes, chronic inflammation 

Thrombin [14] Blood coagulation/bleeding, cancer, inflammation, thrombosis 
Factor Xa [15] Blood coagulation, fibrosis, cancer 
Urokinase [16] Cancer, fibrocarcinoma, Idiopathic pulmonary fibrosis (IPF) 
Dipeptidyl peptidase IV [17] Diabetes 

Chymase [18] Cardiovascular disease, heart failure, asthma 
Tryptase [12d,19] Inflammation, asthma 
Matriptase [12d,20] Cancer, asthma 
Proteasome [21] Cancer, muscular atrophy, inflammation 

Caspases [22] Inflammation, apoptosis, differentiation, Alzheimer's disease, 
Parkinson's disease, Huntington's disease 

Cathepsin K [23] Bone resorption, bone tumor 

Renin [24] Hypertension, diabetes mellitus 
Plasmempsins [25] Malaria 
BACE [26] Alzheimer's disease 
Angiotensin-conventing enzyme 
(ACE) [27] 

Hypertension, Alzheimer's disease 
 

Matrix Metalloproteinase [28] 
 

Lung cancer, pleural effusions, chronic obstructive pulmonary 
disease(COPD), asthma, acute respiratory distress syndrome and 
interstitial lung diseases,  multiple sclerosis cancer, arthritis, 
fibrosis, chronic liver disease, viral heart disease, skin aging 

TNF-α convertase (TACE) [29] 
 

Cancer, stroke, arthritis, Crohn's disease, multiple sclerosis, 
Alzheimer's disease 
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1.1.1.2    Viral Proteases and Diseases 

 With the announcement of "As of 27 December 2009, worldwide more than 208 countries 

and overseas territories or communities have reported laboratory confirmed cases of pandemic 

influenza H1N1 2009, including at least 12,220 deaths." from World Health Organization 

(WHO) on Dec 30, 2009 [30], viral infection has become a real global threat. Viral infection is 

not only associated with serious public diseases like Swine flu, AIDS, SARS, ebola and avian 

influenza [31], but is also associated with common human diseases including common cold, liver 

cancer, chickenpox, cold sores and etc. Viral proteases are key enzymes involved in virus 

maturation [32], and thus have been intensively studied (some viral proteases and related 

diseases are shown in Table 1.2).  

 

Table 1.2 Examples of Viral Proteases of Clinical Relevance 

Protease Related diseases 

HIV protease [33] HIV/AIDS 

Hepatitis C Virus protease [34] Progressive liver injury, cirrhosis and liver cancer 

Hepatitis A Virus 3C protease [35] Liver acute infectious disease 

Norovirus protease [36] Acute gastroenteritis 

Dengue Virus NS2B-NS3 protease [37] Dengue fever 

West Nile Virus NS2B-NS3 protease [38] Encephalitis 

Rhinovirus 3C protease [39] Common cold 

Cytomegalovirus protease [40] Retinitis  

Herpes simplex virus  protease [32,41] Oral lesions, genital herpes 

Varicella zoster virus protease [42] Chickenpox, shingles 

Epstein-Barr virus protease [42] Lymphoproliferative disease 
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1.1.2  Proteases as Targets in Drug Discovery 

 Proteases fulfill multiple roles in human disease (such as cancer, AIDS, sepsis, Crohn's 

disease, rheumatoid arthritis, traumatic brain injury, amyotrophic lateral sclerosis (ALS), 

cardiovascular conditions, inflammatory, pulmonary, periodontal diseases and etc) and 

considerable interest has been expressed in the design and development of synthetic inhibitors of 

disease-related proteases [43-48]. There are several FDA approved protease inhibitors on the 

market. Tritace® (Ramipril), Vasotec® (Enalapril), Accupril® (Quinapril), Monopril® (Fosinopril), 

and Lotensin® (Benzapril) are substrate mimetic Angiotensin-converting Enzyme inhibitors used 

to treat cardiovascular diseases [49,50]. Novastan® (Argatroban) is a thrombin inhibitor for 

prophylaxis or treatment of thrombosis in patients with heparin-induced thrombocytopenia (HIT) 

[49,51]. Januvia® (Sitagliptin) is a DPP-4 dipeptidyl peptidase enzyme inhibitor for treating Type 

II Diabetes [49,52]. There are numerous inhibitors of the HIV proteases and this approach has 

been one of the principal means for treating Autoimmune Immunodeficiency Syndrome (AIDS) 

[49,53]. A recent review on ―protease inhibitors in the clinic‖ has summarized many more 

proteases inhibitors in clinical development [3a].      

 

1.1.3  The Nomenclature and Classification of Proteases 

1.1.3.1     Proteases and Proteolytic Reactions 

 Proteases hydrolyze peptide bonds between amino acids in proteins and peptides (shown 

in Figure 1.1). Although they catalyze the same type reaction, there exists a huge number of 

proteases to hydrolyze the specific substrates in the precise environment. Up to September 2009, 

there are 2,415 different proteases have been recognized by MEROPS database (the MEROPS 

database is an information resource for peptidases and the proteins that inhibit them found at the 
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Wellcome Trust Sanger Institute, Cambridge CB10 1SA, UK) [54] and 570 human proteases 

were identified according to The Mammalian Degradome  Database     

(http://degradome.uniovi.es/) [55].   
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  Figure 1.1 The Hydrolysis Reaction Catalyzed by Proteases 

 

1.1.3.2    Protease Terminology [7,56] 

 Proteases are macromolecules with a number of atoms and side chains, which form 

tremendous number of possibilities in shape and charges on their surfaces and/or inside the 

protein. A protease recognizes its peptide substrate based on its backbone conformation, amino 

acid sequence and location of the amide bonds being cut. The protease substrate binds to a 

protease with a complementary fashion in size, shape and electro statics. A nomenclature of 

protease and substrate proposed by Schechter and Berger in 1967 is commonly used to number 

the active site of a protease. According to this nomenclature, the amino acid residues of protease 

substrates are considered relative to the site of backbone cleavage (Figure 1.2). Those residues 

N-terminal to the cleavage site are said to be on the P side, and those residues C-terminal to the 

cleavage site are said to be on the P′ side. Immediately N-terminal to the cleavage site is residue 

P1, and moving further N-terminally are residues P2, P3, P4, and so on. Immediately C-terminal 

to the cleavage site is residue P1′, and moving further C-terminally are residues P2′, P3′, P4′, and 

so on. Thus, the protease cleaves the amide bond that links residue P1 and P1′ (Figure 1.2, red 

amide group).  

http://degradome.uniovi.es/
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 Proteases contain binding pockets for substrate residues (Figure 1.2). Those pockets that 

bind to the P side of the substrate are called S pockets, and those pockets that bind to the P′ side 

of the substrate are called S′ pockets. The protease pocket that interacts directly with the P1 

residue of the substrate is called S1, and protease pockets that bind to resides P2, P3, P4, and so 

on are called, respectively, S2, S3, S4, and so forth. The protease pocket that interacts directly 

with the P1′ residue of the substrate is called S1′, and protease pockets that bind to residues P2′, 

P3′, P4′, and so on are called, respectively, S2′, S3′, S4′, and so forth. Thus, the residues involved 

in catalysis are located between the S1 and S1′ pockets. The character of these pockets dictates 

the degree of specificity of the protease (i.e., whether it will cleave only one particular sequence 

of amino acid residues, a wide variety of substrates, or somewhere in between). 
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Figure 1.2 General Substrate and Substrate Binding Sites for Proteases. The scissile amide 
functionality is in red. Moving left from the cleavage site are residues P1, P2, P3, P4, etc. Moving right 
from the cleavage site are residues P1‘, P2‘, P3‘, P4‘, etc. Corresponding binding pockets on the protease 
for these residues are S1, S2, S3, S4, etc., on the left side and S1‘, S2‘, S3‘, S4‘, etc., on the right.   
 

 

1.1.3.3    Substrate Specificity of Proteases 

 A protease has multiple subsites in the active site, but the subsites are not equally 

important. Short peptides (up to 8 amino acid residues) are commonly used to map the active 

sites of proteases and Rawlings et al. has demonstrated the importance of these subsites in  
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Figure 1.3 [54]. Apparently the S1 pocket is the most important binding site in terms of substrate 

recognition, therefore complementary with S1 pocket was the basis of protease inhibitor design. 

The S1' pocket is recognized as the second important binding site which provides the highest 

 
 
Figure 1.3 Preference for Amino Acids in Substrate Binding Sites. The bar chart shows the number 
of peptidases showing a preference for one or two amino acids for each substrate binding site S4–S4‘. 
Of the 312 peptidase with 10 or more known substrate cleavages, 202 show a preference and are 
included in the figure. A count is made whenever an amino acid occurs in one binding pocket in 40% 
or more of the substrates. There are 15 peptidases that have a preference for two amino acids in a 
binding pocket: walleye dermal sarcoma virus retropepsin (A02.063, Asn or Gln in S2), sapovirus 3C-
like peptidase (C24.003, Glu or Gln in S1), SARS coronavirus picornain 3C-like peptidase (C30.005, 
Gly or Gln in S1), peptidyl-peptidase Acer (M02.002, Gly or Pro in S1), vimelysin (M04.010, Phe or 
Leu in S1), carboxypeptidase M (M14.006, Arg or Lys in S1‘ ), carboxypeptidase U (M14.009, Arg or 
Lys in S1‘ ), dactylysin (M9G.026, Leu or Phe in S1‘ ), chymase (S01.140, Phe or Tyr in S1), tryptase 
alpha (S01.143, Lys or Arg in S1), trypsin 1 (S01.151, Lys or Arg in S1), plasmin (S01.233, Lys or Arg 
in S1), flavivirin (S07.001, Lys or Arg in S2), dipeptidyl aminopeptidase A (S09.005, Ala or Pro in S1) 
and kumamolisin (S53, 004, Glu or Gly in S3). Many peptidases show a preference in more than one 
binding pocket. There are 13 peptidases with a preference for all eight binding pockets, another 13 
with a preference in seven, five peptidases in six, three in five, eight in four, 24 in three, 47 in two and 
89 in only one.[54] 
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affinity to substrate along with the S1 pocket. The rest of the subsites also contribute to binding 

specificity.   

 

1.1.3.4    Classification of Proteases 

 A landmark in the development of any field of study is the appearance of a sound system 

of nomenclature and classification for the objects with which it deals. Both nomenclature and 

classification are vitally important for information-handling. A good system also serves to 

highlight important questions and thus prompts new discoveries. Three major criteria have been 

employed in grouping peptidases and they are preferentially based on: (a) the chemical 

mechanism of catalysis; (b) the details of the reaction catalyzed, and (c) the similarity of 

molecular structure and homology [54].  These three classification methods are described in 

detail below. 

1.1.3.4.1    Classification Based on Chemical Mechanism  

 In 1960, Hartley initiated a sequence of developments that has now provided the 

peptidase community with the very useful concept of catalytic type [57]. Depending on the 

mechanisms used in the catalysis, proteases are currently classified into six groups: serine 

proteases, threonine proteases, cysteine proteases, aspartic proteases, metalloproteases and 

glutamic proteases. Such assignments are widely used for obvious reasons. For example, serine 

proteases contain a serine residue that acts as the nucleophile at the heart of the catalytic site. The 

threonine and glutamic acid peptidases are very small groups and were not described until 1995 

and 2004, respectively. The other four classes of proteases have been intensively studied for both 

their catalytic mechanisms and proteolytic specificity. Among these classes, cysteine proteases, 

metallo-proteases and serine proteases form the majority of the protease subclasses [54,58].   
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  The system of catalytic types has great strengths, but it also has limitations that need to 

be recognized. Each type of peptidase includes many very different molecular structures and 

catalytic mechanisms. Moreover, they are by no means all homologues of each other, so an 

expression like "the serine peptidase family" has little meaning.  

 

1.1.3.4.2    Classfication of Proteases by IUBMB (based on the details of the reaction 

catalyzed) [59] 

  The term ―peptidase‖ has been recommended by The International Union of 

Biochemistry and Molecular Biology (IUBMB) to describe a subset of peptide bond hydrolases 

with code E.C.3.4. ―Proteases‖ is a widely used as synonymous to peptidase. According to 

Enzyme Nomenclature from IUBMB (1992), all peptides fall into two major categories: the 

endopeptidases and exopeptidases. The endopeptides, which cleave peptide bonds at points 

within the protein, are often called proteinases in the literature. The exopeptidases, which remove 

amino acids sequentially from either the N- or C-terminus, include aminopeptidases, 

dipeptidases, dipeptidyl-peptidases and tripeptidyl-peptidases, peptidyl-dipeptidases, serine-type 

carboxypeptidases, metallocarboxypeptidases, cysteine-type  carboxypeptidases and omega 

peptidases.  The nomenclature does not include glutamic acid peptidase, which was found in 

2004. The IUBMB protease/peptidase classification is shown in Table 1.3.  

 According to this classification, every peptidase is assigned a unique four-number code. 

The codes of proteases that will be focused on in this dissertation are shown below: Human 

neutrophil elastase: EC 3.4.21.37; Proteinase-3: EC 3.4.21.76; Matrix metallopeptidase-12: EC 

3.4.24.65; West Nile virus NS2B-NS3 protease: EC 3.4.21.91; Dengue virus NS2B-NS3 

protease: EC 3.4.21.91.  
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 This classification system in Enzyme Nomenclature has been used for several decades 

and provides a practical approach for the characterization of new peptidases, without having any 

structure information about them. Enzyme Nomenclature of peptidases depends primarily on the 

reaction catalyzed, but it fails to recognize the structural relationship between peptidases. In 

1993, Neil D. Rawlings and Alan J. Barrett proposed another classification of proteases focused 

on the relationship between structure and function.  

Table 1.3 The Classification of Proteases by IUBMB 

 

 

    EC 3.4.11 Aminopeptidases

    EC 3.4.13 Dipeptidases

    EC 3.4.14 Dipeptidyl-peptidases and tripeptidyl-peptidases

    EC 3.4.15 Peptidyl-dipeptidases

    EC 3.4.16 Serine-type carboxypeptidases

    EC 3.4.17 Metallocarboxypeptidases

    EC 3.4.18 Cysteine-type carboxypeptidases

    EC 3.4.19 Omega peptidases

    EC 3.4.21 Serine endopeptidases

    EC 3.4.22 Cysteine endopeptidases

    EC 3.4.23 Aspartic endopeptidases

    EC 3.4.24 Metallo endopeptidases

    EC 3.4.25 Threonine endopeptidases

    EC 3.4.99 Endopeptidases of unknown catalytic mechanism

Exopeptidases-cleave near the N- or C-termini of peptides and proteins

Endopeptidases-cleave internal peptide bonds in peptides and proteins
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1.1.3.4.3    The Barrett & Rawlings Classification of Proteases (based on the similarity of 

molecular structure and homology) [60,61] 

 The Barrett & Rawlings classification which is based on molecular structure and 

homology is the newest classification (proposed in 1993) and it depends on the availability of 

data for amino acid sequences and three-dimensional structures in quantities that were realized 

only in the early 1990s. In this system, peptidases are assigned to families and the families are 

grouped in clans (these terms are described below in detail). From 1999, a peptidase database, 

MEROPS was launched by Rawlings & Barrett and the classification is also known as ―MEROPS 

classification‖.  

 The term family is used to describe a group of peptidases each of which can be proved to 

be homologous to the type example. The homology is shown by a significant similarity in amino 

acid sequence either to the type example itself, or to another protein that has been shown to be 

homologous to the type example, and thus a member of the family. The relationship must exist in 

the peptidase unit at least. A family can contain a single peptidase if no homologues are known, 

and a single gene product such as a virus polyprotein can contain more than one peptidase, each 

assigned to a different family. Each family is identified by a letter representing the catalytic type 

of the peptidases (S, C, T, A, G, M or U, for serine, cysteine, threonine, aspartic, glutamic, 

metallo- or unknown, respectively) and a unique number, e.g. S1, M1. Some families are divided 

into subfamilies because there is evidence of a very ancient divergence within the family, e.g. 

S1A, S1B. 

 A clan contains all the modern-day peptidases that have arisen from a single evolutionary 

origin of peptidases. It represents one or more families that show evidence of their evolutionary 

relationship by their similar tertiary structures, or when structures are not available, by the order 
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of catalytic-site residues in the polypeptide chain and often by common sequence motifs around 

the catalytic residues. Each clan is identified with two letters, the first representing the catalytic 

type of the families included in the clan (with the letter "P" being used for a clan containing 

families of more than one of the catalytic types serine, threonine and cysteine). Some families 

cannot yet be assigned to clans, and when a formal assignment is required, such a family is 

described as belonging to clan A-, C-, M-, S-, T- or U-, according to the catalytic type. Some 

clans are divided into subclans because there is evidence of a very ancient divergence within the 

clan, for example MA(E), the gluzincins, and MA(M), the metzincins. 

  The full information about families and clans for MEROPS classification can be found 

from the following linkages, http://merops.sanger.ac.uk/cgi-bin/family_index?type=P, and 

http://merops.sanger.ac.uk/cgi-bin/clan_index?type=P. The MEROPS Ids of proteases included 

in this dissertation are shown below: human neutrophil elastase S01.131, proteinase-3: S01.134, 

Matrix metallopeptidase-12: M10.009, West Nile virus NS2B-NS3 protease: S07.001, Dengue 

virus NS2B-NS3 protease: S07.001.  

 

1.2 Chronic Obstructive Pulmonary Disease (COPD) and Related Proteases 

1.2.1 Overview of COPD 

 Chronic Obstructive Pulmonary Disease (COPD) is not one single disease but an 

umbrella term used to describe chronic lung diseases (including chronic bronchitis and 

emphysema, Figure 1.4) that cause limitations in lung airflow. The most common symptoms of 

COPD are breathlessness, excessive sputum production, and a chronic cough. However, COPD 

is not just simply a "smoker's cough", but an under-diagnosed, life threatening lung disease that 

may progressively lead to death. According to the latest WHO estimates (2007), currently 210 

http://merops.sanger.ac.uk/cgi-bin/family_index?type=P
http://merops.sanger.ac.uk/cgi-bin/clan_index?type=P
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million people have COPD and 3 million people died of COPD in 2005. WHO predicts that 

COPD will become the third leading cause of death worldwide by 2030 (the trends in the leading 

causes of death in the United States between 1970 and 2002 are shown in Figure 1.5) [62]. 

 

 
  
Figure 1.4 Schematic Presentation of Chronic Obstructive Pulmonary Disease as A Mutli-factorial 
Disease.   
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Figure 1.5 Trends in Age–Standardized Death Rates for the Six Leading Causes in the United 
States, 1970 to 2020. 

  

  

 COPD is characterized by an oxidant/antioxidant imbalance [63,64], alveolar septal cell 

apoptosis [65,66], chronic inflammation [63,67], and a protease/antiprotease imbalance where an 

excess of proteolytic enzymes (serine, cysteine proteases and MMPs) is not counterbalanced by a 

similar rise of protease inhibitors [68,69] (shown in Figure 1.4). The molecular mechanisms 

which underline the initiation and progression of the disorder are poorly understood. 

Furthermore, the precise role and actions of the proteases involved in COPD are not fully 

delineated, consequently there is a need for a better definition of which proteases and protease 

actions are of importance in COPD pathogenesis [70].  
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1.2.2    Oxidant/Antioxidant Imbalance 

 Cigarette smoking introduces noxious gases and particles, which are known to form 

reactive oxygen species (ROS) such as superoxide anion, hydrogen peroxide, and hydroxyl 

radicals [63,70]. Oxidative stress in the lung arises when ROS overwhelm antioxidant defense 

(oxidant and antioxidant imbalance shifts in favor of oxidants), and then ROS readily react with 

proteins, lipids and DNA resulting a number of pathological consequences [64,71-72]. A primary 

consequence of oxidant stress is lipid peroxidation, or the oxidative degeneration of lipids caused 

by a free radical chain reaction. If the free radical reaction is not quenched, it can permanently 

damage cell membranes, ultimately leading to cell death [71]. ROS can act directly or indirectly 

on proteins to cause oxidation of the polypeptide backbone peptide cleavage, protein-protein 

cross linking, or amino acid side chain modifications [71,73]. This includes the inactivation of 

antiproteases (such as α1-antitrypsin and secretory leukocyte protease inhibitor) or activation of 

metalloproteases by oxidants, resulting in a protease/antiprotease imbalance in the lungs [74-76]. 

Without protection from α1-antitrypsin, the alveolar matrix is susceptible to destruction by 

neutrophil elastase, which can eventually lead to emphysema [68-69]. Over-expression of matrix 

metalloproteases may contribute to the pathogenesis of tissue destructive processes associated 

with lung inflammation and disease [77]. Oxidative stress also stimulates molecular pathways 

and signaling mechanisms resulting in increased gene expression, production of proinflammatory 

cytokines, influx of inflammatrory leukocytes and subsequent enhanced inflammation in the lung 

[78].  

              

1.2.3 Apoptosis Related to COPD 

 Apoptosis is the process of programmed cell death that may occur in multicellular 
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organisms and is likely a contributor to the pathogenesis of COPD, particularly in irreversible 

tissue destruction such as emphysema [65,66]. The first data demonstrating the presence of 

apoptotic cells in the lungs of patients with COPD did not begin to appear until relatively 

recently [79]. Apoptosis is a tightly regulated mechanism of cell death which allows the 

elimination of unwanted, damaged or infected cells. At present, there are three different 

pathways that are involved in the regulation of apoptosis. Different caspases (cysteine proteases 

with an important function in the regulation of apoptosis) are involved in these different 

pathways [66]. The first pathway, ligand-death-receptor pathway, is active in response to 

extracellular singals: death factors trigger apoptosis by binding on death receptors, which recruit 

procaspase-8 [66,80]. After cleavage the mature caspase-8 then directly activates caspase-3 

(caspase-3 is one of apoptosis executors) [81,82]. The second pathway, the mitochondrial 

intrinsic pathway, responds to physical and chemical stress signals: mitochondria release 

cytochrome C, which together with apoptotic protease activating factor-1 and caspase-9 form the 

apoptosome complex [66,83-85], resulting in the activation of caspase-9 which then activates 

caspase-3 and initiates the execution of apoptosis [81,86]. In the third pathway, the 

endoplasmatic reticulum pathway, caspase-12 is activated in response to stress signals (such as 

hypoxia) and converge further downstream into activation of caspase-3 [66]. In addition, 

noncaspase proteases such as granzyme B and the deprivation of survival signals such as growth 

factors also induce apoptosis by means of caspase-3 activation and mitochondrial release of 

cytochrome C, respectively [87-89].  

 As mentioned before, apoptosis interacts with all of the other three pathways including 

chronic inflammation, protease/antiprotease imbalance and oxidative stress. It has been proved 

that apoptosis of alveolar wall or endothelial cells is sufficient to cause pulmonary emphysema, 



17 
 

even without the accumulation of inflammatory cells. However, in the lungs of COPD patients, 

there is an impressive influx of inflammatory cells and interactions between inflammatory and 

apoptotic mechanisms most likely take place [66]. Uncontrolled proteolytic reactions in the lungs 

can induce apoptosis. Neutrophil elastase-cleavage of the phosphatidylserine receptor on 

macrophages results in impaired clearance of apoptotic cells and sustained inflammation [90]. 

The basal membrane contains signals for cell survival and loss of these survival signals (as a 

consequence of degradation of the basement membrane by matrix metalloproteinases) can induce 

apoptosis [66]. Apoptosis may also be affected by direct proteolysis of death-inducing signals 

[66,91]. In a rat model of emphysema induced by VEGFR blockade, Tuder et al. demonstrated 

that apoptosis predominated in the lung in areas of oxidative stress and that experimental 

blockade of apoptosis markedly reduced the expression of markers of oxidative stress [66,92]. 

Other experiments, in turn, have shown that mice with impaired expression of antioxidant genes 

have increased numbers of apoptotic alveolar septal cells and develop early and extensive 

emphysema in response to cigarette smoke [93]. Apoptosis obviously plays very important roles 

in the pathogenesis of COPD. 

 

1.2.4 Inflammation and Related Proteases 

 Inflammation is a coordinated immune response to harmful stimuli that appear during 

infections or after tissue damage. COPD related inflammation is mostly caused by cigarette 

smoking or air pollution [94] and oxidative stress in the lungs introduced by smoking or inhaling 

noxious gases results in increased gene expression and production of pro-inflammatory cytokines 

[78,95]. This in turn causes both influx and activation of inflammatory leukocytes [78]. As a 

result, chronic inflammation in COPD is characterized by an accumulation of neutrophils, 
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macrophages, B-cells, lymphoid aggregates and CD8+ T-cells, particularly in the small airways 

[96], and in addition, increased IL-6, IL-1β, TNF-α, GRO-α, MCP-1, and IL-8 levels are found in 

COPD patient sputum [97]. The degree of inflammation increases with the severity of disease 

[96]. In people who have smoked, lung inflammation continues for many years after smoking 

cessation [94]. Currently, phosphodiesterases and interleukin-1-beta convertase are believed to 

be promising therapeutic targets for preventing inflammation and their inhibitors are under 

investigation.  

 The phosphodiesterase (PDE) enzyme family contains eleven PDEs, which hydrolyze 

cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) (cAMP 

and cGMP are second messengers that regulate a number of critical cellular processes including 

airway smooth muscle relaxation and the release of inflammatory mediators [98]) to inactive 

5′AMP and 5′GMP respectively, and thus inhibition of PDEs represents a potential mechanism 

by which cellular processes can be modulated [99]. PDE 4 is the primary cAMP-hydrolyzing 

enzyme in inflammatory and immune cells (macrophages, eosinophils, neutrophils) [100]. In 

these cells, the inhibition of PDE 4 leads to increased cAMP levels, down-regulating the 

inflammatory response [97,101]. Because PDE 4 is also expressed in airway smooth muscle and, 

in vitro, PDE 4 inhibitors relax lung smooth muscle, selective PDE 4 inhibitors are being 

developed for treating COPD [97].  Interestingly, dual PDE3/4 inhibitors appear to give 

enhanced mucociliary clearance and broad anti-inflammatory and bronchodilatory activity [99]. 

 Cytokine interleukin-1 (IL-1) has been invoked in the pathophysiology of a variety of 

inflammatory and immune lung diseases including asthma, pulmonary hypertension, pulmonary 

fibrosis, and granuloma formation [102,103]. In the interleukin-1 family, IL-1β and IL-18 are key 

cytokines responsible for chronic inflammation and immunoregulation, respectively and are 
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unregulated by gene expression, synthesis, secretion, receptor association and maturation via 

interleukin converting enzyme (ICE, which now is called caspase-1) [104-107]. Caspase-1 

cleaves the biologically inactive pro-IL-1β and pro-IL-18, releasing the biologically active 

mature IL-1β and pro-IL-18 [104,105]. Since its discovery, caspase-1 has been considered a 

therapeutic target for the modulation of inflammation. Caspase-1 inhibitors will be reviewed 

(vide infra) and examples are listed in Table 3.1. 

 

1.2.5 Protease/Anti-Protease Imbalance 

 Proteases play a key role in the lung in health and disease. In the healthy lung, proteases 

fulfill basic homeostatic roles and regulate processes such as regeneration and repair [10a]. The 

levels and activities of proteases are ordinarily tightly regulated by endogenous protein 

inhibitors, however, when this balance is compromised lung damage can occur [10-13,22,28]. 

Past observations have shown that: 1) a genetic deficiency of α1-proteinase inhibitor (α1-PI), the 

major inhibitor of neutrophil elastase in the lower respiratory tract, is associated with earlyonset, 

severe panlobular pulmonary emphysema [108]; 2) instillation of papain (a cysteine protease 

with elastin-degrading activity) into rat lungs results in progressive emphysema [109]; and 3) 

proteases including porcine pancreatic elastase, neutrophil elastase and proteinase 3 (Pr 3), have 

been shown to degrade lung elastin and enlarge airspaces when instilled into the lungs of 

experimental animals [110-112], the protease/antiprotease imbalance hypothesis was formulated. 

The hypothesis states that inhalation of cigarette smoke (or other pollutants) leads to the 

recruitment of inflammatory cells into the lungs which release various proteases that exceed the 

protease inhibitor defense of the lung. Uncontrolled proteases degrade the extracellular matrix 

(ECM) protein components of the alveolar walls leading to destruction and loss of the alveolar 
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walls and airspace enlargement [113]. Chronic inflammatory lung diseases are associated with 

higher-than-normal levels of proteases [10a]. The proteases implicated in the pathogenesis of 

COPD include serine proteases, metalloproteases and cysteine proteases. Serine proteases and 

MMPs are believed to play the most important role in extracelluar proteolysis [113]. 

 

1.2.5.1     Neutrophil Derived Serine Proteases  

 Human neutrophil elastase, proteinase 3 and cathepsin G are the three major serine 

proteases stored in the primary (azurophil) granules of polymorphonuclear neutrophils (PMNs) 

[114,115]. Their traditional functions are ingesting and killing bacteria, therefore they are 

providing a primary line of defense against bacterial infection [115]. However, the higher-than-

normal level of these proteases is able to activate specifically pro-inflammatory cytokines 

including interleukin-1 beta and TNF-alpha and lead to the activation of different receptors 

including epidermal growth factor receptor and proteinase-activated receptors [114]. Neutrophil 

serine proteases might therefore be important regulators of the inflammatory innate immune 

response and are interesting targets for new therapeutic approaches against inflammatory 

disorders [114]. 

 

1.2.5.1.1    Overall Structures 

 Human neutrophil elastase (HNE: EC3.4.21.37), proteinase 3 (Pr 3: EC3.4.21.76) and 

cathepsin G (Cat G: EC3.4.21.20) belong to chymotrypsin family. HNE, Pr 3 and Cat G are 

homologous proteases that have evolved from a common ancestor by gene duplication and are 

quite distinct from the main branches of the chymotrypsin superfamily of serine proteases [116].  

The  overall structures of these three enzymes are very similar (the amino acid sequence of 
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HNE has 57% identity to those of Pr 3 and 37% identity to those of Cat G) (Figure 1.5). Their 

activities depend upon a catalytic triad composed of His57, Asp102 and Ser195 which are widely 

separated in the primary sequence (Figure 1.6) but are brought together at the active site of the 

enzymes in their tertiary structures (Figure 1.7) [115]. In general, the HNE active site has 

hydrophobic S and S'. Pr 3 has similar S subsites but the S' subsites are more ploar than HNE. 

The overall active site of Cat G has more positive charges on the S' pockets. 

 

 
 
Figure 1.6 Comparison of Primary Structures of Human Neutrophil Elastase (HNE), Proteinase 
3 (Pr 3) and Cathepsin G (Cat G) [115].  

 
 
Figure 1.7 Tertiary Structures of Human Neutrophil Elastase, Proteinase 3 and Cathepsin G. 
His57, Asp102 and Ser195 are shown in yellow at the active sites of the enzyme 3D structures [115]. 
 

Proteinase 3 
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1.2.5.1.2    Mechanism of Catalysis 

 The catalytic mechanism of serine proteases has been extensively studied, both by kinetic 

methods in solution and by NMR [117] and X-ray crystallography [118]. Additional evidence of 

transition state of proteolysis was published recently by Nunez's group [119]. The general 

catalytic mechanism of serine proteases is shown in Figure 1.8.  
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Figure 1.8 Catalytic Mechanism of Serine Proteases 
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 Catalysis proceeds in two steps: acylation and deacylation. In the first step (acylation 

step) an acyl enzyme intermediate is formed between the substrate and the side chain of the 

active site serine. Formation of this covalent complex proceeds through a negatively charged 

tetrahedral transition state intermediate, and then the peptide bond is cleaved [120]. In the second 

step (deacylation step) the newly formed ester linkage in the acyl enzyme complex is hydrolyzed 

by a water molecule. The deacylation step also proceeds through a negatively charged tetrahedral 

transition state intermediate, which then releases the remaining peptide fragment and restores the 

active site of enzyme, completing the catalytic cycle [120]. 

 Structurally, serine proteases rely on their oxyanion hole and catalytic triad to perform 

these reactions. The oxyanion hole consists of two back bone amide groups from Gly193 and 

Ser195 that form hydrogen bonds to the negatively charged carbonyl oxygen of the tetrahedral 

transition state intermediates. Such hydrogen bonding stabilizes the transition states involving 

the acylation and deacylation steps, and thus plays a critical role in catalysis. The catalytic triad 

in the serine proteases of the chymotrypsin family is formed by the side chains of three 

conserved residues mentioned 1.2.5.1.1: His57, Asp102 and Ser195. Each amino acid in the triad 

performs a specific task in the catalysis. The Oγ of Ser195 is the nucleophile, which attacks the 

scissile carbonyl carbon (hence named serine proteases) and becomes part of the newly formed 

ester linkage in the acyl enzyme complex.  The His57 residue functions as a general base and a 

general acid during the course of catalysis. The general base catalysis is involved in the 

formation of the tetrahedral transition state intermediates, where the imidazole group of His57 

functions as a general base to subtract the proton from the Oγ of Ser195 in the acylation step or 

from a water molecule in the deacylation step, facilitating the nucleophilic attack. This newly 

protonated imidazole then provides a general acid catalysis to assist the collapse of the 
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tetrahedral transition state intermediates by transferring its proton to the leaving group (the 

scissile amide N in the acylation step and the Oγ of Ser195 in the deacylation step). Such 

behavior of His57 is called ―proton shuttle‖. During catalysis, His 57 is involved in a direct 

interaction with the substrate, so a slight movement of the imidazole group may be required for 

its function. The carboxyl group of Asp102 serves to orient the imidazole ring in an appropriate 

fashion to function as an acid-base catalyst and also provides an appropriate electrostatic 

environment for stabilizing the tetrahedral intermediates. [115,120] 

 

1.2.5.1.3     Substrate Specificity in Proteolysis 

    The activity of proteolytic enzymes is generally measured by the release of a 

chromophore (such as 4-nitroanilide) or a fluorophore (such as coumarylamide) covalently 

attached to a peptide moiety that confers S pocket specificity. Recently, Forster Resonance 

Energy Transfer (FRET) technology which relies on the distance-dependent transfer of energy 

from a donor molecule to an acceptor molecule was introduced to protease substrates. 

Specifically, a FRET-based substrate uses a fluorescent donor moiety on one terminus and a 

quenching acceptor molecule on the other terminus, separated by a peptide containing the 

protease cleavage sequence. Upon cleavage, the fluorescence of the donor is recovered and can 

be continuously monitored. FRET-based substrate allows its sequence extend on both sides of the 

cleavage site, giving more information on the specificity of proteases, especially on S' binding 

sites. The enzyme activity of HNE, Pr3 and Cat G has been investigated using protein substrates 

such as the oxidized insulin B chain, and synthetic chromogenic/fluorogenic peptide substrates 

(4-nitroanilide, thioesters, coumarylamide, FRET) [115].  

 HNE hydrolyzes the B chain of oxidized insulin at the C-terminus of small residues like 
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Val, Ala, Ser and Cys [121]. The activity of HNE depends greatly on the length of substrates, 

suggesting that it has an extended substrate binding site [121]. The substrate preference and 

extended binding site have been confirmed using synthetic substrates and the crystal structure of 

the HNE-OMTKY-III complex, respectively [122]. Consequently, HNE substrate specificity 

depends not only on the nature of the P1 amino acid, as in many serine proteases, but also on 

secondary interactions with the S and S' subsites. The S2 subsite has a preference for medium-

size, hydrophobic side chains (such as proline) and the same is true for the S3 and S4 subsites 

that preferentially accommodate Ala residues at P3 and P4 [115]. The favorable effect of S'-P' 

interaction on HNE is mainly due to the occupancy of S1' [123].  There is evidence showing 

that other S' subsites beyond S1' have no significant effect on catalysis by HNE [124,125]. 

 Both analysis of the peptides generated from oxidized insulin B chain and synthetic 

substrates by Pr 3 reveal that the preference of Pr 3 for small hydrophobic amino acids like Cys, 

Ala, Val and Norval [126]. The presence of an Ile at position 190 of the Pr 3 sequence instead of 

a Val in HNE, and of an Asp at position 213 instead of an Ala reduces the size of the S1 pocket 

and accounts for the preference of Pr 3 for amino acids smaller than those accommodated in the 

S1 pocket of HNE that include Ile, Leu, and Norleu [127]. The deep, polar S2 subsite in Pr 3, due 

to Lys99, preferentially accommodates a negatively charged P2 residue [124]. Pr 3 

accommodates small hydrophobic residues at position P4 as a result of the replacement of 

Arg217 in HNE by an Ile residue in Pr 3. Residue 217, together with Trp218, probably 

contributes to the P4/P5 specificity [128]. Most conventional peptide substrates having a 

chromogenic or fluorogenic group on their P1 residue are cleaved much more slowly by Pr 3 

than by HNE. The fact that C-terminal elongation of FRET substrates greatly increases the 

catalytic activity of Pr 3, but not that of HNE suggests that S ' subsites are important for substrate 
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binding and/or hydrolysis [125,127]. The specificities of subsites S5 to S3' investigated 

kinetically and by molecular dynamic simulations show that subsites S2, S1', and S2' are the 

main determinants of Pr 3 specificity [124,128]. Pr 3 has a negatively charged residue at position 

61 in the vicinity of the S1' subsite, but HNE does not. As a consequence, Pr 3 prefers a 

positively charged P1' residue, whereas HNE has no preference at that position [124]. This 

emphasizes the importance of the S1' subsite for Pr 3 specificity, even though an electrostatic 

interaction at S1' in the Pr 3 active site is not a prerequisite for substrate binding, explaining why 

Pr 3 can also accommodate small hydrophobic residue at position P1' [115]. The presence of a 

positively charged residue at position 143 in the vicinity of the S2' subsite of Pr 3, but not in 

HNE, is essential for discriminating between HNE and Pr 3 activities [124,125]. Any type of 

residue at P3' is accepted by Pr 3 and improves the specificity constant by favoring substrate 

stabilization, but this is not the case for HNE. In summary, the S2, S1', S2', and S3' subsites are 

the main determinants of the substrate specificity of Pr 3, and account for its difference from 

HNE. A consensus sequence for Pr 3 substrates may therefore be deduced that extends from P2 

to P3' and includes negative, small hydrophobic, positive, negative and positive residues from P2 

to P3' respectively, a sequence that is not recognized by HNE [124,128]. 

 Cat G accommodates both large, hydrophobic P1 residues (Phe, Leu, Met) and positive 

Lys or Arg residues due to the presence of a Glu residue at the bottom of its S1 subsite [129].  

Like many other chymotrypsin-like enzymes, Cat G has a marked preference for a Pro at P2. 

Most of commonly used chromogenic (pNA) and/or fluorogenic (MCA) Cat G substrates have a 

Pro-Phe pair at P2-P1 [130-132]. There are no obvious binding determinants for the P3 side 

chain, although Lys192 has been suggested to favor the accommodation of acidic residues [129]. 

Cat G does not accept a Pro residue in its S3 subsite because it would interfere with the anti-
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parallel β sheet structure formed between a section of the extended substrate binding site and the 

peptide chain of the substrate [133]. The primary specificity of Cat G has not been completely 

elucidated using synthetic substrates, but modeling studies suggest that the Ser40 in Cat G forms 

a hydrogen bond with a P1' Ser in the substrate [132]; which provides a structural basis for the 

preference of this residue at P1'. The side chain of Arg41 might favor the accommodation of an 

acidic residue at P2' and possibly interfere with the P3' specificity [132]. 

 Summarized substrate specificities for HNE, Pr 3 and Cat G are shown in Table 1.4, and 

the amino acid residues involved in substrate recognition for these three enzymes are shown in 

Table 1.5. 

Table 1.4 Substrate Specificity of Neutrophil-Derived Serine Proteases 

 

Enzyme P3 P2 P1 P1' P2' 

HNE Ala Pro 
Leu, Ile, 

norLue,Ala, 
Val,Ser 

N.S. N.S. 

Pr 3 Ala Pro Cys, Ala, 
Val, norVal Lys Asp 

Cat G Ala Pro 
Phe, Leu, 
Met, Lys, 

Arg 
Ser N.C.E. 

 

N.S.: Not Significant; N.C.E.: Not completely elucidated. 
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Table 1.5 Enzyme Active-site Residues Involved in Substrate Recognition 
 

Enzyme S3 S2 S1 S1' S2' 

HNE Val216 
Phe192 

His57 
Leu99 
Phe215 

Val190 
Phe192 
Ala213 
Val216 
Phe218 

His57 
Phe41 

Leu143 
Ile151 

Pr 3 Val216 
Phe192 

His57 
Leu99 
Phe215 

Val190 
Phe192 
Ala213 
Val216 

His57 
Phe41 

Leu143 
Ile151 

Cat G Gly216 
Lys192 

His57 
Ile99 

Tyr215 

Ala190 
Lys192 
Val213 
Gly216 

His57 
Arg41 

Arg143 
Gly151 

 

 

1.2.5.1.4    Roles in Human Diseases 

 Neutrophil-derived serine proteases elastase, proteinase 3 and cathepsin G are implicated 

in a variety of infectious inflammatory diseases, including lung diseases (COPD, acute 

respiratory distress syndrome, cystic fibrosis, and ischemic-reperfusion unjury) and in non-

infectious inflammatory processes such as glomerulonephritis, arthritis, and bullous pemphigoid 

[10-12,134,135]. The main biological functions of these three enzymes have been summarized 

by Korkmaz et al. and are shown in Table 1.6. 

 In these neutrophil-derived proteases, HNE occupies the most important position at the 

apex of a specific protease hierarchy. HNE has a number of important intrinsic proteolytic 

properties (Table 1.6) and there is strong evidence to support the destructive actions of HNE 

(HNE breaks down elastin, a protein in connective tissue that is elastic and is responsible for  

resuming tissue shape after stretching and contracting) as the main pathogenic mechanism in 
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Table 1.6 Biological Functions of Elastase, Proteinase 3 and Cathepsin G [115] 

 

Elastase      

  Degradation of ECM components 

  Degradation of plasma proteins 

  Bactericidal properties 

  Cleavage of inflammatory mediators 

  Cleavage of receptors 

  Cleavage of lung surfactant 

  Activation of lymphocytes and platelets 

  Activation of proteases 

  Inactivation of endogenous inhibitors 

  Cytokines and chemokines induction 

  Induction of airway submucosal gland secretion 

Proteinase 3  

  Degradation of ECM components 

  Bactericidal properties 

  Cleavage of inflammatory mediators 

  Platelet activation 

  Induction of endothelial cells, apoptosis 

  Negative feedback regulation of granulopoiesis 

  Target of auto-antibodies in Wegener‘s 

           granulomatosis 

                                Cathepsin G 

                                   Degradation of ECM components 

                                   Degradation of plasma proteins 

                                   Bactericidal properties 

                                   Cleavage of receptors 

                                   Cleavage of inflammatory mediators 

                                   Conversion of angiotensin I to angiotensin II 

                                   Platelet activation 

                                   Induction of airway submucosal gland secretion 

  

emphysema associated with severe α1-antitrypsin (also called α1-PI) deficiency, as α1-

antitrypsin is the main inhibitor of neutrophil elastase [108]. In this deficiency, anti-elastase 

protection in the lung interstitium and alveolar space is markedly decreased to about 15-20% of 

normal levels [68]. Due to this destructive damage to the lungs, patients with emphysema usually 

experience difficulty in breathing, coughing, wheezing and excess mucus production. Further 

evidence of the importance of HNE in emphysema was confirmed by intra-tracheal injection of 



30 
 

HNE in experimental animals inducing emphysema [111, 136].  Even without severe genetic 

α1-antitrypsin deficiency, cigarette smoke may induce the overproduction of HNE in the lungs 

and reduction of α1-antitrypsin activity, causing this protease/antiprotease imbalance [137,138]. 

Other than its intrinsic proteolytic properties, HNE can also directly control the inducible 

expression and biological properties of other pulmonary proteases. For example, HNE regulates 

expression of cathepsin B and MMP-2 in alveolar macrophages [139] and also activates 

proMMP-2, MMP-6 and MMP-9 [140-142]. Thus, HNE also behaves as a proinflammatory 

mediator in addition to being a protease. In certain circumstances, HNE also controls signalling 

mechanisms regulating innate immunity (reviewed by Greene et al.) [10a]. Its pluripotency 

distinguishes it as a unique factor controlling many aspects of infection and inflammation in the 

lung. 

 Proteinase 3 is the major target antigen of the anti-neutrophil cytoplasmic antoantibodies 

(c-ANCA) produced in Wegener's granulomatosis (WG) [143]. Blood neutrophils from patients 

with active WG bear greater amounts of Pr 3 on their cell membranes than do neutrophils from 

healthy individuals because of the ongoing inflammatory process. The Pr 3 exposed on the cell 

surface is directly accessible to circulating c-ANCA, which results in complete activation of 

polymorphonuclear neutrophils [144]. In addition, α1-antitrypsin deficiency positively correlated 

with the severity of vasculitis in WG patients suggests that Pr 3 is a biological target of α1-

antitrypsin [145,146].  Pr 3 also has a proapoptotic function through the proteolytic activation 

of procaspase-3 to active caspase [147], as well as the direct cleavage of NF-kB and p21 [148-

150].  

 Cathepsin G, which makes up approximately 20% of the azurophilic granule proteins of 

neutrophils [151], has many important roles in neutrophil function during inflammatory 
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processes, including degradation of extracellular matrix components and cytokines, modulation 

of integrin clustering on neutrophils, and direct chemoattraction of T cells and other leukocytes 

(reviewed by Shimoda et al.) [152]. The activity of cathepsin G is primarily regulated by α1-

antichymotrypsin (also called α1-ACT). α1-ACT is very effective inhibitor of cathepsin G in 

solution phase, but efficiency can be greatly reduced in the presence of ionic surfaces like DNA 

and heparin. The reason is that because both Cat G and HNE are very basic proteins and bind 

negatively charged molecules with high affinity, causing the phase separation of Cat G/HNE 

from α1-ACT/ α1-PI due to the inability of the inhibitor to bind these ionic surfaces [153].  

Partitioning of these proteases from their endogenous inhibitors could explain the tissue damage 

associated with many chronic inflammatory disorders because they are protected from inhibitors 

by anionic macromolecules present in cell debris [154-156]. 

 

1.2.5.2    Granzyme B 

 Similar to neutrophil-derived serine proteases, granzyme B (also called GzmB), a serine 

protease which shares the same catalytic mechanism as all serine proteases) is another potent 

protease and dysregulation of its expression or activity could potentially contribute to 

extracellular matrix (ECM) destruction and parenchymal remodeling if it is released in the 

absence of perforin and subsequently accumulates extracellularly [88]. While the majority of 

GzmB is released unidirectionally towards target cells, GzmB can also be released non-

specifically, escaping into the extracellular environment [157,158]. The effect on non-targeted 

cells may be due in part to the failure of endogenous GzmB inhibition mechanisms, including the 

lack of counteraction by proteinase inhibitor 9 (PI-9), a human serpin (serine protease inhibitor) 

shown to directly inhibit GzmB activity in vitro [159-161]. Without perforin-mediated delivery 
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of GzmB to target cells, the non-specifically released GzmB accumulates in the extracellular 

milieu, leading to tissue destruction and parenchymal remodeling [88]. Importantly, GzmB is 

capable of cleaving ECM proteins, specifically, vitronectin, fibronectin, laminin, proteoglycan 

and maybe elastin fibres [158,162,163]. Although the amount of non-specifically released GzmB 

may be small, it is sufficient to elicit matrix remodeling in chronic inflammatory states [88]. 

Fragments of the ECM generated by proteolysis have been shown to possess chemotactic 

properties and contribute to chronic inflammation (reviewed by Ngan et al) [88], thus causing 

emphysema. Perpetuity of inflammation may result as a consequence of the infiltration of 

inflammatory cells importing additional GzmB [88]. GzmB also facilitates its direct involvement 

in COPD as a pro-apoptotic mediator in the absence of perforin [164].  

 

1.2.5.3    COPD Related Matrix Metalloproteinases  

 Matrix metalloproteinases (MMPs) are a large family of zinc-dependent neutral 

endopeptidases involved in the degradation of ECM components, and thus they play a crucial 

role in the homeostasis of normal tissue remodeling [43,165-167]. The activity of MMPs is 

controlled and finely balanced at many levels: RNA transcription, protein translation, secretion, 

localization, activation of zymogen, inhibition by endogenous proteins, and degradation [165].  

Overexpression of MMPs results in an imbalance between the activity of MMPs and endogenous 

inhibitors of MMPs, TIMPs (Tissue Inhibitor of Metalloproteinases), leading to tissue 

degradation and consequently facilitating a variety of pathological disorders, including arthritis , 

cancer and COPD [43,165].  

 MMP-12 plays a predominant role in the pathogenesis of chronic lung injury, particularly 

in emphysema. The production of MMP-12 results from macrophage activation and resident cells 
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synthesis (epithelial cells, smooth muscle cells and endothelial cells) along alveolar wall of lungs 

[165]. As suggested by its trivial name, metalloelastase, MMP-12 is clearly the most active MMP 

to degrade elastin [168] although it can cleave many of the other components of the extracellular 

matrix [165]. The pathology of COPD is associated with an airway inflammatory process 

characterized by an accumulation of inflammatory cells such as macrophages and neutrophils. 

There is a positive correlation between the number of macrophages in the alveolar walls and the 

mild-to-moderate emphysema status in patients with COPD [169]. In vitro studies on alveolar 

macrophages collected from COPD patients have shown their ability to degrade more elastin 

than macrophages collected from healthy volunteers [170]. The number of MMP-12-expressing 

macrophages and staining intensity are higher in BAL samples from COPD patients than in 

control subjects. Enhanced MMP-12 activity is also detected in BAL fluids from patients with 

COPD in comparison with control subjects [167]. In animal model, MMP-12 knock-out (KO) 

mice subjected to a 6-month cigarette smoke do not have increased numbers of macrophages in 

their lungs and do not develop emphysema. A monthly intratracheal instillation of monocyte 

chemoattractant protein-1 into the lungs of MMP-12 smoked-exposed KO do not develop air 

space enlargement in response to smoke exposure. These data seem to suggest that MMP-12 is 

sufficient for the development of emphysema that results from chronic inhalation of cigarette 

[171]. However, in an acute model of smoke exposure, neutrophils, desmosine and 

hydroxyproline, markers for elastin and collagen breakdown, respectively, were examined in 

BAL fluids from MMP-12 KO mice and wild-type mice 24 h after smoke exposure. None of 

these markers could be detected in MMP-12 KO mice, suggesting that acute smoke-induced 

connective tissue breakdown, the initial step towards emphysema, requires both neutrophils and 

MMP-12 and that the neutrophil influx is dependent on the presence of MMP-12 [172].  
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 As a general mechanism, the substrate binds to the active site of MMP-12, and interacts 

with the catalytic zinc ion through carbonyl group of the scissile peptide bond while the peptide 

group is hydrogen bonded to the carbonyl carbon atom of Ala182 and then the peptide substrate 

is finally hydrolyzed [173]. 

 

1.3     West Nile Virus/Dengue Virus and Related Proteases 

1.3.1  Overview of West Nile and Dengue Viruses 

 West Nile virus (WNV) and Dengue virus (DENV) are members of Flaviviruses genus, 

which belong to the Flaviviridae family [174]. WNV and DENV are recognized as major health 

threats that affect millions of people worldwide. West Nile virus (WNV, first isolated in 1937 

from the blood of a woman with a febrile illness who lived in the West Nile region of Uganda), 

an emerging mosquito-borne human pathogen, is now found throughout Africa, Europe, Central 

Asia and most recently, in North America [175]. WNV is the cause of severe neurological 

disease and fatalities, particularly among the elderly, with more than 900 fatalities and an 

estimated 280,000 infections in humans. In the US, there are several hundreds registered deaths 

and thousands reported cases each year according to Centers of Disease Control and Prevention 

[176]. Typical symptoms of WNV infection include fever, rashes, and myalgia; however, 

occasionally more severe and potentially fatal symptoms develop, including acute encephalitis 

and fulminant hepatitis [177]. The dengue viruses, also transmitted through mosquitoes as WNV, 

are reported to infect over 50 million people each year, and with more than half the world's 

population living in areas at risk of infection [178,179]. There are four serotypes of dengue, 

DEN-1, DEN-2, DEN-3, and DEN-4 [180], and the infection severity ranges from the self-

limiting dengue fever (DF) to the more serious dengue hemorrhagic fever (DHF) and dengue 
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shock syndrome (DSS), with reported ranges of 1-5% to 10-30% of cases resulting in death, 

respectively [179]. Although human life is at the risk of these two viruses infection, there is 

currently no effective vaccine available for the diseases [181,182], and thus the alternative 

strategy of chemotherapeutic development has become imperative.  

  

1.3.2   Flavivirus Life Cycle 

 Flaviviruses are small, enveloped viruses [178-180]. Enveloped virions are composed of 

a lipid bilayer surrounding a nucleocapsid, which consists of a single-stranded, positive-sense 11 

kb genome RNA complexed with multiple copies of a small, basic capsid protein. Binding and 

uptake involve receptor-mediated endocytosis via cellular receptors specific for viral envelope 

proteins [183]. After attachment to the cell surface, the low pH of the endosomal pathway 

induces fusion of the virion envelope with cellular membranes. Following uncoating of the 

nucleocapsid, the RNA genome is released into the cytoplasm [183,184]. The genomic viral 

RNA serves as mRNA and can thus be directly translated – as a single open reading frame –by 

the host cell translation machinery into a single polyprotein precursor. This polyprotein is 

cleaved co- and post-translationally into three structural (C-prM-E) and seven non-structural 

proteins (NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5) (Figure 1.8) [178-181,184]. Both the viral 

NS2B-NS3 enzyme and cellular proteases take part in this process which involves both cis- and 

trans-cleavage events [178,184]. Once the viral polymerase NS5 has been synthesized and 

released from the polyprotein precursor, the viral RNA can be transcribed into the 

complementary minus strand RNA, which is then transcribed back into a positive strand. A 

dsRNA transient intermediate is thus formed during this process that must be separated into its 

individual strands in order to give access to the NS5 polymerase for further rounds of viral 
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genome replication. The NS3 protein which physically associates with the NS5 polymerase 

appears to play an essential role in the viral life cycle since mutagenesis studies showed that 

impairment of the proteolytic activity led to a defective genome unable to produce infectious 

viral particles [178,184].  

 

1.3.3  The Flaviviral NS2B-NS3 Protease 

 The Flavivirus encoded full-length NS3 protein is a long multi-functional protein, which 

contains a chymotrypsin-like serine protease (NS3pro) in the N-terminal and a helicase (NS3hel) 

in the C-terminal (shown in Figure 1.9) [174,178,184]. Heterologously expressed NS3 protease 

doman (NS3pro) or NS3 full-length (NS3 FL) has the tendency to form aggregates, and is 

inactive as a protease [184]. The NS2B protein, which is located in the polypeptide precursor 

immediately upstream of the NS3pro domain, functions as the cofactor for NS3pro 

[174,178,184]. The NS2B-NS3pro cleaves the NS2B-NS3 linkage in cis and the composition and 

length of the NS2B-NS3 linker seems not to be important for protease activity toward external 

substrates [174]. NS3pro cleaves internal linkages within NS2A and the capsid protein C, as well 

C prM E NS1 2A 2B NS3 4A 4B NS5

M (G)4S(G)5 KG(H)6

49 96 2 184

1 130 1 175 625

NS2B NS3-protease NS3-helicase

 
Figure 1.9 Schematic Representation of the Flaviviral Polyprotein, with the Cleavage Sites 
Processed by NS2B-NS3pro Indicated by Arrows. [184] 
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as the boundaries between NS2A/NS2B, NS2B/NS3, NS3/NS4A, NS4A/NS4B, and NS4B/NS5. 

Mutations in the NS3pro cleavage sites in the polyprotein precursor abolish viral infectivity, 

suggesting that small molecule inhibition of NS3pro may be an effective antiviral strategy 

[174,185].  

 

1.3.3.1   Overview of NS2B-NS3 Protease Structure 

 The WNV NS2B-NS3 protease is a two-component protease (shown in Figure 1.10) and 

the inhibitor-free DENV NS2B-NS3pro structure is overall very similar to the inhibitor free 

WNV structure [174]. The cofactor domain NS2B wraps around the NS3 protease domain like a 

belt and the central hydrophobic sequence of NS2B constrains the flexibility of NS3 and force it 

to adopt the active conformation [38b]. The comparisons between the crystal structures of the 

NS2B-NS3 proteases of DEN2 and WNV with those of DEN2 NS3pro alone reveal that NS3 

undergoes substantial rearrangement in the presence of the NS2B cofactor [38b,174]. The crystal 

structure of WNV NS2B-NS3pro-aldehyde inhibitor complex (2FP7) shows that the C terminus 

of the cofactor domain forms part of the active site [38b]. This explains why, in the absence of 

NS2B, NS3 is unable to interact properly with substrates extending beyond the S1 site and is 

thus inactive. 

 In addition, there is evidence showing that NS2B-NS3pro exhibits two alternative, 

productive and nonproductive, conformations for both WNV and DENV (shown in Figure 1.11) 

[174]. In the nonproductive conformation, substrate- or inhibitor-free conformation, the N-

terminal residues of NS2B remain associated with the N-terminal β-barrel of NS3pro, the C-

terminal residues of NS2B extend into the solvent and do not form part of the C-terminal β-

barrel. In the productive conformation, inhibitor-bound conformation, these C-terminal residues 
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form part of the substrate-binding cleft with residue NS2B interacting directly with P2 of the 

inhibitor [38b]. Along with the fact that the nonproductive conformation of the oxyanion hole is 

energetically favored in the absence of substrate, an ―induced fit‖ mechanism was proposed by 

Aleshin et al. [174]. Such a requirement of these interactions for catalysis raises the possibility of 

designing allosteric inhibitors that interfere with the NS2B fold rather than directly targeting the 

catalytic triad of NS3pro.  

 

 

 

 

 

Figure 1.10 WNV NS2B-NS3pro Showing the Location of Important Cofactor Residues. The NS3 
protease is shown as a solid surface in blue with the catalytic triad highlighted in (b) in magenta. The 
polypeptide backbone of the cofactor domain is shown in red with the polypeptide backbone and side 
chains of sites identified as important for proteolytic activity shown in yellow. (a) Site 1, NS2B59–62 
and (b) site 2, NS2B75–87. [38b] 
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Figure 1.11 Stereoview of Two Conformations of the NS2B Cofactor. (A) Superposition of WNV 
NS2B-NS3 proteases: substrate-free (green and blue) and aprotinin-bound (gray and red). The secondary 
elements of NS2B unique to the substrate-free (1 and β1‘) and the substrate-bound (β2 and β3) 
structures, as well as the alternative C termini are indicated. The point of departure (Trp62) for the two 
NS2B elements is labeled and shown as a stick model. The elements β2‘ and β3‘ in the substrate-free 
structure are stabilized by crystal contacts. Active site residues are shown as black circles. (B) 
Superposition of substrate-free DENV (gray and red) and WNV (green and blue) NS2B-NS3pro. The 
collapse of the E2B–F2B loop observed in DENV is indicated by the arrow. [174] 
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1.3.3.2  The Flaviviral Active Site  

 As aforementioned, WNV and DENV are chymotrypsin-like serine proteases. The active 

site of chymotrypsin-like serine proteases includes three conserved elements: (1) A classic His-

Asp-Ser catalytic triad (His51, Asp75, and Ser135 in both WNV and DENV), whose precise 

arrangement in space is required to enhance the nucleophilicity of the serine hydroxyl group; (2) 

the ‗‗oxyanion hole,‘‘ which stabilizes the developing negative charge on the scissile peptide 

carbonyl oxygen in the transition state; and (3) the substrate binding β-strands E2 and B1, which 

help to position the substrate in the active site. In the ground state of the active protease, the Ser 

hydroxyl H-bonds to the His imidazole, which in turn H-bonds to the Asp carboxyl group [174]. 

The typical serine catalytic mechanism is shown in Figure 1.8. 

 

1.3.3.3  Substrate Specificity of WNV and DENV NS2B-NS3 Proteases 

 WNV and DENV NS2B-NS3 proteases are highly homologous (53% sequence identity, 

79% sequence similarity within the 184 residues of NS3pro and conserved catalytic residues 

His51, Asp75, and Ser135 and oxyanion residue Gly133. (Figure 1.12) [187]); they have similar 

but distinct substrate specificities [174,188]. The aprotinin-bound WNV X-ray structure mimics 

a classic Michaelis–Menten complex, allowing for an authentic and complete view of the 

enzyme–substrate pre-cleavage complex. It is strongly supported that WNV and related flaviviral 

proteases have a requirement for basic residues at both the P1 and P2 positions of their substrates 

[174,188-189]. The P2 side chain (Lys/Arg) interacts both directly with Asn84 of NS2B and 

indirectly with a negatively charged surface created by the invading hairpin of NS2B, including 

Asp80 and Asp82. NS2B binding also helps to define the S1 pocket in WNV protease, by 

changing the conformation of NS3 residues 116–132, such that Asp129 is introduced into the 
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base of the pocket, where it can salt-bridge with the P1 Lys/Arg [174,188]. Although both 

fluorogenic substrates and aldehyde inhibitors of WNV and DENV proteases suggest their 

preferences of Lys and Nle at P3 and P4, respectively [184,189], the significant interactions of 

viral NS2B-NS3 proteases are restricted to P2-P2' [188]. The S1' pocket in WNV NS2B-NS3pro 

comprises a cavity between strand B1 and the helical turn (residues 50–53) following strand C1 

and is lined on one side by the catalytic histidine and on the other by an invariant Gly37. In 

comparison of WNV and DENV NS2B-NS3pro, WNV protease has a strong preference for Gly 

at both P1' and P2' positions [174,188], whereas the DENV protease could accommodate a 

number of amino acid residues, including the bulky hydrophobic tryptophan, phennylalanine and 

tyrosine residue at P1' and P2', especially if a glycine residue is present at one of the these two 

substrate positions [188]. The P1' preference of WNV protease may correlate with the presence 

of a Thr residue at position 132 of NS3 rather than the Pro residue found in DENV. The Thr side 

chain makes a H-bond with the main-chain C=O of the P1' residue, which is flanked on one side 

by a short H-bond between the P2' main-chain nitrogen and the C=O of Ala36 and on the other 

side by the P1 C=O that occupies the oxyanion hole [174].  
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Figure 1.12 Alignment of Recombinant NS3-NS2B Protease-Cofactor Sequences for Dengue and 
West Nile Viruses. Alignment shows catalytic residues Ser135 (S), Asp75 (D), His51 (H) in bold, 
oxyanion residue Gly 133 (G). 40 residue cofactor domain of NS2B (underlined) as defined for Dengue 
type 4 virus (ˆ); exact amino acid match (*), high chemical similarity (:), low chemical similarity (.), 
insertion/deletions ( ), and residues (italics) incorporated in construct design. Alignment is numbered from 
the first residue of the protease domain. [187] 
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1.4 Protease Inhibition 

 Because of the important roles proteases play in human disease, inhibition of proteases 

has been the focus of intense and ongoing investigations and many protease inhibitors are used in 

the clinic. Over 1500 crystal structures of proteases have been deposited in the Protein Data 

Bank. A number of protease inhibitors have been found to display promising therapeutic activity 

in early clinical trials for viral and parasitic infections; cancer; inflammatory, immunological, 

and respiratory conditions; cardiovascular and degenerative disorders [10b]. Many of them have 

been developed further and are currently either in development or have been launched to the 

market. The most successful example of protease inhibitors is HIV-1 protease inhibitors. To date 

approximately 8 drugs have been launched and 13 candidates are in clinical trials for the 

treatment of AIDS [10b].  

 Protease inhibitors include synthetic organic compounds and many naturally occurred 

products (including proteins and herbal extracts). As a matter of fact, protein inhibitors have been 

extensively studied using X-ray crystal structures of protease-ligand complexes, providing 

critical information in protease inhibitor design and development. On the other hand, the active 

ingredients isolated from herbal extracts are highly diverse and complex in their structures and 

they are commonly modified to improve stability and bioavailability.  

 

 1.4.1 Classification of Protease Inhibitors 

 Structurally, the protease inhibitors can be classified into protein-based inhibitors, 

peptide-based inhibitors and heterocyclic inhibitors. According to their inhibitory kinetics, they 

can be classified as reversible or irreversible inhibitors; however, the most informative approach 

for classifying protease inhibitors is through their mechanism of action, which eventually 
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determines their kinetic behavior during inhibition. The mechanism of action used by protease 

inhibitors includes non-covalent inhibition, transition-state analog inhibition, mechanism-based 

inhibition, and affinity labeling. Affinity labels contain a highly reactive group and serve as 

alkylating agents, such as halomethyl ketones, diazomethyl ketones, acyloxymethyl ketones, 

epoxides, aziridine derivatives, vinyl sulfones and azodicarboxamides. These functional groups 

are highly reactive with nucleophilic atoms present in enzymes and therefore lack of selectivity 

and quite toxic. They are mainly used in characterizing proteases. Mechanism-base inhibitors 

contain specific recognition elements and the reactive functional group is generated during 

catalysis, avoiding nonspecific reactions with the enzyme. Non-covalent inhibitors and 

transition-state inhibitors are favored in drug discovery because of their reversibility, which 

significantly lowers the toxicity of the drugs. However, developing reversible inhibitors require 

much more effective contact between inhibitors and proteases, which is often more challenging.  

 

1.4.2     Non-covalent Inhibitors 

 As suggested by their name, non-covalent inhibitors do not bond covalently to proteases 

during inactivation and can be easily removed by dialysis. Interactions between these inhibitors 

and their proteases are mainly ionic, hydrogen bonds, hydrophobic interactions, cation-π 

interactions and complementarity. According to the effect of varying the concentration of the 

enzyme's substrate on the inhibitor, non-covalent inhibitors can be further divided to four groups: 

competitive inhibitors, uncompetitive inhibitors, mixed inhibitors, and non-competitive 

inhibitors. Among these four groups, competitive inhibitors and mixed inhibitors are discussed in 

detail.  
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1.4.2.1    Competitive Inhibitors   

 For competitive inhibitors, the substrate and inhibitor can not bind to the protease at the 

same time. This usually results from the inhibitor having an affinity for the active site of a 

protease where the substrate also binds. The substrate and inhibitor compete for access to the 

enzyme's active site. This type of inhibition can be overcome by using high concentrations of 

substrate. Competitive inhibitors are often similar in structure to the substrate and most protein 

inhibitors belong to this group (with few exceptions). Many natural protein inhibitors are highly 

effective against a variety of serine proteases, however they are not considered as drugs because 

they are non-human proteins, which can induce an immunogenic response.  

 Although protein inhibitors are infrequently used in drug development, the protease-

inhibitor complexes are well studied [10b]. Because a protein inhibitor typically occupies the 

active site of the protease in a substrate-like fashion, therefore the enzyme-inhibitor complex 

gives the most direct evidence on how the substrate binds, especially on the prime subsites of 

proteases, providing the most accurate information for structure based inhibitor design. The X-

ray crystal structure of the third domain of the turkey ovomucoid inhibitor bound to HNE (pdb 

code: 1ppf) [190] and aprotinin-bound WNV NS2B-NS3 protease (pdb code: 2ijo) [174] were 

solved in 1986 and 2007, respectively. These two X-ray crystal structures are the foundation of 

the design of reversible competitive inhibitors in this dissertation.  

 

1.4.2.2    Mixed-type Inhibitors   

  In mixed inhibition, the inhibitor can bind to the enzyme at the same time as the 

enzyme's substrate. However, the binding of the inhibitor affects the binding of the substrate, and 

vice versa. This type of inhibition can be reduced, but not overcome by increasing concentrations 
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of substrate. Although it is possible for mixed-type inhibitors to bind in the active site, this type 

of inhibition generally results from an allosteric effect where the inhibitor binds to a different site 

on an enzyme. Inhibitor binding to this allosteric site changes the conformation of the enzyme so 

that the affinity of the substrate for the active site is reduced. Flaviviral proteases have a unique 

cofactor wrapping around NS3 through hydrophobic interactions, and the cofactor‘s functions 

are stabilization of NS3 protease and formation of part of the active sites. Therefore the 

interruption of these hydrophobic interactions can reduce the activity of two-component 

protease. As shown in Figure 1.11, WNV and Dengue have two conformations, productive and 

non-productive conformations. The C-terminal of non-productive conformation is free from the 

active site and flowing into the solvent, which provides a chance for designing inhibitors that 

target the NS2B-NS3 binding, therefore behaving as an allosteric inhibitor.  

 

1.4.2.3   Examples of Non-covalent Inhibitors 

 Obviously, by mimicking protease substrates or the partial protein inhibitor structure 

which occupies the active site of protease can result in potent inhibitors. However, the peptide 

back bone can be degraded by many other enzymes in the body, especially in the stomach. In 

order to prevent hydrolysis and improve bioavailability, further modifications are required in the 

substrate mimicking. For example, clinically approved (in Japan) thrombin inhibitor Argatroban 

(Ki 39 nM) [10b] mimics the thrombin substrate at P1 residue. By changing the P2 and P' 

residues it becomes an inhibitor (Figure 1.13). Apparently, a greater structure similarity of the 

inhibitor with the substrate will result in a more potent inhibitor. Tucker et al. have reported 

several extremely potent inhibitors (potency range from 0.0025 to 0.1 nM) of thrombin [191], in 

which all of them mimic the P1-P3 residues (the general structure of these compounds are shown 



47 
 

in Figure 1.13). Interestingly, by varying the substitution of these inhibitors, the bioavailability 

and pharmacokinetics can be improved without significant loss of potency [191]. A similar 

strategy has been widely used in non-covalent inhibitor design. 
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Figure 1.13 Substrate-like Non-covalent Inhibitors of Thrombin. 

  

 For COPD related proteases, there are some non-peptide inhibitors with low nanomolar 

inhibition constants (KI) that have been patented by several pharmaceutical companies. Their 



48 
 

structures are shown in Figure 1.14 [192a]. According to these patents, these are effective 

inhibitors of HNE that are potentially useful for treatment of acute or chronic inflammatory 

[192a]. Several synthetic small molecular weight protein inhibitors (MW: 6-11kDa), such as DX-

890(EPI-HNE-4), recombinant α1-antitrypsin (rAAT), elafin and secretory leukocyte protease 

inhibitor (SLPI) have been developed and actively researched in consideration of establishing a 

protease/antiprotease balance in COPD [192a].  More importantly, cyclotides (macrocyclic 

cysteine knotted microprotein composed of 26-37 amino acids) have been found to be low 

nanomolar inhibitors for serine proteases, such as HNE and β-tryptase, with exceptional rigidity, 

thermal stability and enzymatic resistance [192b]. As stated earier, COPD is a multi-factorial 

disorder, which involves many enzymes, therefore, there is still a need for the development of 

effective competitive inhibitors against Pr3 and other proteases related to COPD.    
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Figure 1.14 Patented Potent Human Neutrophil Elastase Non-covalent Inhibitors. 

 Several noncompetitive DENV NS2B-NS3 protease inhibitors with KI‘s or ED50‘s in the 
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4-30 micromolar  range  have been reported recently (shown in Figure 1.15) [193]. At first 

glance, they are drug-like molecules (small molecular weight, rigid structure and good aqueous 

solubility), however, these inhibitors are not sufficiently good drug candidates because of 

synthetic tractability and potentially poor pharmacokinetic properties. Therefore there is a 

remaining need to develop small organic molecules with the following properties: chemically 

robust and a versatile structure capable of optimizing the potency, physical properties and other 

drug-like parameters.    

HN

O

N
N NH2

NH2

O

N
H

N NH2

NH2

OH OH

HN

N S

HO

OH O

O

OH

NO2NO2

N

O

HO OH

NH2O

O

HO OH

HO N

N

N

CONH2

 

Figure 1.15 Dengue Virus Protease Inhibitors 

 

1.4.3    Transition-State Analog Inhibitors 

 ―An enzyme must bind the altered substrate in the transition state more tightly than it 

binds the substrate in the ground state‖ forms the transition-state theory of enzymatic catalysis 

[194]. This theory underlines the design of ―transition-state analog inhibitors (TSA)‖. There are 

two tetrahedral transition states involved in serine protease catalysis: acylation step and 

deacylation step. A number of functional groups are employed in the design of transition state 

analogs and the general structures are summarized in Table 1.7.  
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Table 1.7 Protease Transition State Analog Inhibitor Templates  
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 Type I TSA involves mainly the S (and S') pockets recognition elements and an activated 

carbonyl group or a boronic acid. These are commonly used in designing serine protease, 
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cysteine protease, and threonine protease inhibitors where the enzyme nucleophilic group 

interacts with the inhibitor. In serine proteases, peptidyl aldehydes react with serine oxygen to 

form a reversible covalent adduct, a hemiacetal. The hemiacetal hydroxyl group interacts with 

the oxyanion hole and the peptide sequence only interacts with S pockets of the enzyme active 

site in this adduct because of the nature of peptidyl aldehydes. This adduct is considered as the 

transition state analog of the deacylation step. Peptidyl aldehyde inhibitors have often been used 

in the crystallographic study of serine proteases (such as WNV NS2B-NS3 protease-Bz-Nle-Lys-

Arg-Arg-H complex, pdb code: 2fp7) [195] and enzyme active site mapping via peptidyl 

aldehyde inhibitor SAR studies [189]. Peptidyl ketones have the advantage of interacting with 

both S subsites and S' subsites of serine proteases. However the corresponding ketal adduct 

formed by an ordinary ketone and serine protease is much less stable than the one resulting from 

an aldehyde. Increasing the stability of ketone-enzyme adducts, which parallels the potency of 

the inhibitors, has been achieved by using electron-withdrawing groups to increase the 

electophilicity of the ketone group in peptidyl ketone inhibitors. Activated ketones, such as α-

fluoroketones [196-198], α-diketones [199], α-ketoesters [196], α-ketoamides [196], α-

ketoheterocycles [192a,196], have been successfully used in the design of serine protease 

inhibitors. Boronic acids have also been found to function as potent transition state analog 

inhibitors [200]. Selected type I transition state inhibitors are listed in Table 1.8.  
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Table 1.8 Selected Type I Transition State Analog Inhibitors 
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 In Type II TSA, the specific protease substrate dipeptidyl cleavage sites are replaced with 
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various structures that mimick the enzyme catalytic transition state hybridization. These 

replacements usually involve changing the sp2 scissile carbonyl to an sp3 hydroxymethyl, 

phosphonic, or methylene group and the inhibitor binding relays on the rest of the active site 

recognition [201]. One structural feature present in most tight-binding aspartic protease 

inhibitors is a critical hydroxyl group that replaces a water molecule present in the active site. 

This hydroxyl group forms hydrogen bonds to the catalytically active aspartates in HIV protease 

complexes with all hydroxyethylamine inhibitors being the most frequently studied structures in 

protein data bank and therefore it has been supposed necessary for tight-binding of aspartic 

protease inhibitors  [202]. Type II TSA are also used in the design of inhibitors of other aspartic 

proteases, such as renin and β-secretase transition state analogs [10b,201]. Very few first 

generation peptide-based aspartic protease inhibitors have proved clinically useful due to limited 

oral bioavailability [201]. However, after extensive modification, several HIV protease inhibitors 

have been launched as AIDS therapeutics (Figure 1.16) [10b,201].  
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Figure 1.16 Peptide-derived Transition State Analog Inhibitors of HIV Protease Used in AIDS 
Therapies [10b,201].  
 

 Structurally, all proteases have their own preferences for substrates, however the first 

generation peptide-based transition state analogs, in general, show low selectivity against 

specific proteases. In addition, these peptide-based transition state analogs have poor oral 

bioavailability and pharmacokinetics because of their peptide-like nature. In some cases, 

however, selectivity, bioavailability, and pharmacokinetics (in animal model) have been 

improved by extensive optimization of the recognition elements and/or formation of macrocycles 
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of these transition state inhibitors. For example, ketoamide derived macrocyclic inhibitors of 

HCV NS3 protease are more potent and have much better oral pharmacokinetics in rats than their 

parent generation (Figure 1.17) [203]. For COPD related serine proteases, several transition state 

analogs (AE-3763, ONO-6816) of HNE are currently under clinical investigation [192,196]. 

WNV/DENV peptidyl aldehydes are mostly used for mapping the active sites and 

crystallographic studies [189,195] and none of them has reached clinical trials.  
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Figure 1.17 An Example of Structure Optimization Leading to Potency and Oral Bioavalability 
Improvement.  
 
 

 While most of the transition state analog inhibitors exert competitive inhibition with rapid 

steady state kinetics (Figure 1.18 a), more potent inhibitors of this class may have slow-binding 

behavior [204]. In such cases, the inhibition undergoes a two-step binding mechanism in which 

the first step is a simple, rapid equilibrium binding of inhibitor to enzyme to form an encounter 

complex (EI), and the second step is a slow isomerization of the enzyme to form a higher affinity 

complex (EI*) (Figure 1.18 b) [204,205]. Two mechanisms have been proposed to explain the 

slow-binding behavior of transition state analog inhibitors: a) inhibitor binding at an enzyme 

active site requires the slow expulsion of a tightly bound water molecule and the high affinity of 

EI complex manifests its slow dissociation; b) there are two conformations for either enzyme or 

inhibitor in solution, and only one of the conformations is capable of high-affinity interactions 
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between enzyme and inhibitor [205]. As mentioned earlier, both West Nile and Dengue virus 

NS2B-NS3 proteases have two conformations. Only the productive conformation binds to the 

substrate effectively because the NS2B cofactor forms part of the active site (Figure 1.11) [174]. 

It is possible that an NS2B-NS3 protease TSA inhibitor which mimics the substrate only binds to 

the productive conformation tightly, therefore showing slow-binding inhibition.   
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Figure 1.18 Kinetic Scheme for Simple Competitive and Slow-binding Inhibition 

 

 

1.4.4    Mechanism-based Inhibitors and Acylating Agents 

 Mechanism-based inhibitors (also called suicide inhibitors) utilize the catalytic machinery 

of their target protease for inhibition [206]. This class of inhibitors are recognized as substrates 

and react with their target proteases to form stable enzyme-inhibitor complexes in the process of 

enzymatic catalysis, leading to the termination of the catalytic cycle. A more specific definition 

of mechanism-based inhibition is Silverman's definition: a mechanism-based inhibitor is defined 

as an unreactive compound, whose structure resembles that of either the substrate or product of 

the target enzyme, and which undergoes a catalytic transformation by the enzyme to form a 
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reactive species (Figure 1.19, product of step I) that, prior to release from the active site, 

inactivates the enzyme (Figure 1.19, product of step II) [207]. This definition classifies 

heterocyclic inhibitors that can form ―double-hit‖ complexes with proteases as mechanism-based 

inhibitors, while those that form only stable acyl enzyme complexes with a protease as 

―acylating agents‖. Mechanism inhibitors refer to the inhibitors which can form ―double-hit‖ 

enzyme-inhibitor complexes in this dissertation. 

  

Ser

N

N
H

His

Enzyme

O

HX

O

Ser

N

N
H

His

Enzyme

O

O

Y

R

R

Ser

N
NH

His

Enzyme

O

O

Z

R

I

II

"Double-hit" complex

Heterocyclic
inhibitor Serine protease

active site

 

Figure 1.19 Schematic Mechanism of Serine Protease Inactivation by Mechanism-based Inhibitor 
and Acylating Agents. 
  

 

 A large number of mechanism-based serine protease inhibitors have been reported in the 

literature. In principle, many heterocyclic inhibitors can serve as mechanism inhibitors, but 

whether they behave as mechanism inhibitors or acylating agents depends on the experiment 
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evidence. This can be achieved by determining the X-ray crystal structure [208], high resolution 

mass spectrum [208] and 13C labeling of inactive enzyme [209]. From an inhibitor design point 

of view, both mechanism-based inhibitors and acylating agents share many common structure 

features. Cyclic anhydrides [210], lactones [211,212], lactams [213,214], sulfonyloxy N-

hydroxysuccinimides [209], and sulfonamides [215-217] are frequently used as the templates in 

the design of mechanism-based inhibitors and cyclic acylating agents of serine proteases. 

Representative mechanism-based inhibitor and acylating agents are listed in Table 1.9. 
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 Most heterocyclic serine protease inhibitors inhibit their targets by first acylating the 

active site oxygen, then unmasking a latent inhibitory functionality to hinder the deacylation step 

(―double-hit‖). A example of mechanism-based HNE inhibitor employing such an inhibitory 

strategy is illustrated in Figure 1.20 [209]. Human neutrophil elastase first catalyzes the ring-

opening of the succinimide with its Ser195 acylated by the inhibitor, followed by a Lossen 

rearrangement with formation of an electrophilic isocyanate. The His57 imidazole is then 

acylated by the isocyanate, resulting in a ―double-hit‖ enzyme-inhibitor complex.   
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Figure 1.20 Schematic Mechanism of HNE Inactivation by Sulfonyloxy Succinimide. 

 

 Examples of acyclic acylating agents include symmetric anhydrides [218], azapeptides 

[219] and esters [218,220] (Table 1.10). Symmetric anhydrides are too reactive for use in in vivo 

studies [218] and are usually modified to ester to improve the irstability. Acyclic acylating agents 
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are commonly believed to lack selectivity in protease family [218], yet there are several 

examples which show a high preference towards specific protease. The inhibitory preference of 

azapeptide inhibitors can be altered to selectively inhibit only either HNE or PPE by varying the 

size of P1 substitution in very high efficiency and used for HNE and PPE titration [219]. 

SR26831 is a very selective inhibitor of HNE over pepsin, collagenase, trypsin, α-chymotrypsin, 

factor Xa, plasmin, kallikrein, cathepsoins B, C, D and G and thrombin [220]. The other two 

similar HNE inhibitors, Silvelestat sodium hydrate (ONO-5046) and Midesteine (MR-889), with 

good stability and specificity to HNE have been considered as most promising drug candidates 

for the treatment of COPD [192a]. Specifically, Sivelestat has been launched in Japan in 2002 to 

treat acute lung injury associated with systemic inflammatory response syndrome and Midesteine 

is currently in pre-registration for the treatment of COPD in Italy [10b].  All these acylating 

agents act as substrates for HNE, forming a stable complex, thereby potently and selectively 

inhibiting its hydrolytic process. In the first step, the catalytic site Ser195 hydroxyl group of 

HNE attacks the reactive carbonyl carbon of the inhibitor, followed by the formation of a 

tetrahedral intermediate. Following this, the tetrahedral intermediate collapses and forms a 

relatively stable acyl-enzyme complex, thus potently inactivating HNE [192a].  
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Table 1.10 Representative Acyclic Acylating Agents of Serine Protease   
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 Heterocyclic mechanism-based inhibitors and acylating agents generally have higher 

specificity than other classes of inhibitors, which is largely due to their structural rigidity. These 

―drug-like‖ mechanism-based inhibitors or acylating agents with high selectivity are expected to 

be favorable drug candidates, however, only very few β-lactams [214,215] and acylating agents 

[192] are orally active and are currently in clinical trials or have been launched in some 

countries.  The main issue with these classes of inhibitors is lack of chemical stability or in vivo 

stability. 

 The kinetics behavior of mechanism-based inhibitor and acylating agents is similar 

(shown in Figure 1.21). Enzymes inhibited by these inhibitors can regain their activity very 

slowly. Potent inhibitors of this kind can lead to virtually stoichiometric inhibition. Enzyme 

activity can be inhibited completely using very low concentrations. Kinetics studies of such 

potent inhibitors use the progress curve method. Compared to slow-binding inhibitors, 

mechanism-based inhibitors have much rapid inactivation rate and require much lower 

concentration to achieve the same inhibition.     

 

E + I EI E-I E + I*
Ki kinact

slow

kreact

kcat

E + I**  

Figure 1.21 Kinetic Scheme for Mechanism-Based Inhibitors and Acylating Agents 
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CHAPTER 2 

RESEARCH GOALS 

2.1 Development of Inhibitors for COPD Related Targets 

 COPD is a multi-factorial disorder which involves the interplay of multiple events and 

mediators, including an oxidant/antioxidant imbalance, apoptosis, a protease/antiprotease 

imbalance and chronic inflammation. The molecular mechanisms which underline initiation and 

progression of the disorder are currently poorly understood, however, an array of proteases 

(HNE, Pr 3, Cat G, granzyme B, Caspases, MMPs) are believed to contribute to the 

pathophysiology of the disorder. Specific enzyme inhibitors are being extensively studied against 

individual enzymes, however, the multi-factorial nature of COPD suggests that multi-functional 

molecules designed to disrupt the aforementioned cycle of events by inhibiting more than one 

enzyme or target may be more effective in alleviating the disorder (Figure 1.4).  

 Mechanism-based inhibitors against HNE have been extensively investigated in our 

group [216, 217] and the various templates used primarily reflected the preferences of HNE 

subsites, mainly on S pockets. These inhibitors have revealed that HNE can tolerate fairly large 

groups in the primary subsite (S1), and also in the recognition element projecting toward the 

primed subsites of these HNE inhibitors are released during the enzyme inactivation process. 

This opens an opportunity for the design of inhibitors which incorporate a second known 

inhibitor against other targets to HNE inhibitor template(s), serving as multi-functional 

inhibitors. These multi-functional inhibitors could potentially serve as a drug delivery system for 

inhibitors which have poor pharmacokinetics. For example, MMPs usually employ a hydroxamic 

acid moiety which is difficult to deliver to the target enzymes due to poor selectivity. However, 

no multi-functional molecules against proteases have been reported so far. 
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 HNE and Pr 3 are neutrophil-derived serine proteases which play an important role in 

COPD. The substrate specificity of these two enzymes has been fully explored. HNE 

mechanism-based inhibitors/acylating agents are highly efficient and specific toward the target 

enzyme, but the chemical and/or in vivo instability and high reactivity increase the potential 

clinical risk, which limits their practical use in the clinic. Six reversible heterocyclic inhibitors 

developed in pharmaceutical companies have been recently patented as potent HNE inhibitors 

(Chapter 1), however, clinical studies with these inhibitors remain unclear. Several transition 

state analogs of HNE have been reported, but the peptide nature of the majority of these 

inhibitors limits their advance to clinical use. In addition, currently no non-covalent inhibitor or 

transition state inhibitor against Pr 3 has been reported.  Consequently, our goal is to develop 

novel heterocyclic ―drug-like‖ molecules which serve as reversible inhibitors for HNE and Pr3. 

The design of small heterocyclic organic molecules which only rely on non-covalent interactions 

to achieve inhibition is a challenging task.  

 

2.2 Development of Competitive Inhibitors for WNV/DENV NS2B-NS3 Protease 

 The X-ray crystal structures of WNV NS2B-NS3 protease-peptide inhibitor complex and 

NS2B-NS3 pro-aprotinin complex have been reported at the protein data bank (pdb code: 2fp7 

and 2ijo), however the development of WNV NS2B-NS3 protease reversible inhibitors has not 

been successful. Peptide-based aldehyde inhibitors are only used for crystal structure 

determination and in probing subsites. The high reactivity and the requirement for multiple 

positive charges and peptide backbone exclude them from clinical use due to low selectivity, 

poor permeability and lack of oral bioavailability. In contrast, small heterocyclic organic 

molecules have many advantages for the design of WNV NS2B-NS3 protease inhibitors: a) these 



65 
 

―drug-like‖ molecules are chemically robust; b) stable to metabolism; c) easy to optimize the 

pharmacokinetics; d) good oral bioavailability and etc. No potent heterocyclic reversible 

competitive inhibitors have been reported thus.  

 The X-ray crystal structures of WNV NS2B-NS3 protease and NS2B-NS3 pro-aprotinin 

complex also revealed that there are two conformations, productive and nonproductive 

conformations, for this two-component protease (shown in Figure 1.11). The interface between 

the NS2B and NS3 proteins relies primarily on hydrophobic interactions, which can interact with 

relatively hydrophobic molecules that behave as allosteric inhibitors. Although both protease 

substrates and peptide inhibitors suggest a preference for the presence of multiple basic 

substitutions, the X-ray crystal structure of a tetra-peptide inhibitor bound to WNV protease 

show that the hydrophobic part of Lys and Arg may also contribute the inhibitor binding. The 

core of the active site is fairly hydrophobic and therefore having multiple basic substitutions is 

not strictly required in the design of WNV protease inhibitor.   

 DENV NS2B-NS3 protease shares a very similar active site geometric complementarity 

and substrate specificity with WNV NS2B-NS3 protease, and it is also a two-component with 

NS2B as a cofactor. Accordingly, the same strategy is applied in the design of inhibitors of 

DENV NS2B-NS3 protease.   

  

2.3 Strategies and Methodologies 

 The enzyme inhibitor design described in this dissertation is based on the published SAR 

of mechanism-based inhibitors of HNE, and X-ray crystal structures of the protein inhibitor-

enzymes complexes for HNE and NS2B-NS3 protease of WNV and DENV. The following 

strategies and methodologies have been used in these studies:  
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 a)  Use a structure-based approach to design novel inhibitor templates; 

 b)  Use combinatorial chemistry and click chemistry approaches to explore the affinity 

 and specificity of these novel inhibitors for their target enzymes; 

 c)  Conduct kinetic and structure-activity relationship studies for the novel classes of 

 inhibitors in order to search for a rational approach for optimizing the potency of the 

 inhibitors of serine proteases; 

 d)  Use molecular simulations to fine tune the design strategies in structural 

optimization.  

 Inhibitor design is also under the guidance of Lipinski's Rule of Five [221]: no more than 

5 hydrogen bond donors, no more than 10 hydrogen bond acceptors, molecular weight under 500 

Daltons, and log P of less than 5.  
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CHAPTER 3 

DUAL FUNCTION INHIBITORS OF COPD-RELEVANT SERINE PROTEASES 

3.1 Inhibitor Design Rationale 

 A large number of 1, 2, 5-thiadiazolidin-3-one 1, 1 dioxide derivatives developed in our 

group have been found to function as potent mechanism-based inhibitors against COPD related 

serine proteases, in particular HNE (general structure (I) and representative HNE mechanism-

based inhibitors are shown in Figure 3.1) [216,217,222]. Molecular modeling studies have shown 

that all of these inhibitors bind similarly to the active site of HNE with hydrophobic P1 reside 

(mainly isobutyl and benzyl) nestled at the S1 pocket which is defined by the main chains of 

Phe192 and Phe215, and the side chains of Val190, Val216 and Phe192. Either a benzyl or a  
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Figure 3.2 Mechanism-Based Inhibitors Docked into the HNE Active Site. 

 

methyl group at R2 interacts with the S2 pocket of HNE (shown in Figure 3.2). The presence of 

―L‖ serves as a leaving group which drives the inactivation of the enzyme (a postulated 

mechanism is shown in Figure 3.3)[217]. NMR studies using a double 13C labeled mechanism-

based inhibitor based on scaffold (I) strongly supported the proposed mechanism of enzyme 

inactivation [217]. More importantly, optimal inhibition of HNE is attained when the leaving 

group has a low pKa, such as a carboxylic acid. High inhibition was also observed when a range 

of structurally diverse leaving groups ―L‖ (accommodated in the S‘ subsites) was used [217]. The 

lack of specificity in the S‘ subsites of HNE can be exploited in the design of the inhibitor II by 

replacing ―L‖ with a second inhibitor (Figure 3.4).  
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Figure 3.3 Postulated Mechanism of Protease Inactivation by Inhibitor I 

 

  Based on the above observations, we speculated that the replacement of leaving group 

―L‖ with an inhibitor, such as a caspase inhibitor (Asp side chain is used in P1 residue) or MMP-

12 inhibitor, would result in a dual function inhibitor (Figure 3.4), which could potentially inhibit 

both HNE and caspase(s) or both HNE and MMP-12, thereby inhibiting elastin degradation, 

apoptosis and inflammation.  
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Figure 3.4 Dual Function Inhibitor Design Rationale 
 
 

In COPD, caspase-1 is believed to be a pro-inflammatory enzyme which prefers an aspartic acid 

residue at P1 position (selected caspase-1 inhibitors are shown in Table 3.1) [223-225]. If the 

leaving group ―L‖ is replaced by a caspase-1 inhibitor, the resulting inhibitor would be expected 

to inhibit both HNE and caspase-1, thus regulating both elastase activity and inflammation. 

MMP-12 is another important enzyme that is involved lung connecting tissue degradation. The 

majority of potent MMP-12 inhibitors are hydroxamic acids (selected MMP-12 inhibitors are 

shown in Table 3.1) [226-228]. Likewise, these hydroxamic acids can also be used to replace the 

leaving group ―L‖ and the resulting dual function inhibitors, in principle, would inhibit both 

HNE and MMP-12, thereby inhibiting elastin degradation more effectively. Hydroxamic acid 

inhibitors usually have shortcomings associated with selectivity and difficulty of delivery. We 

envisaged that dual function inhibitor(s) may improve the selectivity and delivery problems since 

the MMP-12 inhibitor will be released in the site where MMP-12 accumulates. Since both HNE 

and MMP-12 are important in lung tissue degradation, we reasoned that it would be more 

efficacious in ameliorating lung injury by using a dual functional inhibitor. This dissertation is 

focused on establishing proof of concept, therefore a simple caspase-1 inhibitor and a more 

synthetically accessible MMP-12 inhibitor were used for dual function inhibitor studies. Such a 

strategy can be used to construct more complex inhibitors with a carboxylic acid or hydroxamic 
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acid as part of the inhibitor structure, which are common for caspases and MMP inhibitors, 

respectively.  

Table 3.1 Selected Caspase-1 Inhibitors and MMP-12 Inhibitors 
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 Pr 3 has very similar primary substrate specificity as HNE (Table 1.5) with the S1 pocket 

slightly smaller than HNE; therefore a slightly smaller hydrophobic substitution (n-propyl) was 

used as the P1 residue. As a result, the dual function inhibitor with n-propyl at P1 residue would 

potentially inhibit HNE, Pr3 and the third enzyme. Mechanism-based inhibitor I covalently 

modifies the active site serine residue (Ser 195), the bound enzyme regains activity rapidly when 
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the R2 substitution is benzyl group whereas an optimal stability of the resulting enzyme-inhibitor 

acyl complex(es) was observed when a methyl substitution at R2 was used [217]. Based on the 

above considerations, an n-propyl and a methyl group were used at P1 and R2 substitutions, 

respectively.    

 

3.2 Results and Discussions 

3.2.1   Synthesis of Dual Function Inhibitors 

3.2.1.1     Synthesis of the 1, 2, 5-Thiadiazolidin-3-One 1, 1 Dioxide Scaffold 

 The key intermediate A7 was readily prepared via treatment of (L)-norvaline with thionyl 

chloride in methanol, and the resulting methyl ester hydrochloride salt A1 was reacted with tert-

butyl chlorosulfonylcarbamate, freshly prepared by adding tert-butanol into chlorosulfonyl  
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Scheme 3.1 Synthesis of the 1, 2, 5-Thiadiazolidin-3-One 1, 1 Dioxide Scaffold 
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isocyanate in the presence of TEA, to give compound A2. The Boc protection was then removed 

with trifluoroacetic acid, followed by a cyclization using NaH in THF, yielding a cyclic 

compound A4. The compound A4 was forwarded to final chloromethyl compound A7 via an 

alkylation with chloromethyl phenyl sulfide in the presence of TEA, followed by methylation 

with iodomethane after compound A5 was treated with NaH in acetonitrile. Finally, the 

phenylthio group was replaced with chloride using sulfuryl chloride (Scheme 3.1).  

 

3.2.1.2     Synthesis of Caspase-1 Inhibitor A10 

 Representative caspase-1 inhibitors are shown in Table 3.1. A simple amino acid-based 

caspase-1 (ICE) affinity label Z-Asp-CH2DCB (DCB = (2,6-dichlorobenzoyl)oxy) has been 

shown to rapidly inactivate caspase-1 with a kobs/[I] of 7,100 M-1s-1. Much higher activity was 

obtained when two additional amino acids were attached to the N-terminal of this inhibitor (Z-

Val-Ala-Asp-CH2DCB has a kobs/[I] of 406,700 M-1s-1). More recently, potent non-covalent 

inhibitors and transition state analogs of caspase-1 have also been reported.  In this dissertation, 

Z-(L)-Asp-CH2DCB was used as a model in the investigation of dual function inhibitors. Z-(L)-

Asp-CH2DCB was prepared according to the literature [223]. The synthetic scheme is shown in 

Scheme 3.2. Briefly, Z-(L)-Asp(OtBu)OH was activated using isobutyl chloroformate in the 

presence of N-methylmorpholine followed by treatment with diazomethane to form the 

diazoketone which was then treated with 48% hydrobromic acid to give bromomethyl ketone A8. 

The bromine was replaced by a 2,6-dichlorobenzoyl group using 2,6-dichloro-benzoic acid in the 

presence of potassium fluoride in DMF. The final product A10 was obtained by removal of tert-

butyl ester using trifluoroacetic acid.    
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Scheme 3.2 Synthesis of Caspase-1 Inhibitor 
 

 

3.2.1.3     Synthesis of MMP-12 inhibitor A14 

 As previously mentioned, the majority of MMP inhibitors are hydroxamic acids and 

several examples are shown in Table 3.1. It should be noted that an inhibitor with a carboxylate-

chelating group has been developed recently which also showed potent inhibition toward MMP-

12 (Table 3.1). The first MMP-12 inhibitor listed in Table 3.1 was chosen because it is 

synthetically more accessible. This inhibitor was synthesized according to the procedure of 

Hanessian et al. (shown in Scheme 3.3) [226].  (DL)-homocysteine thiolactone was treated with 

isobutyl aldehyde in the presence of triethylamine followed by reduction with sodium 

borohydride to give compound A11, which was coupled with 4-methoxyphenyl sulfonyl 

chloride. The resulting product A12 was subjected to ring opening with sodium methoxide 

followed by alkylation with benzyl bromide. Finally, the methyl ester was transformed to the 
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hydroxamic acid using hydroxylamine hydrochloride in the presence of sodium methoxide.    
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Scheme 3.3 Synthesis of MMP-12 Inhibitor 
  

 

3.2.1.4     Synthesis of Dual Function Inhibitor by Simple Alkylation 

 The preparation of dual function inhibitors is shown in Scheme 3.4. Generally, the anion 

was generated using DBU followed by addition of chloromethyl compound A7. In order to 

confirm the feasibility of replacement of P1, R2 residues with n-propyl, methyl groups and the 

mechanism of action in the inactivation of HNE, a simple 2,6-dichlorobenzoate was first used to 

replace the leaving group ―L‖. Unexpectedly, the reaction of A14 yielded a compound A18, 

whose structure was confirmed using high resolution mass spectrometry and an alternative 

method shown in 3.2.1.5.  
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Scheme 3.4 Synthesis of Dual Function Inhibitors 
 

 

3.2.1.5 Synthesis of HNE/MMP-12 Dual Function Inhibitor Using Acid/Amine Coupling 

 To overcome the difficulty in the O-alkylation of A14, an alternative procedure was used. 

The amino intermediate and the corresponding acid were prepared and the target compound A17 
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was synthesized using a typical acid/amine coupling (shown in Scheme 3.5, Scheme3.6).  

 

3.2.1.5.1   Amine Synthesis  

 O-Benzyl hydroxylamine was treated with di-tert-butyl dicarbonate in the presence of 

DMAP, yielding a di-N-Boc protected amide A19. The benzyl group was removed by catalytic 

hydrogenation followed by alkylation with A7 yielded compound A21, which was then 

deprotected using microwave/silica gel (Scheme 3.5) 
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Scheme 3.5 Synthesis of Hydroxamine Intermediate  
 

 

3.2.1.5.2   Acid/Amine Coupling and Ester Formation  

 Acid A23 was readily prepared by hydrolyzing A13 using lithium hydroxide aqeous 

dioxane. The acid was used in an alkylation to confirm the structure of the product obtained 
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earlier (Scheme 3.4). The designed dual function inhibitor was synthesized by a standard 

acid/amine coupling using EDCI (shown in Scheme 3.6).  
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Scheme 3.6 Synthesis of Dual Function Inhibitors 
 

 

3.2.2  Biochemical Investigation on P1 and R2 Substitutions 

 Incubation of inhibitor A15 with HNE led to rapid, time-dependent, irreversible loss of 

enzymatic activity (Figure 3.5). The bimolecular rate constant kinact/KI, an index of inhibitor 
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potency, was determined using the progress curve method [217] and found to be 8.9 ×106 M-1s-1 

(Figure 3.6). The kon and koff values were 24,290 M-1s-1 and 1.33 ×10-4 s-1, respectively, yielding 

 

Figure 3.5 Time-Dependent Loss of Enzymatic Activity with A15. Percent remaining activity versus 
time plot obtained by incubating inhibitor A15 (700 nM) with human neutrophil elastase (700 nM) in 0.1 
M HEPES buffer containing 0.5 M NaCl, pH 7.25, and 1% DMSO. Aliquots were withdrawn at different 
time intervals and assayed for enzymatic activity using MeOSuc-AAPV p-NA by monitoring the 
absorbance at 410 nm. 
 

an apparent inhibition constant (KI) of 5.47 nM [208]. These values compare very favorably with 

―gold standard‖ inhibitors of HNE reported in the literature. Compound A15 was also found to 

inhibit human leukocyte proteinase 3 (kobs/[I] 3020 M-1 s-1), however, it was devoid of any 

inhibitory activity toward human leukocyte cathepsin G and human thrombin at an [I]/[E] ratio 

of 250 and a 30 min incubation time. Interestingly, incubation of A15 with bovine trypsin led to 

time-dependent inactivation of the enzyme despite the absence of a basic P1 residue in the 

inhibitor. 
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Figure 3.6 Progress Curves for the Inhibition of Human Neutrophil Elastase (HNE) by Inhibitor 
A15. Absorbance was monitored at 410 nm for reaction solutions containing 10 nM HNE, 105 μM 
MeOSuc-AAPV p-nitroanilide, and the inhibitor at the indicated inhibitor to enzyme ratios in 0.1 M 
HEPES buffer containing 0.5 M NaCl, pH 7.25, and 2.5% DMSO. The temperature was maintained at 25 
°C, and reactions were initiated by the addition of enzyme. 
 

3.2.3 X-ray Crystallographic Studies/Mechanism of Action of I 

 The precise mechanism of action of this class of mechanism-based serine protease 

inhibitors has been in question due to a lack of relevant structural information. Although earlier 

studies [217] using a 13C-labeled derivative of I (P1 = benzyl, R2 = methyl, L = SO2Ph) led to the 

isolation and characterization of two low molecular weight products 1 and 2 (P1 = benzyl, R2 = 

methyl), which suggested that path b (Figure 3.3) was operative, definitive evidence in support 

of the mechanism shown in Figure 3.3 was lacking. Thus, a crystal structure of a derivative of I 

with human neutrophil elastase was obtained to determine its mode of binding and to establish 

unequivocally the mechanism of action of I. It was initially envisioned that the structure of the 
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enzyme–inhibitor complex would reveal whether formation of intermediate X would 

subsequently lead to enzyme–inhibitor complex Z via Michael addition of the imidazole of 

His57 to the sulfonyl imine conjugated system in X (―double hit‖ mechanism) or whether X 

would undergo Michael addition with water to yield species Y that then collapses to form acyl 

enzyme W.  

 Quite unexpectedly the X-ray crystal structure obtained by soaking crystals of HNE with 

inhibitor A15 was determined to be that of intermediate X (Figure 3.7). The enzyme-inhibitor 

complex shows the oxygen of the active site serine (Ser195) to be covalently bound to the  

 
 
Figure 3.7 Stereoview of the Active Site Region in An Omit Fo - Fc Map of the Refined Protein-
Inhibitor Complex, where the inhibitor and Ser 195 have been excluded from the structure factor 
calculation. The map was contoured at 3.0 times the standard deviation. Parts of the refined structure are 
included. The carbonyl carbon of modified inhibitor I is shown to be covalently bound to the Oγ of 
Ser195. 
 

carbonyl carbon of the inhibitor. The distance of the sp2-hybridized carbon to the nearest 

imidazole nitrogen of His57 is 3.577 Å, which is too far to be covalently bonded to the carbon, 

ruling out species Z. Figure 3.7 also shows that the 2,6-dichlorobenzoate group is absent in the 

enzyme-inhibitor complex in accordance with the proposed mechanism of action (Figure 3.3). 

The hydrophobic n-propyl group occupies a pocket (S1) formed by the main chains of Phe192 
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and Phe215, and the side chains of Val190, Val216, and Phe192, with which it engages in 

multiple hydrophobic interactions. The SO2NH=CH2 is located between the side chains of His57 

and Phe192 with one of the oxygen atoms forming a hydrogen bond with His57. A surface 

representation of the HNE active site cleft with the docked inhibitor is shown in Figure 3.8.  

 

 

Figure 3.8 Three-Dimensional Surface of the Active Site of HNE with Modified Inhibitor A16 
Bound to the Active Site Cleft and the N-Propyl Group Nestled into the S1 Subsite. 
 

Interestingly, when crystals of complex X were re-examined after a significant time lapse, the 

modified inhibitor was found to be no longer bound to the enzyme. Specifically, the inhibitor had 

been completely ―processed‖ by the enzyme. This indicates that the interaction of A15 with HNE 

proceeds through multiple states of inactivated enzyme complexes that have variable stability. 

This is consistent with previous observations [217], where the addition of excess hydroxylamine 
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to the totally inactivated HNE-inhibitor I (P1 = isobutyl, R2 = methyl, L = SO2Ph) adducts lead to 

incomplete regain in enzymatic activity. 

 The nature of species X was further probed using ESI-MS. The mass spectra of a sample 

of unreacted HNE and the HNE-inhibitor A15 derived complex are shown in Figure 3.9. The 

mass spectrum of unreacted HNE shows two major peaks at 24522.2 and 25195.7, [208] while 

the HNE-A15 complex shows an increase in mass of the two major components of 204 amu. The 

ESI-MS data support the conclusion, based on the X-ray structure, that the inhibited form of the 

enzyme is structure X and not structure Y, which would require a mass shift of 222. 

 

 

Figure 3.9 High Resolution Mass Spectra of HNE and HNE-Inhibitor Complex. (a) Derived mass 
spectrum of HNE (top). (b) Derived mass spectrum of the HNE-inhibitor complex (bottom). 
 

 Taken together, the available data indicate that inhibitor A15 inactivates HNE via a 

mechanism that involves the initial formation of a relatively stable acyl enzyme that incorporates 

in its structure a conjugated sulfonyl imine functionality. Subsequent slow reaction with water 
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leads to the formation of one or more acyl enzymes of variable stability (i.e., structures Y and 

W) that eventually hydrolyze to regenerate active enzyme, as well as some low molecular weight 

products. 

 

3.2.4 HNE/Caspase-1 Dual Function Inhibitor  

 Incubation of HNE/Caspase-1 Dual function inhibitor A16 with HNE led to rapid, time-

dependent, irreversible loss of enzymatic activity (Figure 3.10). The bimolecular rate constant 

kinact/KI, an index of inhibitor potency, was determined using the progress curve method and 

found to be 24,705 M-1s-1 (Figure 3.11). Compound A16 was also screened against human 

leukocyte proteinase 3, however, it was devoid of any inhibitory activity toward human 

leukocyte proteinase 3 at an [I]/[E] ratio of 250 and a 30 min incubation time. Again incubation 

of A16 with bovine trypsin showed time-dependent inactivation of the enzyme.   

 The caspase-1 inhibitor A10 is an affinity label of caspase-1 [223], therefore the rate of 

inactivation of caspase-1 by caspase-1 inhibitor A10 generated from HNE inactivation by 

compound A16 was determined by the progress curve method (Figure 3.12). The release of 

caspase-1 inhibitor A10 from A16 was also monitored using HPLC (Figure 3.13). Both results 

have showed that the release of caspase-1 inhibitor A10 form compound A16 was rapid in the 

presence of HNE.  
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Figure 3.10 Time-Dependent Loss of Enzymatic Activity with A16. Percent remaining activity versus 
time plot obtained by incubating inhibitor A16 (10.5 µM) with human neutrophil elastase (700 nM) in 0.1 
M HEPES buffer containing 0.5 M NaCl, pH 7.25, and 1% DMSO. Aliquots were withdrawn at different 
time intervals and assayed for enzymatic activity using MeOSuc-AAPV p-NA by monitoring the 
absorbance at 410 nm. 
 
 

 
Figure 3.11 Progress Curves for the Inhibition of Human Neutrophil Elastase (HNE) by Inhibitor 
A16. Absorbance was monitored at 410 nm for reaction solutions containing 10 nM HNE, 105 μM 
MeOSuc-AAPV p-nitroanilide, and the inhibitor at the indicated inhibitor to enzyme ratios in 0.1 M 
HEPES buffer containing 0.5 M NaCl, pH 7.25, and 2.5% DMSO. The temperature was maintained at 25 
°C, and reactions were initiated by the addition of enzyme. 
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Figure 3.12 Progress Curves for the Inhibition of Caspase-1 by Dual Inhibitor A16 after Incubation 
with HNE for 2 min. The florescence emission at 460 nm (excited at 380 nm) was monitored for reaction 
solutions containing 4 nM caspase-1, 46 μM Ac-YVAD-AMC, and the inhibitor at the indicated inhibitor 
to enzyme ratios in 10 mM Tris buffer containing 1mM DTT, 0.1% CHAPS, pH 7.5, and 4% DMSO. The 
temperature was maintained at 37 °C, and reactions were initiated by the addition of enzyme. Blue line: 
A16: HNE:Caspase-1 = 0:0:1 (Hydrolysis control); red line: A16:HNE:Caspase-1 = 200:20:1; green line: 
A16:HNE:Caspase-1 = 400:40:1. 
  

 A molecular modeling simulation was also performed using AutoDock4. As expected, 

inhibitor A16 was found to bind to the HNE active site as inhibitor A15. Specifically, the n-

propyl residue nestled in the S1 hydrophobic pocket and the hydrophobic leaving group/caspase-

1 inhibitor occupies the S‘ subsites which is exposed to the solvent. The reason that A16 showed 

no inhibition against Pr 3 is that the S‘ subsites of Pr 3 are more polar than HNE, but relatively 

hydrophobic and large caspase-1 inhibitor A10 is not complementary to Pr 3 primary subsites in 

electro statics and size. A comparison of docking results is shown in Figure 3.14 A-B. 
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Figure 3.13 HPLC Monitoring of Caspase-1 Inhibitor Release. 5 μM of each sample was injected to 
Kinetex column (Phenomenex, 2.6μ, C18, 100Å), the mobile phase was using 1:1 water and acetonitrile at 
1 mL/min flow rate and the absorbance at 254 nm was recorded for 15 min. Purple line: dual function 
inhibitor A16 at 0.5 mM; green line: A16 at 5 mM without treatment of HNE; red line: 15 min after A16 
mixed with HNE; blue line: caspase-1 inhibitor A10. 
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A 

 

B 

 
C 

 

D 

 
 
Figure 3.14 Dual Function Inhibitors and HNE Enzyme Active Site Interactions. The molecular 
docking simulations were performed using Autodock4.0 (The Scripps Research Institute); the receptor 
model was prepared from HNE-OMTKY3 complex (pdb code:1ppf), stripped of all water molecules and 
OMTKY3 ligand; the inhibitors were constructed in SYBYL 8.0 and were structurally optimized to default 
convergence thresholds using the Tripos Force Filed and Gasteiger-Marsili partial atomic charges. The 
ligands are colored by their atom type and the enzyme surface is colored using David Goodsell colors. (A) 
Compound A15 bound to the HNE enzyme active site; (B) Compound A16 bound to the HNE en-zyme 
active site; (C) Compound A18 bound to the HNE enzyme active site; (D) Compound A17 bound to the 
HNE enzyme active site. 
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3.2.5 HNE/MMP-12 Dual Function Inhibitor 

 Both the desired HNE/MMP-12 dual function inhibitor A17 and unexpected compound 

A18 were screened against HNE. Unfortunately inhibitor A17 did not show potent inhibition 

toward HNE, however, compound A18 showed potent inhibition against HNE. The inhibition 

was time-dependent and the 24 h remaining activity is shown in Figure 3.15. Compounds A17 

and A18 were also docked into HNE active site using AutoDock4 (Figure 3.14 C-D). It appears 

that both have favorable interactions with HNE active sites with the P1 residue n-propyl nestled 

in the S1 pocket, the carbonyl group is positioned in the similar fashion which is readily attacked 

by HNE active site serine (Ser195), the leaving group/MMP-12 inhibitor are both hydrophobic 

and interact with the S‘ subsites of HNE. The possible reason causing the low inhibition of A17 

against HNE is due to the high pKa value of the hydroxamic acid (~8.8) whereas the acid has a 

pKa of 4.7. The pKa of the leaving group(s) has a profound effect on the inactivation of HNE. 

This finding is consistant with previous observations [217]. It should be noted that the S‘ subsites 

of HNE has an extreme tolerance to accommodate a variety of structural diverse substitutions, 

which potentially allows many structurally diverse inhibitors to replace leaving group ―L‖.   

 The excellent inhibition of A18 provided further support for the idea that a carboxylic 

acid MMP-12 inhibitor to form a dual function HNE/MMP-12 could result in a promising dual 

function inhibitor for both HNE and MMP-12. Several potent carboxylic acid MMP-12 

inhibitors have been reported recently [228,229], including the ones listed in Table 3.1.   
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Figure 3.15 Time-dependent Loss of Enzymatic Activity with A18. Percent remaining activity versus 
time plot obtained by incubating inhibitor A18 (3.5 µM) with human neutrophil elastase (700 nM) in 0.1 
M HEPES buffer containing 0.5 M NaCl, pH 7.25, and 1% DMSO. Aliquots were withdrawn at different 
time intervals and assayed for enzymatic activity using MeOSuc-AAPV p-NA by monitoring the 
absorbance at 410 nm. 
 

3.3 Conclusions and Future Directions 

 These studies have demonstrated that dual function inhibitors of COPD relevant proteases 

can be designed and synthesized. Furthermore, inhibitors of this type (A16) capable of disrupting 

two or more pathogenic processes involved in COPD could potentially be more efficacious in the 

treatment of the disease than simple protease inhibitors. Future plans on COPD dual function 

inhibitors will focus on replacing the leaving group with potent reversible inhibitor or transition 

state analogs which contain a carboxylic acid as part of the molecule.  
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3.4 Experimental 

3.4.1  General 

 The 1H spectra were recorded on a Varian XL-300 or XL-400 NMR spectrometer. A 

Hewlett–Packard diode array UV–vis spectrophotometer was used in the in vitro evaluation of 

the inhibitors. Human neutrophil elastase, proteinase 3 and Boc-Ala-Ala-Nva thiobenzyl ester 

were purchased from Elastin Products Company, Owensville, MO. Caspase-1 human, 

methoxysuccinyl Ala-Ala-Pro-Val p-nitroanilide and 5,5‘-dithio-bis(2-nitrobenzoic acid) were 

purchased from Sigma Chemicals, St. Louis, MO. Ac-Trp-Val-Ala-Asp-AMC was purchased 

from AnaSpec Inc., Fremont, CA. Reagents and solvents were purchased from various chemical 

suppliers (Aldrich, Acros Organics, TCI America, and Bachem). Silica gel (230-450 mesh) used 

for flash chromatography was purchased from Sorbent Technologies (Atlanta, GA). Melting 

points were determined on a Mel-Temp apparatus and are uncorrected. Thin layer 

chromatography was performed using Analtech silica gel plates. The TLC plates were visualized 

using iodine and/or UV light. HPLC was performed on a Varian ProStar 210 system equipped 

with a Kinetex C-18 column (Phenomenex, 2.6 µ, 100 Å, 4.6 cm × 20 cm). The high resolution 

mass spectra were performed by the Mass Spectrometry Lab at the University of Kansas, 

Lawrence, KS.  

 

3.4.2 Representative Synthesis 

(S)-Methyl 2-aminopentanoate hydrochloride A1: Thionyl chloride (27.87 g; 234 mmol) was 

added dropwise to dry methanol (85 mL) cooled in an ice-salt bath. L-Norvaline hydrochloride 

(25.00 g; 213 mmol) was added in small portions. The ice-salt bath was then removed and the 

reaction mixture was heated to 40 °C for 2 h using a water bath. The reaction mixture was stirred 
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for 2 h and the solvent was removed on the rotary evaporator, leaving a solid residue which was 

treated with ethyl ether (100 mL) and collected by suction filtration. The white solid A1 (34.17 

g; 96% yield) was dried in a desiccator and used in the next step without further purification. 

m.p. 109-110 °C,  1H NMR (CDCl3): δ 0.96-1.02 (t, 3H), 1.43-1.68 (m, 2H), 1.80-1.95 (m, 1H), 

2.00-2.15 (m, 1H), 3.80 (s, 3H), 4.05-4.15 (m, 1H), 8.82 (bs, 2H). 

(S)-Methyl 2-(N-(tert-butoxycarbonyl)sulfamoylamino)pentanoate A2: A solution of N-

chlorosulfonyl isocyanate (28.73 g; 203 mmol) in dry methylene chloride (140 mL) was cooled 

in an ice-water bath and a solution of t-butyl alcohol (15.05 g; 203 mmol) in dry methylene 

chloride (60 mL) was added dropwise with stirring. The mixture was stirred for another 15 min 

at 0 °C and the resulting mixture was added dropwise to a solution of A1(34.17 g; 203 mmol) 

and triethylamine (41.08 g; 406 mmol)) in dry methylene chloride (200 mL) kept in an ice-water 

bath. The ice-water bath was removed and the mixture was stirred at room temperature 

overnight. The reaction mixture was then washed with 5% aqueous HCl (2×100 mL) and brine 

(100 mL). The organic layer was dried over anhydrous sodium sulfate, the drying agent was 

filtered off, and the solvent was removed in vacuo to give A2 (82.23 g; 100% yield) as a white 

solid, m.p. 127-128 °C. 1H NMR (CDCl3): δ 0.94-0.98 (t, 3H), 1.38-1.46 (m, 2H), 1.48 (s, 9H), 

1.63-1.81 (m, 2H), 3.77 (s, 3H), 4.15-4.20 (m, 1H). 

(S)-Methyl 2-(sulfamoylamino)pentanoate A3: Compound A2 (62.99 g; 203 mmol) was 

dissolved in trifluoroacetic acid (200 mL) and the reaction mixture was stirred at room 

temperature overnight. Excess trifluoroacetic acid was removed using a rotary evaporator and the 

residue was taken up in ethyl acetate (500 mL) and washed with saturated sodium bicarbonate 

(5×150 mL) and brine (150 mL). The organic layer was dried over anhydrous sodium sulfate, the 

drying agent was filtered off, and the solvent was removed in vacuo leaving A3 (33.28 g; 78% 
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yield) as a white solid, m.p. 53-55 °C. 1H NMR (CDCl3): δ 0.92-1.00 (t, 3H), 1.40-1.48 (m, 2H), 

1.60-1.72 (m, 1H), 1.73-1.82 (m, 1H), 3.80 (s, 3H), 4.04-4.11 (m, 1H). 

(S)-4-Propyl-1,2,5-thiadiazolidin-3-one 1,1-dioxide A4: A solution of compound A3 (33.28 g; 

158 mmol) in dry THF (300 mL) was kept in an ice-water bath and treated portion-wise with 

60% w/w sodium hydride (9.48 g; 237 mmol) under nitrogen. The reaction mixture was stirred at 

room temperature overnight. The solvent was removed and the residue was dissolved in cold 

water (150 mL). The pH was adjusted to 7 with 6 M HCl, the starting material was extracted 

once with ethyl acetate (150 mL), and the aqueous layer was acidified with 6 M HCl to pH 1. 

The product was extracted with ethyl acetate (3×150 mL) and the combined organic extracts 

were dried over anhydrous sodium sulfate. The drying agent was filtered off and the solvent was 

removed on a rotary evaporator, leaving product A4 (28.36 g; 100% yield), as a yellow oil. 1H 

NMR (DMSO-d6): δ 0.93-1.00 (t, 3H), 1.43-1.58 (m, 2H), 1.72-1.84 (m, 1H), 1.86-1.98 (m, 1H), 

4.20-4.25 (m, 1H), 5.60 (bs, 1H), 7.97 (bs, 1H).  

(S)-2-[(Phenylsulfanyl)methyl]-4-propyl-1,2,5-thiadiazolidin-3-one 1,1-dioxide A5: To a 

solution of compound A4 (5.33 g; 30 mmol) in 45 mL dry acetonitrile was added triethylamine 

(3.03 g; 30 mmol) and chloromethyl phenyl sulfide (5.70 g; 36 mmol). The reaction mixture was 

refluxed overnight. The solvent was removed and the residue was taken up with 150 ml ethyl 

acetate. The organic solution was washed with 5% HCl (3x30mL), saturated NaHCO3 (3×30mL) 

and brine (30 mL). The organic layer was dried and the drying agent was filtered. The solvent of 

filtrate was removed and the crude product was purified using flash chromatography (silica 

gel/ethyl acetate/hexanes) to give product A5 (7.31 g; 81% yield), as a colorless oil. 1H NMR 

(CDCl3): δ 0.93-0.96 (t, 3H), 1.40-1.48 (m, 2H), 1.64-1.75 (m, 1H), 1.82-1.92 (m, 1H), 4.05-4.13 

(m, 1H), 4.96 (s, 2H), 7.28-7.35 (m, 3H), 7.52-7.56 (m, 2H).  
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(S)-5-Methyl-2-[(phenylsulfanyl)methyl]-4-propyl-1,2,5-thiadiazolidin-3-one 1,1-dioxide 

A6: To a chilled solution of compound A5 (4.51 g; 15 mmol) in 15 ml acetonitrile, was added 

NaH (60%w/w; 0.72 g; 18 mmol). After 30 min stirring under N2, iodomethane (2.55 g; 18 

mmol) was added and the reaction was allowed to warm to room temperature for overnight. The 

solvent was removed and the residue was taken up with 50 mL CH2Cl2.  The organic layer was 

washed with 5% HCl (3x20mL), saturated NaHCO3 (3×20mL) and brine (20 mL). The organic 

layer was dried and the drying agent was filtered. The solvent of filtrate was removed to give 

product A6 (4.25 g; 90% yield), as a colorless oil. 1H NMR (CDCl3): δ 0.86-0.94 (t, 3H), 1.20-

1.50 (m, 2H), 1.65-1.92 (m, 2H), 2.83 (s, 3H), 3.75-3.77 (t, 1H), 4.98 (s, 2H), 7.28-7.35 (m, 3H), 

7.52-7.56 (m, 2H).  

(S)-2-(Chloromethyl)-5-methyl-4-propyl-1,2,5-thiadiazolidin-3-one 1,1-dioxide A7: To a 

solution of compound A6 (4.25 g; 13.5 mmol) in 40 ml CH2Cl2 chilled in an ice-bath was added 

sulfuryl chloride (3.7 g; 27 mmol) dropwise. The reaction mixture was stirred at room 

temperature for 3 h. CH2Cl2 150 mL was added to the reaction mixture and the organic solution 

was washed with saturated NaHCO3 (3×50mL) and brine (50 mL). The organic layer was dried 

and the drying agent was filtered. The solvent of filtrate was removed and the crude product was 

purified using flash chromatography (silica gel/ethyl acetate/hexanes) to give product A7 (1.97 

g; 61% yield), as a white solid, m.p.52-53 °C. 1H NMR (CDCl3): δ 0.95-1.00 (t, 3H), 1.30-1.60 

(m, 2H), 1.78-2.05 (m, 2H), 2.92 (s, 3H), 3.89-3.93 (t, 1H), 5.37 (s, 2H). 

(S)-Tert-butyl 3-(benzyloxycarbonylamino)-5-bromo-4-oxopentanoate A8: To a solution of L-

Cbz-Asp(O-tBu)-OH (8.08g; 25 mmol) in 120 dry THF was added N-Methylmorpholine (NMM, 

2.78 G; 27.5 mmol) at 0 °C under N2, followed by isobutyl chloroformate (3.41 g; 25 mmol). 15 
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min later, the precipitate was filtered off and the filtrate was added to a pre-cooled freshly made 

ethereal solution of diazomethane* (64~69 mmol) in portions with occasional swirling. The 

resulting mixture was kept in the hood overnight. Evaporation of the solvent and excess 

diazomethane left a yellow oil. The oily product was dissolved in 48% aqueous HBr (4.21 g; 25 

mmol) and diethyl ether (80 mL) with vigorous stirring. The ethereal layer was extracted with 

water (5×15 mL) to remove acid, then the organic layer was dried over anhydrous sodium 

sulfate. The drying agent was removed and the filtrate was concentrated to give a crude product 

as a yellow oil A8 (8.7 g; 87% yield). 1H NMR (CDCl3): δ 1.61 (s, 9H), 2.72-3.01 (m, 2H), 4.20 

(s, 2H), 4.72-4.80 (m, 1H), 5.15 (s, 2H), 5.89-5.98 (d, 1H), 7.28-7.40 (m, 5H). 

* Preparation of diazomethane:  In a 500 mL distilling flask were placed a solution of 6 g 

KOH in 10 mL of water, 35 mL carbitol (2(2-ethoxyethoxy)ethanol), 10 mL diethyl ether and a 

"Teflon"-coated stir bar. An addition funnel (250 mL) was attached and adjusted so that the stem 

was just above the surface of hte solution in the distilling flask. A solution of p-

tolylsulfonylmethylnitrosamide (Diazald) (21.5 g; 100 mmol) in 125 mL of diethyl ether was 

placed in the addition funnel. The distilling flask was heated in a water-bath at 70-75 °C, the 

stirrer was started and the Diazald solution was added at a regular rate during 15-20 min. As soon 

as all the Diazald had been added, 100 mL additional diethyl ether was added through the 

dropping funnel at the previous rate until the distillate is colorless. The distillate was then ready 

for further use.  

(S)-3-(benzyloxycarbonylamino)-5-tert-butoxy-2,5-dioxopentyl 2,6-dichlorobenzoate A9: To 

a suspension of dry KF (2.38 g; 41 mmol) in 18 mL DMF was added 2,6-dichlorobenzoic acid 

(3.59 g; 18.8 mmol) and compound A8 (6.27 g; 15.7 mmol) successively. The reaction was 

stirred at room temperature overnight. The solvent was removed and the residue was taken up 
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with 150 mL ethyl acetate. The organic layer was washed with brine (3x50 mL), and then dried 

over anhydrous sodium sulfate. The drying agent was filtered off and the filtrate was 

concentrated. The crude product was purified using flash chromatography (silica gel/ethyl 

acetate/hexanes) to give product A9 (4.30 g; 62% yield), as a colorless oil. 1H NMR (CDCl3): δ 

1.61 (s, 9H), 2.72-3.01 (m, 2H), 4.68-4.75 (m, 1H), 5.12-5.25 (m, 4H), 6.02-6.06 (d, 1H), 7.28-

7.40 (m, 8H). 

(S)-3-(benzyloxycarbonylamino)-5-(2,6-dichlorobenzoyloxy)-4-oxopentanoic acid A10: 

Compound A9 (4.3 g; 9.74 mmol) was treated with 25%(v/v) TFA in methylene chloride at room 

temperature for 2 h. The solvent was removed and the residue was taken up with 100 mL ethyl 

acetate. The organic layer was washed with saturated NaHCO3 (30 mL) and brine (30 mL). The 

organic layer was dried over anhydrous sodium sulfate. The drying agent was removed and the 

filtrate was concentrated to give compound A10 as a colorless oil (3.6 g; 96% yield). 1H NMR 

(CDCl3): δ 2.70-2.82 (dd, 1H), 3.00-3.12 (dd, 1H), 4.60-4.70 (q, 1H), 4.80-5.05 (dd, 2H), 5.16 (s, 

2H), 5.70 (bs, 1H), 7.30-7.40 (m, 8H). 

(RS)-3-(Isobutylamino)dihydrothiophen-2(3H)-one A11: A solution of (DL) homocysteine 

thiolatone hydrochloride (61.6 g; 400 mmol) in dry methanol (500 mL) was cooled in an ice-bath 

and then treated with isobutylaldehyde (61.0 g; 800 mmol) with stirring. After stirring for 15 

min, triethylamine (60.7 g; 600 mmol) was added, and the ice-bath was removed and the reaction 

mixture was stirred at room temperature overnight. The reaction was again placed in an ice-bath 

and sodium borohydride (30.3 g; 800 mmol) was added in small portions over a period of 50 

min. The reaction mixture was stirred for an additional 3 h at 0 °C. The solvent was removed on 

the rotary evaporator and the residue was taken up with 150 mL water and 200 mL ethyl acetate. 

The organic layer was separated and the aqueous layer was extracted with an additional 200 ml 
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ethyl acetate. The combined organic layers were dried over anhydrous sodium sulfate and the 

drying agent was filtered. The solvent was removed and the crude product was purified using 

flash chromatography (silica gel/ethyl acetate/hexanes) to give product A11 as a yellow oil 

(37.30 g; 54% yield).  1H NMR (CDCl3): δ 0.92-0.98 (d, 6H), 6.65-6.82 (m, 2H), 0.93-2.06 (m, 

1H), 2.39-2.58 (ddd, 2H), 2.50-2.60 (m, 1H), 3.23 (m, 1H), 3.23-3.41 (ddd, 2H). 

(RS)-N-isobutyl-4-methoxy-N-(2-oxotetrahydrothiophen-3-yl)benzenesulfonamide A12: A 

solution of compound A11 (16.62 g; 96 mmol) in 90 ml methylene chloride was added to a 250 

ml round bottom flask, and then triethylamine (10.7 g; 106 mmol) was added in an ice-bath. 

After 10 min stirring, a solution of 4-methoxybenzene-1-sulfonyl chloride (21.8 G; 106 mmol) in 

20 ml methylene chloride was added dropwise. The ice bath was then removed and the reaction 

was stirred overnight at room temperature. Upon reaction completion, 300 mL methylene 

chloride was added the reaction mixture was transferred to a separatory funnel. The organic layer 

was washed with brine (150 mL), 5% HCl (2×150 mL), and then brine (150 mL). The organic 

solution was dried and the drying agent was filtered off. The solvent was removed and the crude 

product was purified using flash chromatography (silica gel/ethyl acetate/hexanes) to give 

product A12 as a white solid (16.0 g; 49% yield), m.p. 91-92 °C.  1H NMR (CDCl3): δ 0.80-

0.88 (t, 6H), 1.78-1.92 (m, 1H), 2.32-2.50 (m, 2H), 2.71-3.02 (ddd, 2H), 3.18-3.37 (m, 2H), 3.83 

(s, 3H), 4.60-4.66 (q, 1H), 6.95-7.00 (d, 2H), 7.77-7.82 (d, 2H).  

(RS)-Methyl 4-(benzylthio)-2-(N-isobutyl-4-methoxyphenylsulfonamido)butanoate A13: 

Place dry methanol (50 ml) in 100 ml round bottom flash, then Na (1.33 g; 57.4 mmol) was 

added. A solution of compound A12 (12.92 g; 37.6 mmol) in dry methanol was warmed to about 

50 °C and added to the above sodium methoxide solution. The reaction was stirred for 30 min 

before benzyl bromide (12.9 g; 75.6 mmol). The resulting mixture was stirred at room 
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temperature overnight. The solvent was removed on the rotary evaporator (below 40 °C) and the 

residue was extracted with 300 mL ethyl acetate. The organic layer was washed with 100 Ml 

brine and dried over anhydrous sodium sulfate. The drying agent and solvent were removed and 

the crude product was purified using flash chromatography (silica gel/ethyl acetate/hexanes) to 

give product A13 as a yellow oil (7.3 g; 42% yield).  1H NMR (CDCl3): δ 0.80-0.86 (dd, 6H), 

1.80-1.95 (m, 2H), 2.15-2.25 (m, 1H), 2.41-2.48 (m, 2H), 2.80-3.34 (ddd, 2H), 3.54 (s, 3H), 3.68 

(s, 2H), 3.85 (s, 3H), 4.49-4.53 (t, 1H), 6.94-6.97 (d, 2H), 7.20-7.32 (m, 5H), 7.96-7.99 (d, 2H).  

(RS)-4-(Benzylthio)-N-hydroxy-2-(N-isobutyl-4-methoxyphenylsulfonamido)butanamide 

A14: Compound A13 (7.3 g; 15.7 mmol) was dissolved in 45 mL methanol. To this solution was 

added hydroxylamine hydrochloride (2.25 g; 31.4 mmol), followed by the addition of sodium 

methoxide, freshly prepared from sodium (1.09 g; 47.4 mmol) dissolved in methanol (30 mL). 

The reaction mixture was stirred at room temperature overnight. The solvent was removed and 

150 mL 5% HCl was added, which was extracted with ethyl acetate (3×200 mL). The combined 

organic layers were dried and the drying agent was filtered off. The solvent was removed and the 

crude product was purified using flash chromatography (silica gel/ethyl acetate/hexanes) to give 

product A14 as a colorless oil (4.2 g; 57% yield).  1H NMR (CDCl3): δ 0.80-0.92 (dd, 6H), 

1.38-1.50 (m, 1H), 1.83-2.23 (m, 4H), 2.82-3.16 (ddd, 2H), 3.40-3.56 (dd, 2H), 3.84 (s, 3H), 

4.33-4.38 (t, 1H), 6.95-6.99 (d, 2H),7.18-7.33 (m, 5H), 7.72-7.76 (d, 2H), 8.02 (bs, 1H), 9.43 (bs, 

1H). 

Compound A15: Compound A7 (0.48 g; 2 mmol) was dissolved in 10 mL dry acetone and NaI 

(0.33 g; 2.2 mmol) was added. The reaction was stirred at room temperature for 10 h, and the 

precipitate was filtered using a small silica gel column (the silica gel was washed with 10 mL 

CH2Cl2). The combined organic layers were evaporated to dryness and the residue was re-
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dissolved in 10 mL CH2Cl2. To the above solution was added 2,6-dichlorobenzoic acid (0.42 g; 

2.2 mmol), followed by DBU (0.33 g; 2.2 mmol). The resulting mixture was stirred at room 

temperature overnight. The solvent was removed and 40 mL ethyl acetate was added. The 

organic solution was washed with 5% HCl (20mL) and brine (20 mL). The organic layer was 

dried over anhydrous sodium sulfate and the drying agent was filtered off. The solvent was 

removed and the crude product was purified using flash chromatography (silica gel/ethyl 

acetate/hexanes) to give product A15 (0.39 g; 49% yield), as a colorless oil. 1H NMR (CDCl3): δ 

0.91-1.00 (t, 3H), 1.30-1.60 (m, 2H), 1.78-2.02 (m, 2H), 2.91 (s, 3H), 3.89-3.95 (t, 1H), 5.84-

5.95 (dd, 2H), 7.25-7.35 (m, 3H).  

Compound A16: Compound A7 (0.96 g; 4 mmol) was dissolved in 20 mL dry acetone and NaI 

(0.66 g; 4.4 mmol) was added. The reaction was stirred at room temperature for 10 h, and the 

precipitate was filtered using a small silica gel column (the silica gel was washed with 10 mL 

CH2Cl2). The combined organic layers were evaporated to dryness and the residue was re-

dissolved in 10 mL CH2Cl2. To the above solution was added compound A10 (1.70 g; 4.4 mmol), 

followed by DBU (0.66 g; 4.4 mmol). The resulting mixture was stirred at room temperature 

overnight. The solvent was removed and 60 mL ethyl acetate was added. The organic solution 

was washed with 5% HCl (20mL) and brine (20 mL). The organic layer was dried and the drying 

agent was filtered. The solvent of filtrate was removed and the crude product was purified using 

flash chromatography (silica gel/ethyl acetate/methylene chloride/hexanes) to give product A16 

(0.59 g; 25% yield), as a colorless oil. 1H NMR (CDCl3): δ 0.88-0.98 (t, 3H), 1.25-1.56 (m, 2H), 

1.68-2.00 (m, 2H), 2.82 (s, 3H), 2.90-3.20 (m, 2H), 3.80-3.88 (m, 1H), 4.71-4.79 (m, 1H), 5.09-

5.20 (m, 4H), 5.57-5.75 (m, 2H), 5.98-6.05 (t, 1H), 7.28-7.40 (m, 8H); HRMS (ESI) calculated 

for C27H29Cl2N3O10SNa [M+Na]+ 680.0848, found 680.0847. 
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Syntheses of compound A17, A18 were intentionally placed after A23. 

Di-tert-butyl (benzyloxy)imidodicarbonate A19: A solution of O-benzylhydroxylamine (2.32 

g; 18.8 mmol) in 15 mL acetonitrile was added a solution of di-tert-butyl dicarbonate (4.5 g; 20.7 

mmol) in 15 mL acetonitrile under an ice-bath over 20 min. The reaction mixture was stirred at 0 

°C for 1 h and then allowed to warm up to room temperature slowly with stirring overnight. Thin 

layer chromatography (TLC) monitoring indicated all O-benzylhydroxylamine was consumed 

and the mono-Boc-O-benzylhydroxylamine intermediate was formed. To the reaction mixture 

was added a solution of di-tert-butyl dicarbonate (6.7 g; 31 mmol) in acetonitrile (15 mL), 

followed by a solution of 4-dimethylaminopyridine (DMAP) (0.20 g; 1.64 mmol) in 3 mL 

acetonitrile. The reaction mixture was then stirred at 40 °C until TLC indicating the complete 

conversion of the intermediate N-Boc-O-benzylhydroxylamine (about 2 h). The reaction mixture 

was evaporated to dryness and the residue was re-dissolved in 30 mL ethyl acetate. The organic 

layer was washed with a mixture of 1M phosphate buffer (pH 7, 15 mL) and saturated sodium 

chloride (8 mL). The organic layer was then dried over anhydrous sodium sulfate. The drying 

agent was filtered off and the solvent was removed, leaving the crude product as a yellow solid 

A19 (4.7 g; 78%), m.p. 73-75 °C. 1H NMR (CDCl3): δ 1.56 (s, 18H), 4.91 (s, 2H), 7.36-7.44 (m, 

5H). 

Di-tert-butyl hydroxyimidodicarbonate A20: A suspension of compound A19 (2.0 g; 6.19 

mmol) in 95% ethanol was added Pd-C (10%, 0.1 g). The reaction mixture was shaken at 20 Psi 

hydrogen gas for 2 h and the TLC showed total disappearance of compound A19. The catalyst 

was filtered using Celite and the filtrate was pumped to dryness, yielding a white solid A20 (1.35 

g; 93%), m.p. 75-77 °C. 1H NMR (CDCl3): δ 1.53 (s, 18H). 
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(S)-Di-tert-butyl [(5-methyl-1,1-dioxido-3-oxo-4-propyl-1,2,5-thiadiazolidin-2-yl)methoxy]-

imidodicarbonate A21: To a solution of compound A7 (0.96 g; 4 mmol) in 20 mL dry acetone 

was added sodium iodide (0.68 g; 4.4 mmol), and the resulting mixture was stirred at room 

temperature overnight. The white sodium chloride precipitate was filtered by a small column 

packed with dry silica gel, and the column was washed with 20 mL methylene chloride. The 

combined organic solutions were evaporated to dryness and the residue was dissolved 20 mL 

methylene chloride. To this solution was added premixed solution of compound A19 (0.92 g; 4 

mmol) and 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (0.68 g; 4.4 mmol). The resulting 

mixture was stirred at room temperature overnight. Methylene chloride (40 mL) was added and 

the organic solution was washed with brine (2 x 60mL), saturated NaHCO3 (2 x 60mL), and then 

brine (60 mL). The organic layer was then dried over anhydrous sodium sulfate. The drying 

agent was filtered off and the solvent was removed, leaving the crude product as a yellow solid. 

The crude product was purified using flash chromatography (silica gel/ethyl acetate/hexanes) to 

give product A21 as a colorless oil (1.2 g; 68%). 1H NMR (CDCl3): δ 0.96-1.00 (t, 3H), 1.40-

1.60 (m, 2H), 1.53 (s, 18H), 1.78-2.03 (m, 2H), 2.96 (s, 3H), 3.82-3.86 (t, 1H), 5.29-5.44 (dd, 

2H). 

(S)-2-[(Aminooxy)methyl]-5-methyl-4-propyl-1,2,5-thiadiazolidin-3-one 1,1-dioxide A22: To 

a solution of compound A21 (1.0 g; 2.3 mmol) in 25 mL methylene chloride was added dry silica 

gel (10 g). The mixture was pumped to dryness on a rotary evaporator connected to an oil pump. 

The silica gel adsorbed with compound A20 was spread on a flat crystallization dish. The silica 

gel was placed into a 500 W microwave oven and the sample was microwaved for 14 min. TLC 

showed the starting material had disappeared and the silica gel became yellow-colored. The 

silica gel was washed with methanol (3×20 mL) on a small Büchner funnel and the filtrate was 
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concentrated to a small volume. The crude product was purified using flash chromatography 

(silica gel/ethyl acetate/hexanes) to give product A22 as a yellow oil (0.34 g; 68%). 1H NMR 

(CDCl3): δ 0.89-1.00 (t, 3H), 1.24-1.60 (m, 2H), 1.62-1.85 (m, 2H), 2.53 (s, 3H), 2.77-2.90 (d, 

1H), 4.36-4.45 (t, 1H), 4.72-5.35 (dd, 2H), 6.06 (bs, 1H).   

(RS)-4-(Benzylthio)-2-(N-isobutyl-4-methoxyphenylsulfonamido)butanoic acid A23: 

Compound A13 (1.9 g; 4 mmol) was dissolved in a mixture of 10 mL 1,4-dioxane and 7 mL 6 N 

NaOH at room temperature and the reaction was stirred overnight. The mixture was adjusted to 

pH 7 using 5% HCl and then the solvent was removed. The residue was added 5 mL water and 

acidified to pH 2 using 6 N HCl, then extracted with ethyl acetate (2 x 25 mL). The combined 

organic extracts were dried over anhydrous sodium sulfate. The drying agent and solvent were 

removed and then the crude product was purified using flash chromatography (silica gel/ethyl 

acetate/hexanes) to give product A23 as a yellow oil (1.4 g; 72%). 1H NMR (CDCl3): δ 0.80-0.88 

(m, 6H), 1.80-1.96 (m, 2H), 2.22-2.37 (m, 2H), 2.40-2.45 (t, 2H), 2.85-3.05 (ddd, 2H), 3.64 (s, 

2H), 3.82 (s, 3H), 4.40-4.46 (t, 1H), 6.95-6.99 (d, 2H), 7.22-7.35 (m, 5H), 7.77-7.81 (d, 2H). 

Compound 17: Compound A23 (0.65 g; 1.43 mmol) was dissolved in 8 mL DMF, 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDCI) (0.46 g; 2.4 mmol) was added and the reaction was 

stirred for 15 min. Then compound A22 (0.34 g; 1.43 mmol) was added, followed by 

triethylamine (0.20 mL; 1.44 mmol) and the reaction was stirred at room temperature overnight. 

The solvent was removed and the residue was taken up with 50 mL ethyl acetate and 30 mL 

brine. The organic layer was separated and washed with additional 30 mL brine. The organic 

layer was dried over anhydrous sodium sulfate and the drying agent and solvent were removed. 

The crude product was purified using flash chromatography (silica gel/ethyl acetate/hexanes) to 

give product A17 as a colorless oil (0.25 g; 26% yield). 1H NMR (CDCl3): δ 0.80-1.02 (m, 9H), 
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1.35-1.54 (m, 2H), 1.76-2.00 (m, 5H), 2.23-2.55 (m, 2H), 2.62-2.68 (d, 3H), 2.83-3.23 (m, 2H), 

3.63-3.68 (d, 2H), 3.83-3.90 (d, 3H), 4.33-4.41 (m, 1H), 4.47-4.67 (m, 2H), 5.20-5.38 (m, 2H), 

5.48-5.56 (d, 1H), 6.95-7.01 (dd, 2H), 7.20-7.34 (m, 5H), 7.72-7.78 (dd, 2H).   

Compound 18: To a solution of compound A23 (0.45 g; 1 mmol) in 3 mL DMF was added DBU 

(0.15 g; 1 mmol). The reaction was stirred at room temperature for 30 min and compound A7 

(0.24 g; 1 mmol) in 3 mL DMF was added. The resulting mixture was stirred overnight. DMF 

was removed under vacuum and the residue was taken up with 50 mL ethyl acetate. The organic 

layer was washed with 5% HCl (15 mL), saturated NaHCO3 (15 mL) and then brine (15 mL). 

The organic layer was dried over anhydrous sodium sulfate and the drying agent and solvent 

were removed. The crude product was purified using flash chromatography (silica gel/ethyl 

acetate/hexanes) to give product A18 as a colorless oil (0.25 g; 38% yield). 1H NMR (CDCl3): δ 

0.78-1.00 (m, 9H), 1.23-1.40 (m, 1H), 1.21-1.38 (m, 1H), 1.78-2.00 (m, 4H), 2.20-2.30 (m 1H), 

2.47-2.52 (t, 2H), 2.80-3.10 (ddd, 2H), 3.85 (s, 3H), 3.70 (s, 2H), 3.85 (s, 3H), 4.56-4.60 (m, 

1H), 5.35-5.60 (ddd, 2H), 6.95-7.00 (d, 2H), 7.20-7.34 (m, 5H), 7.75-7.80 (d, 2H); HRMS (ESI) 

calculated for C29H41N3O8S3Na [M+Na]+ 678.1953, found 678.1974. 

 

3.4.3 Enzyme Assays and Inhibition Studies 

3.4.3.1  Progress Curve Method [217] 
 
 The apparent second-order inactivation rate constant (kinact/KI M-1 s-1) was determined in 

duplicate. Typical progress curves for the hydrolysis of MeOSuc-AAPV-pNA by HNE in the 

presence of inhibitor are shown in Figure 3.3. Control curves in the absence of inhibitor were 

linear. The release of p-nitroaniline was continuously monitored at 410 nm. The pseudo first-

order rate constants (kobs) for the inhibition of HNE by inhibitor as a function of time were 
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determined according to Eq. 3.1, where A is the absorbance at 410 nm, vo is the reaction velocity 

at t = 0, vs is the final steady-state velocity, kobs is the observed first-order rate constant, and Ao is 

the absorbance at t = 0. The kobs values were obtained by fitting the A versus t data to Eq. 3.1 

using nonlinear regression analysis (SigmaPlot, Jandel Scientific). The second order rate 

constants (kinact/KI M-1 s-1) were then determined by calculating kobs/[I] and then correcting for 

the substrate concentration using Eq. 3.2. The apparent second-order rate constants (kinact/KI M-1 

s-1) were determined in duplicate. 

    A = vst + {(vo – vs)(1 – e-kobst)/kobs} + A0                      Eq. 3.1    

      kobs/[I] = (kinact /KI) [1 + [S]/Km]                  Eq. 3.2        

 

3. 4.3.2 Human Neutrophil Elastase 
 
 HNE was assayed by mixing 10 µL of a 70 µM enzyme solution in 0.05 M sodium 

acetate/0.5 M NaCl buffer, pH 5.5, 10 µL dimethyl sulfoxide and 980 µL of 0.1 M HEPES buffer 

containing 0.5 M NaCl, pH 7.25, in a thermostated cuvette. A 100 µL aliquot was transferred to a 

thermostated cuvette containing 880 µL 0.1 M HEPES/0.5 M NaCl buffer, pH 7.25, and 20 µL of 

a 70 µM solution of MeOSuc-Ala-Ala-Pro-Val p-nitroanilide, and the change in absorbance was 

monitored at 410 nm for 60 s. In a typical inhibition run, 10 µL of inhibitor (3.5 mM) in dimethyl 

sulfoxide was mixed with 10 µL of 70lM enzyme solution and 980 µL 0.1 M HEPES/0.5M NaCl 

buffer, pH 7.25, and placed in a constant temperature bath. Aliquots (100 µL) were withdrawn at 

different time intervals and transferred to a cuvette containing 20 µL of MeOSuc-Ala-Ala-Pro-

Val p-nitroanilide (7 mM) and 880 µL 0.1 M HEPES/0.5M NaCl buffer. The absorbance was 

monitored at 410 nm for 60 s. HNE remaining activity was determined using % remaining 

activity = (v/vo) × 100 and is the average of duplicate or triplicate determinations. 
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3. 4.3.3 Human Neutrophil Proteinase 3 
 
 Twenty microliters of 32.0 mM 5,5‘-dithio-bis(2-nitrobenzoic acid) in dimethyl sulfoxide 

and 10 µL of a 3.45 µM solution of human proteinase 3 in 0.1 M phosphate buffer, pH 6.50 (final 

enzyme concentration: 34.5 nM) were added to a cuvette containing a solution of 940 µL 0.1 M 

HEPES buffer, pH 7.25, containing 0.5 M NaCl, 10 µL 862.5 µM inhibitor in dimethyl sulfoxide 

(final inhibitor concentration: 8.62 µM) and 20 µL 12.98 mM Boc-Ala-Ala-NVa-SBzl and the 

change in absorbance was monitored at 410 nM for 2 min. A control (hydrolysis run) was also 

run under the same conditions by adding 5,5‘-dithio-bis(2-nitrobenzoic acid) in dimethyl 

sulfoxide and 10 µL of a 3.45 µM solution of human proteinase 3 in 0.1 M phosphate buffer, pH 

6.50 (final enzyme concentration: 34.5 nM) to a cuvette containing a solution of 940 µL 0.1 M 

HEPES buffer, pH 7.25, containing 0.5 M NaCl, 10 µL dimethyl sulfoxide and 20 µL 12.98 mM 

Boc-Ala-Ala-NVa-SBzl and the change in absorbance was monitored at 410 nM for 2 min. Pr 3 

remaining activity was determined using % remaining activity = (v/vo) × 100 and is the average 

of duplicate or triplicate determinations. 

 

3. 5.4.4   Computational Method 
 
 Molecular docking simulations were performed via Autodock4 program (the Scripps 

Research Institute) [230]. All structures of compounds A15-A18 were constructed in SYBYL8 

[231] and structurally optimized to default convergence thresholds using the Tripos Force Field 

[232] and Gasteiger–Marsili partial atomic charges [233]. Receptor model of HNE was prepared 

using the 1PPF [190] crystal structures. This structure was protonated in AutoDock4, stripped of 

all water molecules and bound ligand, and electrostatically represented with Gasteiger-Marsili 

charges. 
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3. 4.3.5   HPLC Analysis 

 A typical HPLC analysis for compounds A10 and A16 was performed on a varian ProStar 

210 system equipped with a Kinetex C-18 column (Phenomenex, 2.6 µ, 100 Å, 4.6cm × 20 cm). 

A constant 1:1 ratio of acetone/water mobile phase at 1.0 mL/min flow rate was used and the 

column was not thermally controlled. A 5 µL injection was used for all samples and the 

absorbance at 254 nm was recorded for 15 min. Pure caspase-1 inhibitor and dual function 

inhibitor in ethyl acetate were first confirmed by NMR before the injections. The specific 

concentrations used for injection are indicated in Figure 3.13. For monitoring the release of 

caspase-1 inhibitor A10 from dual function inhibitor A16, compound A16 was first incubated 

with HNE at assay buffer for 2 min, an equal amount of ethyl acetate was used to extract the 

released A10 and remaining A16. The organic solvent was rapidly removed at room temperature 

by oil pump (about 3 min), and the residue was re-dissolved in ethyl acetate at a similar 

concentration as the standard. A control sample without treatment of HNE was used.  
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CHAPTER 4 

UTILIZATION OF THE 1, 2, 3, 5-THIATRIAZOLIDIN-3-ONE 1, 1-DIOXIDE 
SCAFFOLD IN THE DESIGN OF POTENTIAL INHIBITORS OF HUMAN 

LEUKOCYTE PROTEINASE 3 
 
 

4.1 Inhibitor Design Rationale  

 The biochemical rationale underlying the design of inhibitor (III) was based on the 

following considerations: (a) in previous studies [216-217,222] we have demonstrated that the 

heterocyclic scaffold (I) (1,2,5-thiadiazolidin-3-one 1, 1-dioxide) (Figure 4.1) is a highly 

versatile peptidomimetic that embodies a structural motif that renders the platform capable of 

binding to the active site of HNE and related chymotrypsin-like serine proteases in a substrate-

like fashion, orienting recognition elements R1 and R2 toward the Sn subsites and R3 toward the 

Sn‘ subsites. Specifically, R1 is accommodated at the primary substrate specificity subsite S1 and 

its nature determines which subclass of serine proteases (neutral, basic, or acidic) will be 

inhibited, resulting in optimal enzyme selectivity; (b) the encouraging results obtained with 

scaffold (I) suggested that it could serve as a prototype structure for the design of related 

scaffolds [235], providing additional opportunities in terms of improving pharmacological and  
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Figure 4.1 Pr 3 Inhibitor Design Rationale. 

physicochemical properties. Thus, it was reasoned that a functionalized surrogate scaffold (III) 

embellished with appropriate recognition elements could provide a structural framework for the 
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rational design of non-covalent inhibitors of Pr 3 and related serine proteases. It was anticipated 

that the replacement of the α-carbon in scaffold (I) with nitrogen would decrease significantly the 

electrophilicity of the C=O carbon [236] and lead to a chemically robust ring system (III) that 

retained the substrate-like characteristics of (I) (Figure 4.1); (c) Pr 3 shows a strong preference 

for small aliphatic P1 residues (ethyl, n-propyl) [237], while HNE prefers medium size P1 alkyl 

groups (isopropyl/n-propyl or isobutyl/n-butyl). This is because the size of the S1 subsite in Pr 3 

is smaller due to the replacement of Val190 (HNE) by Ile (Pr 3) [238]. Unlike HNE, S‘-P‘ 

interactions beyond S1‘ increase significantly the catalytic efficiency of Pr 3 [239], suggesting 

that Sn‘ interactions play an important role in substrate specificity [240] Furthermore, the 

substitution of Leu143 (HNE) by Arg143 (Pr 3) and the presence of Asp61 in Pr 3 make the S1‘-

S3‘ subsites of Pr 3 more polar [238]. Based on the aforementioned considerations, as well as 

modeling studies using the X-ray crystal structure of Pr 3 [238], it was envisaged that an entity 

based on scaffold (II) with attached recognition elements that can potentially interact with the Sn‘ 

subsites of the enzyme may function as non-covalent inhibitors of Pr 3.  Thus, the Sn‘ subsites 

of Pr 3 were initially explored via the construction of focused libraries based on (II).  

 Based on the initial assumption that inhibitor (III) would bind to the active site of Pr 3 as 

inhibitor (I), a ring nitrogen substitution (ethyl) was chosen that is congruent with the primary 

substrate specificity (S1) of Pr 3 and a diversity of amides and polar substituted triazoles were 

initially utilized to probe the S' subsites via combinatorial and click chemistry methods, 

respectively. From a synthetic point of view, several structurally diverse (in size and polarity) 

substituted α-hydroxy acids generated from α-amino acids can be coupled to the ring using the 

Mitsunobu reaction. This amino acid substitutions should allow further exploration of the S2'-S3' 

subsites by coupling the acid group with a variety of amines (Figure 4.2a, Table 4.1). 
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Figure 4.2 Structure-based Pr 3 Inhibitor Design.  

 

An alternative amino functional group which can further extend the inhibitor structure was 

introduced by coupling of amino benzyl alcohol using Mitsunobu reaction (Figure 4.2b). The 

advantage of introducing an amino group is that the structural extension has the capability to 

project in different directions. Ideally, the inhibitor component projecting toward the S‘ subsites 

utilizing meta-substituted phenyl derivatives with a carboxyl group that could potentially interact 

with the Arg 241 side chain located in the vicinity of the S2‘ subsite of the enzyme. Furthermore, 

a focused library of structurally-diverse electron-rich compounds having multiple sites capable 

of interacting with the S‘ subsites of Pr 3 can be generated using click chemistry, after an alkyne 

is linked to the scaffold by either SN2 reaction or Mitsunobu reaction (Figure 4.2c). 
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Table 4.1 Amine Inputs 

H2N

OCH3

NH2
NH2

NH2
H2N

N

O

O O

NH2

H2N

O

NH2

N

O

NH2

NH2
NH2

NH2
NH

OO

 
 
 
 

4.2 Synthesis of Inhibitors  

4.2.1    Synthesis of 2,3-Diethyl 1, 2, 3, 5-Thiatriazolidin-3-One 1,1-Dioxide B1 

 The heterocyclic scaffold B1 was assembled in one step by condensing commercially 

available 1, 2-diethyl hydrazine dihydrochloride with N-chlorosulfonyl isocyanate in the 

presence of excess triethylamine (TEA) (Scheme 4.1).  

 

NH HCl
NH HCl

N
N S

NH

O

O O

ClSO2N=C=O

TEA/CH2Cl2

B1  

Scheme 4.1 Synthesis of template B1 
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4.2.2      Synthesis of Compound B4 and B7 

 Treatment of the resulting 2, 3-diethyl 1, 2, 3, 5-thiatriazolidin-3-one 1,1-dioxide 

intermediate B1 with TEA followed by the addition of t-butyl bromoacetate yielded the 

corresponding t-butyl ester B2 which was readily deblocked using trifluoroacetic acid (TFA) to 

give the corresponding acid B3. The acid was then coupled to an array of structurally-diverse 

amines (Table 4.1) to yield compounds B4a-i (Scheme 4.2, Table 4.2). 

 

N
N S

NH

O

O O

N
N S

N

O

O O O

NHR1

N
N S

N

O

O O O
O

EDCI/R1NH2

DMF

TFA N
N S

N

O

O O COOH

TEA/CH3CN/ reflux

BrCH2COO-t-Bu

B1

B4

B2 B3

 
 

Scheme 4.2 Synthesis of Compound III 

 

 For the pathway a in Figure 4.2, we speculated that a derivative of amide III having a 

lysine side chain on the α carbon could potentially provide a favorable ion-ion interaction with 

Asp 51 (see Figure 4.6 for Pr 3 active site). However, Mitsunobu reaction of B1 with the α-

hydroxyester of Cbz-L-lysine failed to give the expected product.  SN2 reaction between 

compound B1 and α-bromoester of Cbz-L-lysine was also not successful. Fortunately, Mitsunobu 

reaction with the α-hydroxyester of DL-phenylalanine was successful and made possible the 

synthesis of a wide range of derivatives of B7 and their subsequent use in the exploration of the 
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S2'-S3' subsites (Scheme 4.3). The α-hydroxyester of DL-phenylalanine was prepared according 

to the procedure described by Shin et al [241]. Briefly, treatment of (DL)-phenylalanine with 

NaNO2 in 2.5 N H2SO4 yielded the corresponding α-hydroxy acid which was subsequently 

converted to (DL)-3-phenyl-2-hydroxy-propionic acid methyl ester via treatment of the cesium 

salt with iodomethane in DMF. Mitsunobu reaction of the aforementioned intermediate B1 with 

(DL) 3-phenyl-2-hydroxy-propionic acid methyl ester followed by hydrolysis afforded acid B6  

 

Ph3P/DEAD
THF
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DMF

N
N S
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O O O
OCH3

N
N S
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O O O
OH

LiOH
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O O O
NHR1

O

OCH3

HON
N S
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O
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B7

Ph

Ph Ph

Ph

B5 B6

 
 

Scheme 4.3 Synthesis of Compound III 

 

which was coupled with a diverse set of amine inputs to give compounds B7a~e (Scheme 4.3, 

Table 4.2).  
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Table 4.2 Amide Derivatives 

N

N
N

S

O O

O
R

O

NHR1

 

Entry R R1 

B4a H phenyl 

B4b H benzyl 

B4c H phenethyl 

B4d H 2,2-diphenylethyl 

B4e H 2-(2-methoxyphenyl)ethyl 

B4f H 4-morpholinophenyl 

B4g H benzo[d][1,3]dioxol-5-yl 

B4h H 3-phenoxyphenyl 

B4i H 2-morpholinoethyl 

B7a bzl 2-(2-methoxyphenyl)ethyl 

B7b bzl 4-morpholinophenyl 

B7c bzl benzo[d][1,3]dioxol-5-yl 

B7d bzl 2-aminophenyl 

B7e bzl 2-(isobutoxycarbonylamino)phenyl 

*Compounds B7a-e are DL isomers 
  

 

 4.2.3     Synthesis of Compounds B10a~e  

 Alkylation of 2,3-diethyl 1,2,3,5-thiatriazolidin-3-one 1,1-dioxide B1 with N-Boc-m-

aminobenzyl alcohol under Mitsunobu reaction conditions, followed by deprotection of the Boc 

group using TFA, yielded the corresponding aromatic amine which was further elaborated to 

yield compounds B10a~e (Scheme 4.4). The compounds are summarized in Table 4.3. 
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Scheme 4.4 Synthesis of Compound III 

 

Table 4.3 List of Compounds B10a~e 
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4.2.4     Synthesis of Compounds B13a~i 

 Click chemistry [242] is a very powerful tool for generating 5-member heterocyclic 

compounds. Specifically, for preparing a triazole ring, alkynes and azides are required. The most 

practical method for attaching a triazole ring is to alkylate compound B1 with propargyl bromide 

which is then coupled with a variety of azides (Scheme 4.5). Most of the desired azides were 

readily prepared from the corresponding bromides which are either commercially available or 

synthesized according to literature procedures [243] (Scheme 4.6). The triazole compounds are 

summarized in Table 4.4 (note that compound B13d is generated from B13c using acid catalyzed 

hydrolysis by TFA). 
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t-BuOH/H2O
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O
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N
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O O

B1  
 

Scheme 4.5 Synthesis of Triazole Compound III  
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Scheme 4.6 Synthesized Triazole Library 

 

Figure 4.3 Mercury [244] Drawing of Compound B13a, showing the 50% thermal ellipsoids. 
Hydrogen atoms have been omitted for clarity. 
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Table 4.4 Summary of Triazole Compounds 
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O
O N

N
N

B13d

 

 

 In order to confirm the triazole ring formation, the X-ray crystal structure of a 

representative member of this class of compounds (compound B13a) was determined (shown in 

Figure 4.3).   
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4.2.5     Synthesis of Potential Transition State Analogs B13k-m 

 The molecular modeling studies (page 120) showed that the ketone carbonyl of B13g is 

hydrogen bonded to the side chain hydroxyl of the catalytic Ser195 residue. We reasoned that the 

introduction of strongly electron-withdrawing substituents into the phenyl ring or replacement of 

the phenyl ring by a heteroaromatic 5 or 6-membered ring would enhance the electrophilicity of 

the carbonyl carbon transforming B13g into a potential transition state inhibitor [245] of Pr 3 

(Figure 4.4).  Thus, structural variants of B13k, B13m with a 2,6-difluorophenyl or a thiazole 

group were synthesized. The azide precursors of compounds B13k and B13m could not be 

prepared directly from the corresponding α-bromoacetyl compounds; consequently an alternative 

method was used. This involved α-bromination followed by reduction and treatment with base to 

form the corresponding epoxide which was sequentially subjected to ring opening, click 

chemistry and oxidation with pyridinium chlorochromate (PCC) (Scheme 4.7).  

 

E-Ser-OH + R

O

X
E-Ser-O

HO

XR

R = recognition component
X = electron withdrawing group

 

Figure 4.4 General Mechanism of Transition State Inhibitors. 
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Scheme 4.7 Synthesis of Triazole Compound III 

 

 

4.3 Results and Discussion 

4.3.1 Biochemical Studies 

 The inhibitory activity of compounds B4a-i, B7a-h, B10a-e, and B13a-m toward HNE 



120 
 

and Pr 3 was determined. It was found to range from 0 to 38% for HNE and 0 to 37% for Pr 3 

under the conditions that the inhibitor-enzyme ratio was 500 for compound with a chiral center 

and 250 for compounds with no chiral center. Most of the inhibitors showed low inhibition 

towards both HNE and Pr 3, therefore only several selected compounds from each class are 

shown in Figure 4.5. The most active Pr 3 inhibitor B13g was confirmed in triplicates and it 

showed constant instant inhibition about 37%, but was devoid of inhibitory activity toward HNE. 

Construction of Dixon plot was attempted but the experiment failed because of precipitation of 

B13g. The binding constant Ki of the most active compound against Pr 3 was estimated using 

Michaelis-Menten equation:  

 

V = (Vmax * [S])/(Km + [S]) 

 

where the substrate pf Pr3 is Boc-Ala-Ala-Nva-SBzl (Kcat/km = 1.06 x 106 M-1s-1, Km = 63 µM) 

[246], suggesting that compound B13g is a low micromolar inhibitor against Pr 3. According to 

the molecular modeling docking result, several modifications were made to improve the potency 

of the inhibitor. Specifically, the phenyl ring of B13g was replaced with an n-propyl group 

according to the S1 pocket preferences of HNE and Pr 3, resulting in compound B13i. Also the 

phenyl ring was replaced with two electron-withdrawing rings which can potentially lead to 

transition state inhibitors, yielding compounds B13k, B13m. Unfortunately these compounds 

showed no significant inhibition towards either HNE or Pr 3. The fact that B13g showed no 

inhibition against HNE but shows consistent inhibition toward Pr 3 suggests that the design of 

transition state inhibitors of Pr 3 based on this template may provide a fruitful avenue of 

investigation for the development of potent and selective inhibitors of Pr 3.  
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Figure 4.5 Inhibitory Activity of Selected Compounds Against Human Neutrophil Elastase and 
Proteinase 3. (The rest of the compounds are not showed here due to the low inhibition) 
 

 

4.3.2 Molecular Modeling Studies 

 The most active compound B13g was docked to dock into Pr 3 active site (pdb code: 

1FUJ) [238] using SYBYL 8.0. Molecular modeling studies suggested that B13g fits into the Pr 

3 active site well and engages in multiple interactions with the enzyme, including the following: 

a) the phenyl ring binds to a hydrophobic pocket defined by Ile190, Phe192; b) the triazole ring 

appears to accept H-bonds from both the backbone Val216 NH and from the Lys99 side chain; c) 

the heterocyclic carbonyl O is well positioned to H-bond with the Lys99 side chain; d) one of the 

sulfamide O's is capable of H-bonding with the backbone NH of Ile217; e) the two ethyl groups 

interact with the second hydrophobic pocket, defined by sidechains of Phe215, Ile217 and 
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Trp218 (Figure 4.6; the docked structures is derived from computational studies). Quite 

unexpectedly, inhibitor B13g was predicted to bind to the active site in a reverse mode, namely, 

with the phenyl ring occupying the S1 pocket and the rest of the molecule projecting toward the 

S‘ subsites.  

 

 
Figure 4.6 Molecular Simulation of Compound B13g Bound to Pr3 Active Site. The structure was 
generated from molecular simulation.  Ligand rendered as CPK-colored sticks. Receptor surface colors 
correspond to:  yellow = nonpolar, white = polar alkyls, blue = polar N, cyan = polar H, red = O. 
 

 



123 
 

 Based on Figure 4.6, replacement of the phenyl ring by an n-propyl chain (as in 

compound B13i) would show better activity against Pr 3 since a smaller aliphatic chain is more 

favorable. Also, replacement of the phenyl ring which occupies the S1 pocket with an eletron-

withdrawing group would yield in potential transition state analogs, thus enhancing the P3 

inhibition.  

 

4.4 Experimental  

4.4.1 Synthesis 

General  

The 1H spectra were recorded on a Varian XL-300 or XL-400 NMR spectrometer. A Hewlett–

Packard diode array UV-vis spectrophotometer was used in the in vitro evaluation of the 

inhibitors. Human neutrophil elastase, proteinase 3 and Boc-Ala-Ala-Nva thiobenzyl ester were 

purchased from Elastin Products Company, Owensville, MO. Methoxysuccinyl Ala-Ala-Pro-Val 

p-nitroanilide and 5,5‘-dithio-bis(2-nitrobenzoic acid) were purchased from Sigma Chemicals, 

St. Louis, MO. Melting points were determined on a Mel-Temp apparatus and are  uncorrected. 

Reagents and solvents were purchased from various chemical suppliers (Aldrich, Acros 

Organics, TCI America, and Bachem). Silica gel (230–450 mesh) used for flash chromatography 

was purchased from Sorbent Technologies (Atlanta, GA). Thin layer chromatography was 

performed using Analtech silica gel plates. The TLC plates were visualized using iodine and/or 

UV light. The high resolution mass spectra were performed by the Mass Spectrometry Lab at the 

University of Kansas, Lawrence, KS.  
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Representative Synthesis 

2, 3-Diethyl 1, 2, 3, 5-thiatriazolidin-3-one 1, 1-dioxide B1. 1, 2-Diethylhydrazine 

dihydrochloride (33.0 g; 187 mmol) suspended in dry methylene chloride (300 mL) was cooled 

in an ice-bath under N2 and treated with triethylamine (76.0 g; 747 mmol). After stirring for 20 

minutes, a solution of N-chlorosulfonyl isocyanate (27.0 g; 187 mmol) in dry methylene chloride 

(100 mL) was added dropwise. The reaction mixture was stirred overnight at room temperature. 

The solvent was removed and 6M HCl (150 mL) was added. The aqueous solution was extracted 

with ethyl acetate (3×200 mL) and the combined organic extracts were dried over anhydrous 

sodium sulfate. The drying agent was filtered and the solvent was removed, and then the crude 

product was purified by flash chromatography (silica gel/ethyl acetate/hexanes) to give 

compound B1 as a white solid (12.0 g; 33% yield), mp 64-66 °C. 1H NMR (CDCl3): δ 1.25-1.31 

(m, 6H), 3.39-3.45 (q, 2H), 3.58-3.64 (q, 2H). 

2, 2-Diethyl-5-carboxymethyl-1, 2, 3, 5-thiatriazolidin-3-one 1, 1-dioxide t-butyl ester B2. 

To a solution of compound B1 (14 g; 72.5 mmol) in dry N, N-dimethyl-formamide (70 mL) kept 

in an ice bath was added sodium hydride (60%, w/w; 4.5 g; 112 mmol) and the reaction mixture 

was stirred for 15 minutes before adding t-butyl bromoacetate (18.5 g; 92.7 mmol). The reaction 

mixture was refluxed overnight with stirring. The solvent was removed in vacuo and the crude 

product was purified by flash chromatography (silica gel/ethyl acetate/hexanes) to give 

compound B2 as a colorless oil (17.7g; 79% yield). 1H NMR (CDCl3): δ 1.22-1.28 (t, 3H), 1.28-

1.34 (t, 3H), 1.47 (s, 9H), 3.39-3.44 (q, 2H), 3.60-3.65 (q, 2H), 4.10 (s, 2H). 

2,2-Diethyl-5-carboxymethyl-1,2,3,5-thiatriazolidin-3-one 1, 1-dioxide B3. To a  solution of 

Compound B2 (3.34 g; 10.9 mmol) in dry methylene chloride (3 mL) was added trifluoroacetic 

acid (15 mL) and the reaction was stirred at room temperature for 1 h. The solvent and 
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trifluoroacetic acid were removed and the residue was re-dissolved in ethyl acetate (200 mL). 

The organic solution was washed with saturated sodium bicarbonate (3×40 mL) and then brine 

(40 mL). The organic layer was dried over anhydrous sodium sulfate. The drying agent was 

filtered and the solvent was removed to give compound B3 as colorless oil (2.74 g; 100% yield).  

1H NMR (CDCl3): δ 1.22-1.32 (m, 6H), 3.38-3.43 (q, 2H), 3.60-3.65 (q, 2H), 4.25 (s, 2H). 

General coupling procedure for preparation of compounds B4a-i.  A solution of acid 3 (2.4 

mmol) in dry N, N-dimethylform-amide (5 mL) was treated with 1-[3-(dimethylamino)-propyl]-

3-ethylcarbodiimide hydrochloride (0.51g; 2.64 mmol), followed by the addition of  amine (2.4 

mmol) from Table 1. The reaction mixture was stirred at room temperature overnight. The 

solvent was removed in vacuo and the residue was taken up with ethyl acetate (30 mL). The 

organic layer was washed sequentially with 5% HCl (3×10 mL), saturated NaHCO3 (3× 10 mL), 

and then brine (10 mL). The organic layer was dried over anhydrous sodium sulfate. The drying 

agent was filtered and the solvent removed on the rotary evaporator. The crude product was 

purified by flash chromatography (silica gel/ ethyl acetate/ hexanes) to give pure amide product 

(B4a-i).   

Compound B4a. White solid (52% yield), mp 108-110 °C.  1H NMR (CDCl3): δ 1.22-1.28 (t, 

3H), 1.29-1.35 (t, 3H), 3.42-3.48 (q, 2H), 3.62-3.68 (q, 2H), 4.25 (s, 2H), 7.10-7.50 (m, 5H), 

8.08 (s, 1H); HRMS (ESI) calculated for C13H18N4O4SNa [M+Na]+ 349.0946, found 349.0936. 

Compound B4b. White solid (53% yield), mp 62-63 °C. 1H NMR (CDCl3): δ 1.18-1.25 (m, 6H), 

3.34-3.42 (q, 2H), 3.58-3.66 (q, 2H), 4.20 (s, 2H), 4.46-4.50 (d, 2H), 6.28 (s, 1H), 7.22-7.36 (m, 

5H); HRMS (ESI) calculated for C14H21N4O4S  [M+H]+ 341.1284, found 341.1295; 

C14H20N4O4SNa [M+Na]+ 363.1103, found 363.1090. 
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Compound B4c. White solid (20% yield), mp 91-92 °C. 1H NMR (CDCl3): δ 1.18-1.25 (m, 6H), 

2.80-2.85 (t, 2H), 3.22-3.28 (q, 2H), 3.56-3.63 (m, 4H), 4.10 (s, 2H), 5.98 (s, 1H), 7.18-7.32 (m, 

5H); HRMS (ESI) calculated for C15H23N4O4S  [M+H]+ 355.1440, found 355.1451; 

C15H22N4O4SNa [M+Na]+ 377.1259, found 377.1255. 

Compound B4d. Oil (51% yield).  1H NMR (CDCl3): δ 1.10-1.18 (m, 6H), 3.02-3.08 (q, 2H), 

3.52-3.58 (q, 2H), 3.92-3.96 (m, 2H), 4.08 (s, 2H), 4.10-4.18 (m, 1H), 5.96 (s, 1H), 7.20-7.32 (m, 

10H); HRMS (ESI) calculated for C21H26N4O4SNa [M+Na]+ 453.1572, found 453.1575. 

Compound B4e. Oil (39% yield).  1H NMR (CDCl3): δ 1.20-1.26 (m, 6H), 2.80-2.85 (t, 2H), 

3.28-3.33 (q, 2H), 3.50-3.58 (q, 2H), 3.58-3.66 (q, 2H), 3.80 (s, 3H), 4.06 (s, 2H), 6.20 (s, 1H), 

6.82-6.88 (m, 2H), 7.08-7.11 (m, 1H), 7.17-7.21(m, 1H); HRMS (ESI) calculated for 

C16H24N4O5SNa [M+Na]+ 407.1365, found 407.1355. 

Compound B4f. Yellow solid (32% yield), mp 135-137 °C.  1H NMR (CDCl3): δ 1.22-1.36 (m, 

6H), 3.08-3.12 (t, 4H), 3.40-3.48 (q, 2H), 3.52-3.60 (q, 2H), 3.82-3.86 (t, 4H), 4.24 (s, 2H), 6.82-

6.86 (d, 2H), 7.34-7.38 (d, 2H), 7.72 (s, 1H); HRMS (ESI) calculated for C17H26N5O5S  [M+H]+ 

412.1655, found 412.1643. 

Compound B4g. Brown solid (35% yield), mp 83-85 °C.  1H NMR (CDCl3): δ 1.22-1.36 (m, 

6H), 3.40-3.46 (q, 2H), 3.52-3.58 (q, 2H), 4.10 (s, 2H), 5.90 (s, 2H), 6.65-6.78 (dd, 2H), 7.10 (s, 

1H), 8.22 (s, 1H); HRMS (ESI) calculated for C14H19N4O6S  [M+H]+ 371.1025, found 

371.0984; C14H18N4O6SNa [M+Na]+ 393.0845, found 393.0847. 

Compound B4h. Oil (62% yield).  1H NMR (CDCl3): δ 1.22-1.36 (m, 6H), 3.42-3.48 (q, 2H), 

3.62-3.68 (q, 2H), 4.25 (s, 2H), 6.74-7.37 (m, 9H), 7.95 (s, 1H); HRMS (ESI) calculated for 

C19H22N4O5SNa [M+Na]+ 441.1209, found 441.1206. 

Compound B4i. Oil (45% yield).  1H NMR (CDCl3): δ 1.23-1.30 (t, 3H), 1.30-1.37 (t, 3H), 
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2.42-2.52 (m, 6H), 3.37-3.46 (m, 4H), 3.63-3.74 (m, 6H), 4.18 (s, 2H), 6.61 (s, 1H); HRMS 

(ESI) calculated for C13H26N5O5S  [M+H]+ 364.1655, found 364.1635; C13H25N5O5SNa 

[M+Na]+ 386.1474, found 386.1490. 

 (DL)Methyl 2-(2,3-diethyl-1,1-dioxido-4-oxo-1,2,3,5-thiatriazolidin-5-yl)-3-phenylpro-

panoate B5. To a stirred solution of compound B1 (9.95 g; 55.2 mmol) and (DL) 3-phenyl-2-

hydroxy propanoic acid methyl ester (10.6 g; 55.2 mmol) in dry tetrahydrofuran was added 

triphenyl phosphine (28.96 g; 110.4 mmol), followed by the dropwise addition of a solution of 

diethyl azodicarboxylate (97%; 19.9 g; 110.4 mmol) in dry tetrahydrofuran (30 mL). The 

reaction was stirred at room temperature overnight and the resulting precipitate was filtered off. 

The filtrate was evaporated to give the crude product which was purified by flash 

chromatography (silica gel/ ethyl acetate/ hexanes) to give compound B5 as a colorless oil (3.2 g; 

16% yield). 1H NMR (CDCl3): δ 1.00-1.06 (t, 3H), 1.16-1.22 (t, 3H), 2.82-3.08 (m, 2H), 3.40-

3.75 (m, 4H), 3.80 (s, 3H), 4.63-4.70 (m, 1H), 7.20-7.32 (m, 5H).  

(DL) 2-(2,3-diethyl-1,1-dioxido-4-oxo-1,2,3,5-thiatriazolidin-5-yl)-3-phenyl-propanoic acid 

B6. A solution of compound B5 (3.74 g; 10.5 mmol) in 1,4-dioxane (40 mL) was treated with 

17.5 mL 6N potassium hydroxide solution at room temperature for 0.5 hr. The pH was adjusted 

to 7 by the addition of 5% hydrochloride solution and then the solvent was removed. The residue 

was acidified to pH 2 and extracted with ethyl acetate (3 × 50 mL). The combined organic 

extracts were dried over anhydrous sodium sulfate. The drying agent was filtered and the solvent 

was removed. The crude product was purified by flash chromatography (silica gel/ethyl 

acetate/hexanes) to give compound B6 as a colorless oil (2.4 g; 59% yield). 1H NMR (CDCl3): δ 

1.00-1.06 (t, 3H), 1.16-1.22 (t, 3H), 2.76-2.86 (m, 1H), 2.94-3.04 (m, 1H), 3.39-3.75 (m, 4H), 

4.65-4.73 (m, 1H), 7.20-7.32 (m, 5H).   
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Synthesis of Amides 7a-e.  The same coupling procedures were used as described above.  

Compound B7a. Oil (15% yield).  1H NMR (CDCl3): δ 0.92-0.98 (t, 3H), 1.12-1.18 (t, 3H), 

2.50-2.61 (m, 1H), 2.72-2.84 (m, 3H), 3.36-3.75 (m, 6H), 3.81 (s, 3H), 4.47-4.55 (m,1H), 6.50 (s, 

1H), 6.80-7.30 (m, 9H); HRMS (ESI) calculated for C23H30N4O5SNa [M+Na]+ 497.1835, found 

497.1835. 

Compound B7b. White solid (23% yield), mp 155-156 °C. 1H NMR (CDCl3): δ 0.92-0.98 (t, 

3H), 1.12-1.18 (t, 3H), 2.60-2.68 (m, 1H), 2.85-2.94 (m, 1H), 3.08-3.12 (m, 4H),3.38-3.78 (m, 

4H), 3.91-3.95 (m, 4H),  4.62-4.68 (m,1H), 6.81-6.85 (d, 2H), 7.20-7.35 (m, 5H), 7.36-7.40 (d, 

2H), 8.25 (s, 1H); HRMS (ESI) calculated for C24H32N5O5S  [M+H]+ 502.2124, found 

502.2101; C24H31N5O5SNa [M+Na]+ 524.1944, found 524.1939. 

Compound B7c. Brown solid (14% yield), mp 100-101 °C. 1H NMR (CDCl3): δ 0.94-1.00 (t, 

3H), 1.16-1.20 (t, 3H), 2.60-2.68 (m, 1H), 2.86-2.94 (m, 1H), 3.38-3.77 (m, 4H), 4.62-4.68 

(m,1H), 5.93 (s, 2H), 6.68-6.78 (m, 2H), 7.18-7.30 (m, 6H), 8.32 (s, 1H); HRMS (ESI) 

calculated for C21H24N4O6SNa [M+Na]+ 483.1314, found 483.1306. 

Compound B7d. White solid (33% yield), mp 128-130 °C. 1H NMR (CDCl3): δ 0.94-1.00 (t, 

3H), 1.16-1.20 (t, 3H), 2.60-2.75 (m, 1H), 2.85-3.00 (m, 1H), 3.37-3.80 (m, 4H), 3.78 (bs, 2H), 

4.69-4.77 (m, 1H), 6.68-7.34 (m, 9H), 7.90 (s, 1H); HRMS (ESI) calculated for C20H26N5O4S  

[M+H]+ 432.1706, found 432.1698; C20H25N5O4SNa [M+Na]+ 454.1525, found 454.1506. 

Compound B7e. White solid (8% yield), mp 113-115 °C.  1H NMR (CDCl3): δ 0.94-1.02 (m, 

9H), 1.16-1.20 (t, 3H), 1.90-2.01 (m, 1H), 2.69-2.80 (m, 1H), 2.89-3.00 (m, 1H), 3.40-3.80 (m, 

4H), 3.92-3.96 (d, 2H), 4.68-4.74 (m, 1H), 7.00 (s, 1H), 7.04-7.32 (m, 9H), 8.20 (s, 1H); HRMS 

(ESI) calculated for C25H33N5O6SNa [M+Na]+ 554.2049, found 554.2053. 
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Synthesis of compound B8. To a stirred solution of compound B1 (0.77 g; 4 mmol) and 3-N-

Boc amino benzyl alcohol (0.90 g; 4 mmol) in dry tetrahydrofuran (10 mL) was added triphenyl 

phosphine (2.12 g; 8 mmol) followed by the dropwise addition of a solution of diethyl 

azodicarboxylate (1.44 g; 8 mmol) in dry tetrahydrofuran (5 mL).  The reaction was stirred at 

room temperature overnight. The solvent was removed under vacuum and the residue was taken 

up with ethyl acetate (40 mL), and then washed with water (20 mL). The organic layer was dried 

over anhydrous sodium sulfate. The solvent was evaporated and the crude product was purified 

by flash chromatography (silica gel/ethyl acetate/hexanes) to give compound B8 as colorless oil 

(0.49 g; 30% yield). 1H NMR (CDCl3): δ 1.12-1.30 (m, 6H), 1.50 (s, 9H), 3.25-3.40 (q, 2H), 

3.50-3.65 (q, 2H), 4.60 (s, 2H), 6.72 (s, 1H), 6.98-7.40 (m, 4H).  

Synthesis of compound B9. To a solution of compound B8 (0.47 g; 1.18 mmol) was added 

trifluoroacetic acid (5 mL) and the reaction was stirred at room temperature for 1 h. 

Trifluoroacetic acid was removed under vacuum and the residue was redissolved in 20 mL 

methylene chloride. The solvent was removed and the crude product was purified by flash 

chromatography (silica gel/ ethyl acetate/ hexanes) to give compound B9 as a colorless oil (0.30 

g; 85% yield). 1H NMR (CDCl3): δ 1.16-1.24 (m, 6H), 3.26-3.36 (q, 2H), 3.54-3.64 (q, 2H), 4.58 

(s, 2H), 5.25 (bs, 2H), 6.98-7.30 (m, 4H).  

Synthesis of compounds B10a-b. A solution of free amine B9 (0.4 mmol) in dry methylene 

chloride (3 mL) kept in an ice-bath was treated with phthalic or succinic anhydride (0.4 mmol) 

and then the reaction mixture was refluxed for 1 h. The solvent was removed and the crude 

product was purified by flash chromatography (silica gel/ ethyl acetate/ hexanes) to give the 

corresponding product (B10a-b). 

Compound B10a. White solid (70% yield), mp 134-136 °C. 1H NMR (DMSO-D6): δ 1.10-1.20 
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(m, 6H), 3.32-3.40 (q, 2H), 3.55-3.63 (q, 2H), 4.64 (s, 2H), 7.02-7.70 (m, 7H), 7.72 (s, 1H), 7.88-

7.90 (m, 1H), 10.40 (s, 1H); HRMS (ESI) calculated for C20H22N4O6SNa [M+Na]+ 469.1158, 

found 469.1161.  

Compound B10b.  White solid (85% yield), mp 109-111 °C.  1H NMR (DMSO-D6): δ 1.18-

1.26 (m, 6H), 2.64-2.72 (t, 2H), 2.72-2.80 (t, 2H), 3.31-3.37 (q, 2H), 3.58-3.64 (q, 2H), 4.60 (s, 

2H), 7.08-7.62 (m, 4H), 7.95 (s, 1H); HRMS (ESI) calculated for C16H22N4O6SNa [M+Na]+ 

421.1158, found 421.1139.  

Compound B10c. A solution of compound B9 (0.37 g; 0.81 mmol) and phenethyl isocyanate 

(0.18 g; 1.21 mmol) in dry methylene chloride (3 mL) was refluxed for 1 h. The solvent was 

removed under vacuum and ethyl acetate (80 mL) was added. The organic layer was washed 

with 5% HCl (20 mL) and dried over anhydrous sodium sulfate. The drying agent was filtered 

and the solvent was removed. The crude product was purified by flash chromatography (silica 

gel/ ethyl acetate/ hexanes) to give compound B10c as colorless oil (0.15 g; 42% yield). 1H NMR 

(CDCl3): δ 1.16-1.24 (m, 6H), 2.75-2.80 (t, 2H), 3.26-3.34 (q, 2H), 3.42-3.48 (q, 2H), 3.56-3.62 

(q, 2H), 4.55 (s, 2H), 5.23 (s, 1H), 7.00-7.28 (m, 10H); HRMS (ESI) calculated for 

C21H27N5O4SNa [M+Na]+ 468.1681, found 468.1679.   

Compounds 10d-e. Amides 13d-e were prepared from 12 and appropriate acids using a same 

coupling procedure described above. 

Compound B10d. Oil (76% yield). 1H NMR (CDCl3): δ 1.20-1.30 (m, 6H), 3.30-3.38 (q, 2H), 

3.57-3.65 (q, 2H), 4.80 (s, 2H), 7.12-7.85 (m, 9H), 8.00 (s, 1H); HRMS (ESI) calculated for 

C19H22N4O4SNa [M+Na]+ 425.1259, found 425.1272. 

Compound B10e. Oil (10% yield). 1H NMR (CDCl3): δ 1.20-1.28 (m, 6H), 3.30-3.38 (q, 2H), 

3.57-3.65 (q, 2H), 4.60 (s, 2H), 7.00-7.64 (m, 13H), 7.86(s, 1H); HRMS (ESI) calculated for 
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C25H26N4O5SNa [M+Na]+ 517.1522, found 517.1527. 

Compound B11. Compound B1 (1.93 g; 10 mmol) was dissolved in 20 mL dry acetonitrile and 

triethylamine (1.01g; 10 mmol) was added, followed by propargyl bromide (1.19 g; 10 mmol). 

The resulting mixture was refluxed overnight. The solvent was removed, and the residue was 

dissolved in 40 mL ethyl acetate. The organic solution was washed with 5% HCl (3 x 20 mL), 

5% saturated NaHCO3 (3 x 20 mL) and then brine (20 mL). The organic layer was dried over 

anhydrous sodium sulfate. The drying agent was filtered off and the filtrate was evaporated under 

vacuum to give compound B11 as a yellow oil (1.26 g; 54% yield). 1H NMR (CDCl3): δ 1.20-

1.32 (m, 6H), 2.38-2.40 (t, 1H), 3.36-3.42 (q, 2H), 3.60-3.66(q, 2H), 4.26-4.29 (d, 2H).  

General procedure for preparation of azide B12a-h: To a solution of NaN3 (1.44 g; 22 mmol) 

in 20 mL DMSO was added appropriate commercial or self-prepared halide (20 mmol), and the 

reaction was stirred at room temperature for overnight. The reaction mixture was added 70 mL 

H2O under a water bath, and then extracted with 3 x 50 mL of diethyl ether. The combined 

organic layers were washed with 2 x 50 mL brine and dried over anhydrous sodium sulfate. 

Removal of solvent gave a pure product.  

Compound B12a. Oil (100% yield). 1H NMR (CDCl3): 4.35 (s, 2H), 7.20-7.38 (m, 4H). 

Compound B12b. Oil (98% yield). 1H NMR (CDCl3): 4.56 (s, 2H), 7.29-7.56 (m, 5H). 

Compound B12c.  Oil (99% yield). 1H NMR (CDCl3): 1.51 (s, 9H), 3.77 (s, 2H). 

Compound B12d. Oil (90% yield). 1H NMR (CDCl3): 4.40 (s, 2H), 7.33-7.39 (m, 1H), 7.67-

7.82 (m, 1H), 8.53-8.63 (m, 2H). 

Compound B12e. Oil (98% yield). 1H NMR (CDCl3): 3.81 (s, 3H), 4.25 (s, 2H), 6.88-6.94 (d, 

2H), 7.23-7.29 (d, 2H). 

Compound B12f. Oil (95% yield). 1H NMR (CDCl3): 4.58 (s, 2H), 7.45-7.68 (m, 3H), 7.92-7.96 
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(m, 2H). 

Compound B12g. Oil (92% yield). 1H NMR (CDCl3): 4.52 (s, 2H), 7.10-7.30 (m, 2H), 7.57-

7.64 (m, 1H), 7.97-8.02 (m, 1H). 

Compound B12h. Oil (76% yield). 1H NMR (CDCl3): 0.90-1.00 (t, 3H), 1.62-1.70 (q, 2H), 

2.39-2.47 (t, 2H), 3.93 (s, 2H).  

 Azides B12i-j were prepared using the following procedure [243d]: Epoxide B15 or B17 

(2.63 mmol) was dissolved in 15 mL methanol and then sodium azide (0.60 g; 9 mmol) and 

ammonium chloride (0.36 g; 6.6 mmol) were added. The resulting mixture was refluxed for 15 h. 

The solvent was removed and 15 mL of water was added. The aqueous solution was extracted 

with 2 x 15 mL ethyl acetate, and the combined organic layers were dried over anhydrous 

sodium sulfate. The drying agent was filtered and the filtrate was pumped to dryness, yielding a 

pure product.  

Compound B12i. Oil (96% yield). 1H NMR (CDCl3): 3.49-3.55 (m, 1H), 3.77-3.85 (m, 3H), 

5.09-5.15 (m, 1H), 6.89-7.00 (m, 2H), 7.24-7.40 (m, 1H).  

Compound B12j. Oil (64% yield). 1H NMR (CDCl3): 3.63-3.80 (m, 2H), 4.72 (bs, 1H), 5.17-

5.21 (m, 1H), 7.37-7.39 (d, 1H), 7.76-7.78 (d, 1H).  

General alkyne-azide cycloaddition of compounds B13a-c, B13e-j and B13l. To a solution of 

11 (1.8 mmol) and appropriate azide (1.8 mmol) in 5 mL of 1:1 t-BuOH and H2O solution were 

added sodium ascorbate (0.04 g; 0.18 mmol) and copper sulfate pentahydrate  (0.005 g; 0.018 

mmol). The reaction mixture was stirred at room temperature overnight. The solvent was 

removed and the residue was taken up with ethyl acetate (30 mL) (any insoluble impurities were 

filtered off). The organic solution was washed with water (2 x 20 mL) and then dried over 

anhydrous sodium sulfate. The drying agent was filtered and the solvent was removed. The 
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residue was purified by flash chromatography (silica gel/ ethyl acetate/ hexanes) to give pure 

compounds B13a-c, B13e-j and B13l.  

Compound B13a.  White solid (75% yield), mp 83-84 °C. 1H NMR (CDCl3): 1.18-1.22 (t, 6H), 

3.28-3.36 (q, 2H), 3.55-3.63 (q, 2H), 4.80 (s, 2H), 5.52 (s, 2H), 7.09-7.14 (t, 1H), 7.21 (s, 1H), 

7.28-7.30 (d, 2H), 7.70 (s, 1H); HRMS (ESI) calculated for C15H20ClN6O3S  [M+H]+ 399.1006, 

found 399.1016; C15H19ClN6O3SNa [M+Na]+ 421.0826, found 421.0824. 

Compound B13b.  Oil (63% yield). 1H NMR (CDCl3): 1.20-1.25 (t, 6H), 3.30-3.38 (q, 2H), 

3.58-3.66 (q, 2H), 4.80 (s, 2H), 5.60 (s, 2H), 7.28 (s, 5H), 7.64 (s, 1H); HRMS (ESI) calculated 

for C15H21N6O3S2 [M+H]+ 397.1117, found 397.1137; C15H20N6O3S2Na [M+Na]+ 419.0936, 

found 419.0932. 

Compound B13c.  White solid (52% yield), mp 96-97 °C. 1H NMR (CDCl3): 1.20-1.24 (t, 6H), 

1.46 (s, 9H), 3.30-3.38 (q, 2H), 3.58-3.66 (q, 2H), 4.82 (s, 2H), 5.06 (s, 2H), 7.78 (s, 1H); HRMS 

(ESI) calculated for C14H24N6O5SNa [M+Na]+ 411.1427, found 411.1440. 

Compound B13e.  White solid (63% yield), mp 85-86 °C. 1H NMR (CDCl3): 1.20-1.24 (m, 

6H), 3.30-3.40 (q, 2H), 3.55-3.65 (q, 2H), 4.80 (s, 2H), 5.59 (s, 2H), 7.29-7.34 (m, 1H), 7.55-

7.59 (m, 1H), 7.63 (s, 1H), 8.59-8.62 (m, 2H); HRMS (ESI) calculated for C14H20N7O3S [M+H]+ 

366.1348, found 366.1354. 

Compound B13f. White solid (66% yield), mp 71-72 °C. 1H NMR (CDCl3): 1.18-1.22 (t, 6H), 

3.28-3.36 (q, 2H), 3.55-3.63 (q, 2H), 3.80 (s, 3H), 4.78 (s, 2H), 5.43 (s, 2H), 6.85-6.89 (d, 2H), 

7.18-7.22 (d, 2H), 7.51 (s, 1H); HRMS (ESI) calculated for C16H22N6O4SNa [M+Na]+ 417.1321, 

found 417.1321. 

Compound B13g. White solid (86% yield), mp 107-109 °C. 1H NMR (CDCl3): 1.20-1.26 (t, 

6H), 3.34-3.40 (q, 2H), 3.60-3.66 (q, 2H), 4.86 (s, 2H), 5.85 (s, 2H), 7.52-7.60 (t, 2H), 7.64-7.72 
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(t, 1H), 7.82 (s, 1H), 7.98-8.02 (d, 2H); HRMS (ESI) calculated for C16H20N6O4SNa [M+Na]+ 

415.1164, found 415.1164. 

Compound B13h. Oil (34% yield). 1H NMR (CDCl3): 1.20-1.28 (t, 6H), 3.32-3.39 (q, 2H), 

3.58-3.65 (q, 2H), 4.85 (s, 2H), 5.79-5.83 (d, 2H), 7.20-7.37 (m, 2H), 7.62-7.70 (m, 1H), 7.80 (s, 

1H), 7.95-8.02 (m, 1H); HRMS (ESI) calculated for C16H19FN6O4SNa [M+Na]+ 433.1070, found 

433.1049. 

Compound B13i. Oil (76% yield). 1H NMR (CDCl3): 0.92-0.98 (t, 3H), 1.20-1.25 (t, 6H), 1.60-

1.74 (m, 2H), 2.43-2.49 (t, 2H), 3.32-3.40 (q, 2H), 3.59-3.67 (q, 2H), 4.93 (s, 2H), 5.20 (s, 2H), 

7.73 (s, 1H); HRMS (ESI) calculated for C13H22N6O4SNa [M+Na]+ 381.1321, found 381.1327. 

Compound B13j. White solid (77% yield), mp 127-129 °C. 1H NMR (CDCl3): 1.16-1.22 (t, 

6H), 3.28-3.35 (q, 2H), 3.55-3.62 (q, 2H), 4.16-4.22 (m, 1H), 4.68-4.74 (m, 1H), 4.77 (s, 2H), 

6.06-6.13 (m, 1H), 6.89-6.97 (t, 2H), 7.28-7.40 (m, 1H), 7.73 (s, 1H); HRMS (ESI) calculated 

for C16H20F2N6O4SNa [M+Na]+ 435.1133, found 453.1134. 

Compound B13l. Oil (77% yield). 1H NMR (CDCl3): 1.19-1.25 (t, 6H), 3.28-3.36 (q, 2H), 3.55-

3.63 (q, 2H), 4.60-4.71 (m, 1H), 4.75 (s, 2H), 4.96-5.04 (m, 1H), 5.43-5.51 (m, 1H), 5.56-5.61 

(d, 1H), 7.34-7.36 (d, 1H), 7.73-7.76 (d, 2H); HRMS (ESI) calculated for C13H19N7O4S2Na 

[M+Na]+ 424.0838, found 424.0827. 

Compound B13k, 13m:  To a suspension of pyridinium chlorochromate (PCC, 0.53g; 2.5 

mmol) in 5 mL methylene chloride was added compound B13j or 13l (1mmol) and the reaction 

was stirred at room temperature for 3 days. The supernatant was decanted and the gummy 

residue was washed with 10 mL of methylene chloride. The combined organic solutions were 

concentrated and the residue was purified using flash chromatography (silica gel/ ethyl acetate/ 

hexanes) to give pure compound B13k or 13m. 
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Compound B13k. Oil (28% yield). 1H NMR (CDCl3): 1.20-1.26 (t, 6H), 3.32-3.40 (q, 2H), 

3.59-3.67 (q, 2H), 4.86 (s, 2H), 5.70 (s, 2H), 7.01-7.08 (t, 2H), 7.51-7.60 (m, 1H), 7.81 (s, 1H); 

HRMS (ESI) calculated for C16H18F2N6O4SNa [M+Na]+ 451.0976, found 451.0964. 

Compound B13m. Oil (8% yield). 1H NMR (CDCl3): 1.20-1.26 (t, 6H), 3.32-3.40 (q, 2H), 3.59-

3.67 (q, 2H), 4.87 (s, 2H), 6.03 (s, 2H), 7.82-7.84 (m, 2H), 8.15-8.15 (d, 1H); HRMS (ESI) 

calculated for C13H17N7O4S2Na [M+Na]+ 422.0681, found 422.0686. 

Compound B13d: Compound B13c (0.11g; 0.28 mmol) was added 3 mL 4M HCl in dry 1,4-

dioxane, and the reaction was stirred at room temperature for 2 h. The solvent was removed and 

the residue was washed with 1 mL chloroform, leaving the pure product 13d as a white solid 

(0.09 g; 97% yield), mp 145-147 °C. 1H NMR (CD3OD): 1.18-1.22 (m, 6H), 3.30-3.40 (q, 2H), 

3.60-3.70 (q, 2H), 4.80 (s, 2H), 5.26 (s, 2H), 8.03 (s, 1H); HRMS (ESI) calculated for 

C10H16N6O5SNa [M+Na]+ 355.0801, found 355.0802. 

Synthesis of compound B14:  Copper (II) bromide (4.46 g; 20 mmol) was ground and placed 

into a RB flask, ethyl acetate (10 mL) was added and the mixture was brought to boiling. 2‘, 6‘-

difluoroacetylphenone (1.72 g; 11 mmol) in 10 mL chloroform was added through the top of the 

condenser. The reaction started immediately and the mixture was refluxed for 30 min whereupon 

a large amount of amber precipitate formed and gas release ceased. The reaction mixture was 

cooled down, 10 mL H2O was added and stirred for 1 min. The precipitate was filtered and the 

filtrate was extracted with 30 mL ethyl acetate. The organic layer was washed with brine (2 x 20 

mL) and dried over anhydrous sodium sulfate. The drying agent was filtered off and the filtrate 

was concentrated to dryness to give compound B14 as a colorless oil (2.35g; 100% yield). 1H 

NMR (CDCl3): 4.39 (s, 2H), 6.95-7.05 (m, 2H), 7.42-7.55 (m, 1H). 

Synthesis of compound B15:  Compound B14 (2.35 g; 10 mmol) was dissolved in 30 mL 
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methanol and sodium borohydride (0.40 g; 10 mmol) was added at 0 °C in small portions. The 

reaction was then stirred for 1 h at 0 °C. Two milliliters of 12 N sulfuric acid and 10 mL water 

were added and the reaction was stirred for 2 min before the solvent was removed. The residue 

was dissolved in 40 mL ethyl acetate, and the organic solution was washed with 30 mL water. 

The organic layer was separated and dried over anhydrous sodium sulfate. The drying agent was 

filtered and the filtrate was pumped to dryness. The residue was dissolved in 10 mL DMF, and 

solid potassium carbonate (3.45 g; 25 mmol) was added. The resulting mixture was stirred at 

room temperature overnight. Water (15 mL) was added and the solution was extracted ethyl 

acetate (2 x 40 mL). The combined organic layers were washed with brine (2 x 30 mL) and dried 

over anhydrous sodium sulfate. The drying agent was filtered off and the filtrate was 

concentrated to give pure compound B15 (0.82 g; 53% yield) as a colorless oil. 1H NMR 

(CDCl3): 3.14-3.18 (m, 1H), 3.32-3.36 (m, 1H), 4.01-4.04 (m, 1H), 6.82-6.95 (m, 2H), 7.21-7.33 

(m, 1H).   

Synthesis of compound B16:  2-Acetylthiazole (1.27 g; 10 mmol) was dissolved in 8 mL 

glacial acetic acid, 33% HBr in acetic acid (2.5 mL; ~10 mmol) was added and the resulting 

mixture was placed in an ice-bath. Bromine (0.57 mL; 11 mmol) was added and then the reaction 

was allowed to warm to 70-75 °C for 2 h with stirring. The disappearance of reddish color 

indicated the reaction has completed. The reaction mixture was cooled to room temperature, and 

the precipitate was filtered and washed with 15 mL ethyl acetate. The filter cake was transferred 

into a round-bottom flask, 20 mL of water was added and pH was adjusted to ~ 10 using 6 N 

NaOH. The oily product was extracted with ethyl acetate (2 x 30 mL) and the combined organic 

layers were dried over anhydrous sodium sulfate. The drying agent was filtered and the filtrate 

was concentrated to dryness, yielding a pure compound B16 (1.63 g; 79% yield) as a reddish oil. 
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1H NMR (CDCl3): 4.73 (s, 2H), 7.78-7.80 (d, 1H), 8.05-8.07 (d, 1H). 

Compound B17 was prepared using the same procedure as compound B15. 

Compound B17:  oil (63% yield). 1H NMR (CDCl3): 3.01-3.05 (m, 1H), 3.24-3.28 (m, 1H), 

4.28-4.32 (m, 1H), 7.32-7.34 (d, 1H), 7.77-7.79 (d, 1H).   

 

4.4.2    Enzyme Assays and Inhibition Studies 

Human Neutrophil Proteinase 3 

 Twenty microliters of 32.0 mM 5, 5‘-dithio-bis( 2-nitrobenzoic acid) in dimethyl 

sulfoxide and 10 μL of 3.45 μM human proteinase 3 in 0.1 M phosphate buffer /pH 6.50 (final 

enzyme concentration: 34.5 nM) were added to a cuvette containing a solution of 940 μL 0.1 M 

HEPES buffer/0.5 M NaCl/pH 7.25, 10 μL 862.5 μM inhibitor in dimethyl sulfoxide (final 

inhibitor concentration:  8.62 μM) and 20 μL 12.98 mM Boc-Ala-Ala-NVa-SBzl (final substrate 

concentration:  259.6 μM) at 25 °C. The change in absorbance was monitored at 410 nM for 2 

minutes. A control (hydrolysis run) was also run under the same conditions by adding 5, 5‘-

dithio-bis( 2-nitrobenzoic acid) in dimethyl sulfoxide and 10 μL of 3.45 μM solution of human 

proteinase 3 in 0.1 M phosphate buffer/pH 6.50 (final enzyme concentration: 34.5 nM) to a 

cuvette containing a solution of  940 μL 0.1 M HEPES buffer/0.5 M NaCl/pH 7.25, 10 μL 

dimethyl sulfoxide and 20 μL 12.98 mM Boc-Ala-Ala-NVa-SBzl (final substrate concentration:  

259.6 μM). The change in absorbance was monitored at 410 nM for 2 minutes. The percent 

inhibition of Pr 3 was determined using % inhibition = (1-v/vo) x 100 and is the average of 

duplicate or triplicate determinations.   
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Human Neutrophil Elastase 

 Ten microliters of 7.0 μM human elastase in 0.05 mM sodium acetate buffer/0.5 M 

NaCl/pH 5.50 (final enzyme concentration: 70 nM) was added to a cuvette containing a solution 

of 970 μL 0.1 M HEPES buffer /0.5 M NaCl/pH 7.25, 10 μL of 3.5 mM solution of inhibitor in 

dimethyl sulfoxide (final inhibitor concentration: 35 μM) and 10 μL of 70 mM methoxysuccinyl-

Ala-Ala-Pro-Val p-nitroaniline (final substrate concentration: 700 μM) at 25 °C. The change in 

absorbance was monitored at 410 nM for 2 minutes. A control (hydrolysis run) was also run 

under the same conditions by adding 10 μL of a 7.0 μM solution of human elastase (final enzyme 

concentration: 70 nM) to a cuvette containing 970 μL 0.1 M HEPES buffer/0.5 M NaCl/pH 7.25, 

10 μL DMSO and 10 μL of 70 mM methoxysuccinyl-Ala-Ala-Pro-Val p-nitroaniline (final 

substrate concentration: 700 μM). The change in absorbance was monitored at 410 nM for 2 

minutes. The percent inhibition of HNE was determined using % inhibition = (1-v/vo) x 100 and 

is the average of duplicate or triplicate determinations.    

 

4.4.3    Computational Method 

    Molecular docking simulation was performed using the SURFLEX program [247]. The 

structure of Compound B13g was constructed in SYBYL [231] and was structurally optimized to 

default convergence thresholds using the Tripos Force Field [232] and Gasteiger–Marsili partial 

atomic charges [233]. A receptor model was prepared for Pr 3 using the 1FUJ crystal structure. 

This structure was protonated in SYBYL according to pH = 7.0 protonation states, stripped of all 

water molecules and bound ligands, and electrostatically represented with Gasteiger–Marsili 

charges. 
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4.4.4    X-ray Crystallography 

 A crystal was affixed to a nylon cryoloop using oil (Paratone-n, Exxon) and mounted in 

the cold stream of a Bruker Kappa-Apex-II area-detector diffractometer.  The temperature at the 

crystal was maintained at 150 K using a Cryostream 700EX low-temperature apparatus (Oxford 

Cryosystems).  The unit cell was determined from the setting angles of the reflections collected 

in 36 frames of data. Data were measured using graphite mono-chromated molybdenum Kα 

radiation (λ= 0.71073 Å) collimated to a 0.6 mm diameter and a CCD detector at a distance of 50 

mm from the crystal with a combination of phi and omega scans.  A scan width of 0.5 degrees 

and scan time of 10 seconds were employed.  Data collection, reduction, structure solution, and 

refinement were performed using the Bruker Apex2 suite (v2.0-2) [248].  All available 

reflections to 2θmax = 52° were harvested and corrected for Lorentz and polarization factors with 

Bruker SAINT (v6.45) [249].  Reflections were then corrected for absorption, interframe 

scaling, and other systematic errors with SADABS 2004/1 [250]. The structure was solved 

(direct methods) and refined (full-matrix least-squares against F2) with the Bruker SHELXTL 

package (v6.14-1) [251]. All non-hydrogen atoms were refined using anisotropic thermal 

parameters.  Hydrogen atoms were included at idealized positions and were not refined. 

Pertinent details are given in Table 4.5. 
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Table 4.5  X-ray Data Collection and Structure Solution Parameters for Compound B13a 

molecular formula C15H19ClN3O6S 
fw 398.87 
diffractometer Bruker Kappa Apex II 
radiation/λ, Ǻ Mo Kα/0.71073 
temp, K 150 
color, habit colorless, needle 
crystal system Monoclinic 
space group P21/n 
crystal size(mm3) 0.17 x 0.25 x 0.69 
a, Ǻ 10.2729(12) 
b, Ǻ 8.4972(9) 
c, Ǻ 41.227(5) 
β, deg 94.384(6) 
V, Ǻ3 3588.2(7) 
Z 8 
calcd density( g cm-1) 1.477 
octants collected ±h,±k,±l 
Max. h, k, l 12, 10, 50 

) 2.45-26.00 
µ, mm-1 0.359 
rflns/unique (Rint) 80192/7069 (0.0270) 
obs,[>2σ]/params 7069/473 
Robs, Rall 0.0326/0.0383 
GOF 1.083 
ρmax/ρmin, e Ǻ-3 0.333, -0.466 
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CHAPTER 5 

1,2,5-THIADIAZOLIDINE 1,1-DIOXIDE-BASED COPD-RELATED 
PROTEASE INHIBITORS 

5.1 Inhibitor Design Rationale 

 Mechanism-based inhibitors of serine proteases based on 1, 2, 5-thiadiazolidin-3-one 1, 1 

dioxide (structure (I), Figure 5.1) have demonstrated that these compounds are highly effective 

inhibitors of these enzymes. Both molecular simulation studies and X-ray crystallography studies 

suggested that the hydrophobic P1 residue nestled in the S1 pocket of HNE and the carbonyl 

group of the heterocyclic ring is attacked by the active site serine (Ser195) during the enzyme 

inactivation [217]. Based on these facts, we reasoned that replacement of the C=O group by a 

CH2 group would generate a 1,2,5-thiadiazolidine 1,1-dioxide  (cyclosulfamide) and transform 

(I) into a new class of non-covalent inhibitors (IV) (Figure 5.1) [252]. The non-covalent inhibitor 

IV is predicted to bind to the HNE enzyme in the similar fashion, but the absence of carbonyl 

group would result in simple competitive inhibition. More importantly, HNE and Pr 3 have very 

similar substrate specificity but exhibit significant differences in the S‘ subsites, specifically, the 

S‘ subsites of HNE are more hydrophobic whereas the S‘ subsites of Pr 3 are more polar. 

Therefore the variation of R of inhibitor IV could potentially be used to exploit the active sites of 

both HNE and Pr 3.  

N
S

N

O O

P1

R2
R

N S
N

O

O O

P1

R2
L

(I) (IV)  

Figure 5.1 Design of Non-Covalent Inhibitor (IV) 
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 A preliminary study of inhibitor IV using molecular modeling was first undertaken using 

AutoDock4. Considering the preferences of HNE and Pr 3, especially at S‘ subsites, two model 

compounds (shown in Figure 5.2 A, B) were docked into the HNE active site (pdb code: 1ppf) 

whereas two model compounds (shown in Figure 5.2 C, D) were docked into the Pr 3 active site 

(pdb code: 1fuj). The docking results are shown in Figure 5.3. Both non-covalent HNE inhibitor 

A and B bind to the HNE active site in similar fashion as the mechanism-based inhibitors A15 

and A16 (chapter 3), respectively (shown in Figure 5.3 A, B). Specifically, the hydrophobic 

isobutyl residue is nestled into the S1 pocket and the rest of the molecule was accommodated in 

the hydrophobic S‘ subsites. Although they bind slightly differently at S‘ subsites from the 

mechanism-based inhibitors, the binding scores are similar or higher than compounds A15, A16. 

For Pr 3, inhibitor II can take the full advantage of polar interactions of Pr 3 active sites because 

the substitution will not be cleaved off as the mechanism-based inhibitor I. Depending on the Pr 

3 S‘ subsite specificity, two more polar compounds C, D in Figure 5.2 were docked in Pr 3 active 

site and the docking results are shown in Figure 5.3 C, D. Clearly, both compounds make 

effective contacts with Pr 3 active site as following: a) both the isobutyl residues bind to the 

hydrophobic S1 pocket defined by Ile190, Phe192; b) for compound C, the heterocyclic 

sulfamide ring is positioned at the Pr 3 active site similarly as compound A and B, and the 

triazole with an amine group is oriented to either hydrogen binding to carboxylic acid group of 

Asp61 side chain or form even stronger ion-ion interaction with this carboxylic acid; c) unlike 

compound C, two heterocyclic rings of compound D are oriented to the S pockets driven by a 

hydrogen binding between acid oxygen and one NH of the Lys99 side chain amine group (an 

ion-ion interaction may be also possible in the charged state).     
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Figure 5.2 Predicted HNE/Pr 3 Non-covalent Inhibitors. Compound A, B are HNE inhibitors and 
compound C, D are Pr 3 inhibitors.  
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A 

 

B 

 
 

C 

 

D 

 
 
Figure 5.3 Non-covalent Inhibitors and HNE/Pr 3 Interactions. The structures are generated from 
molecular simulation using AutoDock4.  Ligands rendered as CPK-colored sticks.  Receptor surface 
colors correspond to: red = O, blue = polar N, cyan = polar O, light blue = amide NH, yellow = S, white = 
nonpolar. (A) compound A bound to the HNE active site, (B) compound B bound to the HNE active site, (C) 
compound C bound to the Pr 3 active site, (D) compound D bound to the Pr 3 active site. 
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5.2 Results and Discussion 

5.2.1 Synthesis 

 The synthesis of 1,2,5-Thiadiazolidine 1,1-Dioxide-based non-covalent inhibitors is 

outlined in Scheme 5.1. Treatment of (DL) norvaline methyl ester hydrochloride with 

benzaldehyde followed by sodium triacetoxyl-borohydride in the presence of acetic acid yielded 

compound C1. The reaction of compound C1 with freshly prepared tert-butyl 

chlorosulfonylcarbamate in the presence of TEA followed by reduction using lithium 

borohydride and Mitsunobu reaction with triphenylphosphine and diethyl azodicarboxylate 

(DEAD) yielded compound C4. The Boc protection was removed using TFA and N-

phenylthiomethyl group was introduced by N-alkylation with chloromethyl phenyl sulfide in the 

presence of sodium hydride to give compound C6. Treatment of compound C6 with sulfuryl 

chloride was expected to yield compound C8. Compound C8 is a very important intermediate 

that can be used to exploit the prime subsites of both HNE and Pr 3. For example, inhibitors 

using alkylation of C8 according to the HNE S‘ subsites preferences may potentially interact 

with HNE S‘ subsites. When the chlorine of C8 can be replaced by an azide, the resulting azide 

product can be transformed into a triazole product (Pr 3 prefers polar groups at S‘ subsites) by 

click chemistry method. A polar amino or carboxylic acid group can be functionalized on the 

triazole ring if a propargyl amine or propiolic acid is used in click chemistry reaction. 

Unfortunately, treatment of compound C6 with sulfuryl chloride yielded a complex mixture. 

Work up of this mixture and subsequent purification of the product by flash chromatography 

afforded a solid which did not exhibit the spectral characteristics of the expected N-chloromethyl 

compound C7. Instead, an unexpected dimeric product C8 was obtained. The characterization of 

this compound and a postulated mechanism of its formation are shown below.   
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Scheme 5.1 Synthesis of HNE/Pr 3 Non-covalent Inhibitors  

 

 The structure of product C7 was established on the basis of the following data: the 

molecular weight of the compound was determined by ESI-MS to be 549, corresponding to the 

molecular formula C27H40N4O4S2, which was in agreement with the elementary analysis of the 

product. The structure of C7 was established unambiguously via single crystal X-ray 

crystallography. An ORTEP [21] view (Figure 5.4) and X-ray crystal structure data (Table 5.1) 

are shown below [253].  
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Figure 5.4 ORTEP Drawing of Compound C8 Showing the 30% Thermal Ellipsoids. H atoms have 
been omitted for clarity. 
 

Table 5.1 Crystal Data and Structure Refinement Parameters for C8 
 

Empirical formula  C27 H40 N4 O4 S2 

Formula weight  548.75 
Temperature  150 K 
Diffractometer Bruker Kappa APEX II 
Radiation  Mo Kα, 0.71073 Å 
Crystal system  Monoclinic 
Space group  C2/c 
Unit cell dimensions a = 40.714(7) Å 
 b = 6.2300(9) Å 
 c = 27.774(4) Å 
 β= 124.547(9)° 
Volume 5802.5(16) Å3 

Z 8 
Density (calculated) 1.256 Mg/m3 

Absorption coefficient 0.222 mm-1 

F(000) 2352 
Crystal size 0.43 x 0.06 x 0.05 mm3 

Crystal habit Needle  
Crystal color colorless 

 2.04 to 26.00°. 
 -50<=h<=50 
Limiting indices -7<=k<=7 
 -34<=l<=34 
Reflections collected/unique 50861/5705 [R(int) = 0.4278] 
Completeness to θ = 26.00° 99.8 %  
Refinement method Full-matrix least-squares  on F2 

Data / restraints / parameters 5705 / 0 / 367 
Refinement threshold  
Data>threshold 1681 
Goodness-of-fit on F2 1.021 
Final R indices [I>2σ(I)] R1= 0.0896, wR2= 0.1829 
R indices (all data) R1= 0.3060, wR2= 0.3004 
Largest diff. peak and hole 0.491 and -0.400 e.Å-3 
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 A plausible mechanism depicting the formation of C7 is outlined in Figure 5.5, line (a), 

whereby initial formation of a chlorosulfonium salt proceeds further along two pathways: one 

leading to an iminium ion (A) [254], and the other leading to a sulfur ylide (B), probably favored 

by the high acidity of the methylene hydrogens in the moiety -N(SO2N-)CH2SClPh. This ylide 

subsequently undergoes rearrangement to α-chlorosulfide (C) in a process that is reminiscent of 

the Pummerer rearrangement [255,256]. When (C) dissociates into an ion pair (both ions are 

stabilized by resonance), anion (D) undergoes a Michael-type reaction with iminium ion (A) to 

afford the unusual dimeric product C7. The equilibrium leading to (A) will likely be more 

favorable for formation of (A) than (B), and hence more favorable for (A) than for (C) and (D). 

However, capture of (D) by (A) to produce C7 would shift the series of equilibria from (B) to (C) 

and (D), ultimately leading to C7. 

 It now becomes clear why such a dimeric product is not observed when the initial phenyl 

thiomethyl ether bears a carbonyl group at position 3 of the 1,2,5 –thiadiazolidine 1,1-dioxide 

ring, but merely affords the chloromethyl derivative upon treatment with sulfuryl chloride 

(Figure 5.5, line (b)). The presence of a C=O group adjacent to nitrogen located at position 2 

diminishes its nucleophilicity considerably (by virtue of being adjacent to a C=O group, as well 

as an SO2 group), rendering path (a) in Figure 5.5 inoperative and blocking the formation of a 

dimer.  
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Figure 5.5 Postulated Mechanism for the Formation of Compound C8 

 

5.3 Conclusions and Future Plans 

 The synthesis of desired inhibitor was unsuccessful due to the formation of dimeric 

compound C8.  In the future, non-covalent inhibitors using the same heterocyclic scaffold can 

be sequentially prepared by the following reaction from compound C6: an alkylation with 

methyl bromoacetate, followed by reduction with lithium borohydride and mesylation with 

methanesulfonyl chloride. The product can be used for alkylation as originally planned such as, 
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replacing with an azide to make the Pr 3 non-covalent inhibitors (Scheme 5.2). 
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Scheme 5.2 Proposed Synthesis of Non-covalent Inhibitors. 

 

5.4  Experimental 

General  

The 1H NMR spectra were recorded on a Varian XL-300 or XL-400 NMR spectrometer. Melting 

points were determined on a Mel-Temp apparatus and are uncorrected. IR spectra were taken 

with a FT-IR-Avatar 360 spectrometer. MS spectra were recorded with Varian-1200L mass 

spectrometer. Elemental analysis data were obtained from Columbia Analytical Services 

(Tucson, AZ). Reagents and solvents were purchased from various chemical suppliers (Aldrich, 

Acros rganics, TCI America, and Bachem). Silica gel (230-450 mesh) used for flash 

chromatography was purchased from Sorbent Technologies, Atlanta, GA. Thin layer 

chromatography was performed using Analtech silica gel plates. The TLC plates were visualized 

using iodine and/or UV light. 

 

Methyl 2-(benzylamino)-4-methylpentanoate C1: DL-Leucine methyl ester hydrochloride 

(43.6 g; 240 mmol) was suspended in 250 mL 1,2-dichloroethane, and then benzaldehyde (30.8 
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g; 270 mmol) and acetic acid (19.2 g; 320 mmol) were added, followed by sodium 

triacetoxyborohydride (71.2 g; 335 mmol). The reaction was stirred at R.T. overnight. The 

reaction mixture was adjusted to pH 10 using 20% sodium hydroxide, and then two layers were 

separated. The aqueous layer was extracted with 2×100 mL diethyl ether and the organic layers 

were combined and dried over anhydrous sodium sulfate.  Removal of solvent yielded a crude 

product, which was purified by flash chromatography (silica gel/ethyl acetate/hexanes) to give 

compound C1 as a colorless oil (27.0 g, 48.6% yield). ir (neat): 3333 (NH), 1735 (C=O) cm-1; 1H 

nmr (CDCl3): δ 0.88 (dd, 6H, 2CH3, J=6.6, 19.8 Hz), 1.48 (t, 2H, CH2, J=7.5 Hz), 3.31 (t, 1H, 

alpha-H, J=7.5 Hz), 3.71 (dd, 2H, CH2, J=12.9, 60 Hz), 3.72 (s, 3H, OCH3), 7.20-7.26 (m, 5H, 

phenyl protons); ms: m/z 258 (M++Na, 27%), 236 (M++1, 53%), 176 (M+-C(O)OCH3, 21%), 91 

(phCH2
+, 100%). Anal. Calcd. for C14H21NO2: C, 71.46; H, 8.99; N, 5.95. Found: C, 71.19; H, 

9.28; N, 5.94. 

Methyl 2-(benzyl(N-(tert-butoxycarbonyl)sulfamoyl)-amino)-4-methylpentanoate C2: A 

solution of N-chlorosulfonyl isocyanate (14.9 g; 103 mmol) in 130 mL dry methylene chloride 

cooled in an ice-bath was added dropwise a solution of t-butyl alcohol (7.72 g; 103 mmol) in 130 

mL dry methylene chloride with stirring. After 15 min stirring, the resulting solution was added 

dropwise to a solution of compound C1 (24.24 g; 103 mmol) and triethylamine (10.6 g; 103 

mmol) in 130 mL dry methylene chloride under an ice-bath. The ice-bath was removed after the 

addition and the reaction stirred at R.T. for 6 h. The reaction mixture was washed with150 mL 

brine and the organic layer was dried over anhydrous sodium sulfate. Removal of solvent yielded 

a crude product, which was purified by flash chromatography (silica gel/ethyl acetate/hexanes) to 

give compound C2 as a white solid (31.0 g, 72.6% yield), mp 95-96 oC. ir (KBr pellet): 3355 

(NH), 1740 (C=O) cm-1; 1H nmr (CDCl3): δ 0.68 (dd, 6H, 2CH3, J=6.0, 94.5 Hz), 1.40-1.60 (m, 
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3H, CH & CH2), 1.50 (s, 9H, t-Butyl protons), 3.70 (s, 3H, OCH3), 4.65 (t, 1H, alpha-H, J=7.5 

Hz), 4.71 (dd, 2H, CH2, J=16.5, 122.1 Hz, CH2), 7.25-7.45(m, 5H, phenyl protons); ms: m/z 437 

(M++Na, 100%), 381 (M+-OCH3, 19%), 258 (M+-SO2NHBoc+Na, 29%), 236 (M+-

SO2NHBoc+1, 46%), 91 (PhCH2
+, 19%). Anal. Calcd. for C19H30N2O6S: C, 55.05; H, 7.29; N, 

6.76. Found: C, 55.13; H, 7.03; N, 6.62. 

Tert-butyl N-benzyl-N-(1-hydroxy-4-methylpentan-2-yl)sulfamoylcarbamate C3: To a 

solution of compound C2 (27.21 g; 65.5 mmol) in 100 mL dry THF was added dropwise a 

solution of 2 M lithium borohydride in THF (32.8 mL; 65.6 mmol), followed by the dropwise 

addition of 197 mL absolute ethanol. The reaction mixture was stirred at R.T. overnight. The 

reaction mixture was cooled in an ice-bath and neutralized to pH 4 using 5% aqueous HCl 

solution, and then the solvent was completely removed. 250 mL water was added and extracted 

with 3×300 mL ethyl acetate. The combined organic extracts were dried over anhydrous sodium 

sulfate. Removal of solvent yielded a crude product, which was purified by flash 

chromatography (silica gel/ethyl acetate/hexanes) to give compound C3 as a white solid (22.0 g, 

86.7% yield), mp 107-109 oC. ir (KBr pellet): 3217 (OH), 1733 (C=O) cm-1; 1H nmr (CDCl3):  

δ 0.82 (dd, 6H, 2CH3, J=6.3, 38.4 Hz ), 1.05-1.35 (m, 2H, CH2), 1.48 (s, 9H, t-Butyl protons), 

1.56-1.65 (m, 1H, CH), 2.82 (t, 1H, OH, J=5.4 Hz), 3.55-3.70 (m, 2H, CH2), 4.03-4.17 (m, 1H, 

CH), 4.50 (dd, 2H, CH2, J=15.9, 29.7 Hz), 7.18-7.45(m, 5H, phenyl protons); ms: m/z 409 

(M++Na, 100%), 353 (M+-t-Butene+Na, 12%), 230 (M+-SO2NHBoc+Na, 35%), 91 (PhCH2
+, 

9%). Anal. Calcd. for C18H30N2O5S: C, 55.94; H, 7.82; N, 7.25. Found: C, 56.11; H, 8.12; N, 

7.18. 

Tert-butyl 5-benzyl-4-isobutyl-1,2,5-thiadiazolidine-2-carboxylate 1,1-dioxide C4: A 

solution of compound C3 (21.54 g; 55.7 mmol) in 170 mL dry THF was treated with triphenyl 
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phosphine (29.22 g; 111.4 mmol) and diethyl azodicarboxylate (DEAD, 19.4 g; 111.4 mmol) 

with stirring at R.T. for 4 h. Removal of the solvent left a crude product, which was purified by 

flash chromatography (silica gel/ethyl acetate/hexanes) to give compound C4 as a white solid 

(16.19 g, 79.0% yield), mp 81-82o. ir (KBr pellet): 1721 (C=O) cm-1; 1H nmr (CDCl3): δ 0.79 

(dd, 6H, 2CH3, J=6.3, 14.4 Hz), 1.35-1.60 (m, 3H, CH & CH2), 1.56 (s, 9H, t-Butyl protons), 

3.40-3.51 (m, 2H, CH2), 3.80-3.88 (m, 1H, CH), 4.29 (dd, 2H, CH2, J=15.3, 48.3 Hz), 7.30-7.41 

(m, 5H, phenyl protons); ms: m/z 391 (M++Na, 5%), 335 (M+- t-Butene +Na, 42%), 176 (M+-

CH2OH - SO2NHBoc, 35%), 91 (PhCH2
+, 100%). Anal. Calcd. for C18H28N2O4S: C, 58.67; H, 

7.66; N, 7.60. Found: C, 58.85; H, 7.75; N, 7.53. 

2-Benzyl-3-isobutyl-1,2,5-thiadiazolidine 1,1-dioxide C5: A solution of compound C4 (15.76 

g; 42.8 mmol) in 40 mL dry methylene chloride was treated with trifluoroacetic acid (140 mL) at 

R.T. for 3 h. Removal of the solvent left a crude product, which was purified by flash 

chromatography (silica gel/ethyl acetate/hexanes) to give compound C5 as a white solid (10.5 g, 

91.5% yield), mp 60-62o. ir (KBr pellet): 3225 (NH) cm-1; 1H NMR (CDCl3) δ 0.80 (dd, 6H, 

2CH3, J=6.3, 24.9 Hz), 1.38-1.58 (m, 3H, CH & CH2), 3.12-3.20 (m, 1H, one proton of CH2), 

3.40-3.50 (m, 1H, one proton of CH2), 3.50-3.60 (m, 1H, CH), 4.28(s, 1H, NH), 4.29 (dd, 2H, 

CH2, J=12.0, 45.6), 7.25-7.42 (m, 5H, phenyl protons); ms: m/z 291 (M++Na, 100%), 91 

(PhCH2
+, 20%). Anal. Calcd. for C13H20N2O2S: C, 58.18; H, 7.51; N, 10.44. Found: C, 58.09; H, 

7.42; N, 10.20. 

2-Benzyl-3-isobutyl-5-[(phenylsulfanyl)methyl]-1,2,5-thiadiazolidine 1,1-dioxide C6: A 

solution of compound C5 (0.97 g; 3.6 mmol) in 4 mL dry DMF was cooled in an ice-bath, and 

then sodium hydride (0.23 g; 60% w/w; 5.8 mmol) was added with stirring. 10 min later, 

chloromethyl phenyl sulfide (0.80 g; 5.0 mmol) was added. The reaction was allowed to warm to 
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room temperature and stirred for 2 h. DMF was removed by oil pump under 40 oC. The residue 

was dissolved in 30 mL ethyl acetate and washed with 2×20 mL brine, and then the organic layer 

was dried over anhydrous sodium sulfate. Removal of the solvent left a crude product, which 

was purified by flash chromatography (silica gel/ethyl acetate/hexanes) to give compound C6 as 

a colorless oil (1.18 g, 84.0% yield). 1H nmr (CDCl3): δ 0.75 (dd, 6H, 2CH3, J=6.0, 20.7 Hz), 

1.35-1.50 (m, 3H, CH & CH2), 2.95 (dd, 1H, one proton of CH2, J=7.2, 9.0 Hz),  3.32-3.43 (m, 

1H, CH), 3.65 (m, 1H), 3.65 (dd, 1H, one proton of CH2, J=7.2, 9.0 Hz), 4.38 (dd, 2H, CH2, 

J=7.8, 15.0 Hz), 4.45 (dd, 2H, CH2, J=13.8, 156.9 Hz), 7.23-7.53 (m, 10H, phenyl protons); ms: 

m/z 391 (M++1, 78%), 281 (M+-PhSH, 100%). Anal. Calcd. for C20H26N2O2S2: C, 61.50; H, 

6.71; N, 7.17. Found: C, 61.34; H, 7.04; N, 7.16. 

2,2'-Methylenebis(5-benzyl-4-isobutyl-1,2,5-thiadi-azolidine) 1,1,1’,1’-tetraoxide C7: A 

solution of compound C6 (1.18 g; 3.0 mmol) in 4 mL dry methylene chloride in an ice-bath was 

added a solution of sulfuryl chloride (0.82 g; 6.0 mmol) in 2 mL dry methylene chloride with 

stirring. The reaction was allowed to warm to R.T. and stirred for 2 h. The solvent was removed 

and the residue was purified by flash chromatography (silica gel/ethyl acetate/hexanes) to give 

compound C7 as a white solid (0.15 g, 18.2% yield), mp 127-128o. 1H nmr (CDCl3): δ 0.79 (dd, 

12H, 4CH3, J=6.3, 24.0Hz), 1.40-1.58 (m, 6H, 2CH & 2CH2), 3.25 (dd, 2H, two protons of 

2CH2, J=6.3, 9.6 Hz), 3.38-3.48 (m, 2H, 2CH), 3.72 (dd, 2H, two protons of 2CH2, J=6.9, 9.6 

Hz), 4.26 (dd, 4H, 2CH2, J=14.7, 62.1 Hz), 4.60 (s, 2H, bridge CH2), 7.25-7.41(m, 10H, phenyl 

protons); ms: m/z 549 (M++1, 76%), 281 (M+-5, 100%), 91 (PhCH2
+, 24%). Anal. Calcd. for 

C27H40N4O4S2: C, 59.09; H, 7.35; N, 10.21. Found: C, 59.54; H, 7.12; N, 10.26. 
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CHAPTER 6 

POTENTIAL WEST NILE VIRUS/DENGUE NS2B-NS3 PROTEASE INHIBITORS 
BASED ON THE 1-OXO-1, 2, 3, 4-TETRAHYDROISOQUINOLINE AND 1-OXO-1, 2-

DIHYDROISOQUINOLINE SCAFFOLDS 
 

6.1 Inhibitor Design Rationale 

 The biochemical rationale underlying the use of the 1-Oxo-1,2,3,4-tetrahydro-

isoquinoline scaffold in the design of serine protease inhibitors rested on the following 

considerations: (a) previous studies related to the steric course and specificity of α-

chymotrypsin-catalyzed reactions have shown that D-1-Oxo-1,2,3,4-tetrahydroisoquinoline 3-

carboxymethyl ester (Figure 6.1(V)) behaves as a relatively efficient substrate of the enzyme, 

indicating that the heterocyclic scaffold is capable of binding productively to the active site of 

the enzyme [257]; (b) WNV NS2B-NS3pro has a chymotrypsin-like fold and a prototypical 

catalytic triad, with the active site located at the interface of the N- and C-terminal lobes; (c) we 

reasoned that an entity such as (VI) (Figure 6.1) that embodied a recognition element (1-Oxo-1, 

2, 3, 4-tetrahydroisoquinoline scaffold) and a suitably-positioned serine trap may a function as a 

non-peptidyl transition state inhibitor of the viral protease (Figure 6.1(b)) [252]. Of particular 

interest were the α-ketoamide derivatives (structure (VI), Z = CONHR), since judicious changes 

in the nature of the R group could potentially lead to the exploitation of additional favorable 

binding interactions.  
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Figure 6.1 WNV/DENV NS2B-NS3 Protease Inhibitor Design. (a) Design of transition state 
inhibitors VI based on the 1-Oxo-1, 2, 3, 4-tetrahydroisoquinoline scaffold; (b) Postulated 
mechanism of action of VI. 

 

 

6.2 Results and Discussions 

6.2.1 Synthesis 

 The synthesis of inhibitor VI is shown in Scheme 6.1-6.3. The 1-Oxo-1,2,3,4-tetrahydro-

isoquinoline scaffold D2 was readily prepared via the treatment of (DL) phenylalanine methyl 

ester hydrochloride salt with chloromethyl chloroformate followed by cyclization with aluminum 

chloride. We initially set out to prepare aldehyde D3 from compound D2 (Scheme 6.1) since it 

would serve as a suitable intermediate for synthesizing the desired transition state inhibitors. 

Thus, when compound D2 was treated with diisobutylaluminium hydride (DIBAL) [258]  
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Scheme 6.1 Synthesis of 1-Oxo-1,2,3,4-Tetrahydro-Isoquinoline Scaffold 
 

only the starting material was recovered. An alternative method for making D3, also 

unsuccessful, involved the treatment of D2 with iodotrimethylsilane in methylene chloride to 

give the corresponding trimethylsilyl ether (RCOOSi(CH3)3) which was then treated with 

DIBAL, as described in the literature [259]. Lithium aluminum hydride reduction of ester D2 in 

the presence of diethylamine [260] failed to give D3 and gave instead the corresponding alcohol. 

A second approach toward the synthesis of D3 was pursued which involved reduction of D2 

(LiBH4/THF) to give alcohol D4 followed by treatment with pyridinium chlorochromate in 

methylene chloride [261]. NMR analysis of the complex reaction mixture showed the absence of 

any aldehyde, despite complete consumption of the starting alcohol. Swern oxidation of D4 

yielded a white solid the structure of which was established by X-ray crystallography to be that 
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of compound D5 (X-ray crystal structure is shown in Figure 6.2 and the crystal data and structure 

refinement parameters are listed in Table 6.1). 

 
Figure 6.2 Mercury Drawing of Compound D5. 

 
 

Table 6.1 Crystal Data And Structure Refinement Parameters for D5 
 

Empirical formula  C20 H20 N2 O5 Crystal size 0.33 x 0.14 x 0.05 mm3 

Formula weight  368.38 ection 3.51 to 26.00°. 
Temperature  296(2) K Index ranges -13<=h<=13 
Wavelength 0.71073 Å  -16<=k<=16 
Crystal system  Monoclinic  -15<=l<=15 
Space group  P2(1)/n Reflections collected /unique 30136 
Unit cell dimensions a = 11.0019(7) Å Independent reflections  3476 [R(int) = 0.0934] 
 b = 13.1759(8) Å Completeness to θ = 26.00° 99.8 %  
 c = 12.6798(8) Å Absorption correction None 
 α= 90° Max. and min. transmission 0.9953 and 0.9675 
 β= 105.731(4)° Refinement method Full-matrix least-squares on F2 

 γ= 90° Data / restraints / parameters 3476 / 0 / 252 
Volume 1769.22(19) Å3 Goodness-of-fit on F2 1.009 
Z 4 Final R indices [I>2σ(I)] R1= 0.0437, wR2 = 0.0946 
Density (calculated) 1.383 Mg/m3 R indices (all data) R1= 0.0869, wR2 = 0.1149 

Absorption coefficient 0.100 mm-1 Largest diff. peak and hole 0.200 and -0.223 e.Å-3 

F(000) 776   
 

It is evident that aldehyde D3 is formed which then dimerizes to D5 under the reaction 
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conditions.  Further attempts to generate variants of VI, such as the direct formation of VI with 

Z = heterocycle [262], were also unsuccessful and necessitated a change in strategy that entailed 

the solution-phase generation of a library of compounds based on the 1-Oxo-1, 2, 3, 4-

tetrahydroisoquinoline scaffold that could potentially function as reversible competitive 

inhibitors of the enzyme. Thus, the synthesis of compounds D7(a-f) proceeded uneventfully 

when aliphatic amines were used (Scheme 6.2 (a)), however, an alternative superior route was 

utilized in the synthesis of compounds D7(g-j) derived from aromatic amines (Scheme 6.2 (b)). 

A fairly diverse set of amine inputs (Table 6.2) was utilized for optimal space exploration. 

Inhibitors D7(a-j) are summarized in Table 6.3. 
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Scheme 6.2 Synthesis of Reversible Inhibitor VI 
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Table 6.2 Amine Inputs 
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6.2.2 Biochemical Studies 

 All the compounds were screened against WNV and DENV NS2B-NS3 proteases. With 

the exception of compound D7g (~25% inhibition at 50 µM inhibitor concentration), the rest of 

the compounds were devoid of any inhibitory activity against WNV and DENV NS2B-NS3 

protease, suggesting that these compounds do not engage in multiple binding interactions with 

the target enzyme. This series of compounds were inactive against a representative panel of 

serine proteases, including bovine α-chymotrypsin, human neutrophil elastase, cathepsin G, and 

human skin chymase [208,263]. Intriguingly, compounds D7f and D7h were found to inhibit 

bovine trypsin (42% and 22% inhibition, respectively, at a 50 µM inhibitor concentration). 

      The exploratory studies cited above suggested that the non-planar component in VI might 

be inimical to binding, consequently a focused library of compounds (D11c, D11f, D14a-c, D14f, 

D14j) was generated based on the 1-oxo-1, 2-dihydroisoquinoline scaffold and its bromo variant 
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using Scheme 6.3 (Table 6.2). Screening of these libraries resulted in the identification of a hit 

(compound D14j) that was a fair inhibitor of WNV protease (IC50 30 μM).  
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Scheme 6.3 Synthesis of 1-Oxo-1, 2-dihydroisoquinoline Based Inhibitors 
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Table 6.3 Summary of Inhibitors VI 
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6.2.3 Molecular Modeling Studies 

 The enzyme-inhibitor interactions between WNV NS2B-NS3 protease and the hit D14j 

were studied using AutoDock4 [230]. The binding of energy-minimized compound D14j to the 

active site of the enzyme is illustrated in Figure 6.3. The aromatic portion of the 

bromoisoquinoline moiety forms a π-stacking interaction with Tyr161 and engages in end-on 

hydrophobic interactions with Tyr150. The amide on the bromoisoquinoline group hydrogen 

bonds with the hydroxyl side chain of the catalytic Ser135, namely, the carbonyl oxygen on 

bromoisoquinoline serves as a hydrogen acceptor from the Ser135 proton and the amide proton 

serve as hydrogen bond donor to the Ser135 hydroxyl oxygen. The amide proton on the linker 

between the bromoisoquinoline and the (m-phenoxy)phenyl is predicted to hydrogen bond with 

the backbone carbonyl of Gly151. The first aromatic ring in the (m-phenoxy)phenyl group is 

solvent exposed and is not predicted to participate in any significant favorable interactions. 

However, the second aromatic ring interacts with the side chain of Val72, with the mildly 

hydrophobic β carbons of His51 and Asp75, and has an end-on hydrophobic interaction with 

Trp50.  Although the aromatic portion of the bromoisoquinoline moiety engages in π-stacking 

interactions and fits well within a very small cavity, it might be possible to improve the affinity 

for this cavity by noting that the end of the ring points toward highly polar species, such as the 

Asp129 side chain and the Tyr130 backbone. Furthermore,  the first aromatic ring in the (m-

phenoxy)phenyl component serves as a semi rigid spacer of ideal length for fostering the 

favorable interactions associated with the bromoisoquinoline ring and on the second aromatic 

ring in the m-phenoxy)phenyl component. Consequently, exploring other groups that maintain 

the same spacer distance and orientation may provide additional opportunities for affinity 

enhancement.  
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Figure 6.3 Predicted Binding of Energy-Minimized Compound D14j Docked to the Binding Site of 
WNV Protease. The enzyme surface is colored as follows: red polar O, blue = polar N, cyan = donatable 
H, white = mildly polar H/C, yellow = nonpolar H/C/S. 
 
 
 In summary, exploratory studies utilizing the 1-oxo-1, 2-dihydroisoquinoline scaffold 

have lead to the identification of an inhibitor of WNV protease suitable for further exploration.            

 
 
6.3 Experimental  
 
6.3.1      Synthesis    
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General 
 
 The 1H NMR spectra were recorded on a Varian XL-300 or XL-400 NMR spectrometer. 

A Gemini EM microplate spectrofluorometer (Molecular Devices Corporation, Sunnyvale, CA) 

was used in the enzyme assays and inhibition studies. Melting points were determined on a Mel-

Temp apparatus and are uncorrected. Reagents and solvents were purchased from various 

chemical suppliers (Aldrich, Acros Organics, TCI America, and Bachem). Silica gel (230-450 

mesh) used for flash chromatography was purchased from Sorbent Technologies, Atlanta, GA. 

Thin layer chromatography was performed using Analtech silica gel plates. The TLC plates were 

visualized using iodine and/or UV light. WNV NS2B-NS3 protease was expressed in E. coli as 

described for Dengue virus-2 protease [264] and was purified as previously described [265]. 

Boc-Gly-Lys-Arg-AMC was purchased from Bachem.   

Representative Synthesis 

(RS)-Methyl 2-isocyanato-3-phenylpropanoate D1: DL-phenylalanine methyl ester 

hydrochloride (13.6g; 63 mmol) was placed in a round bottom flask and pumped under high 

vacuum overnight. 1,4-Dioxane (150 mL) was then added, followed by trichloromethyl 

chloroformate (10.5 mL; 88.5 mmol).  The resulting mixture was refluxed gently overnight. The 

solvent was removed and the residue was distilled under reduced pressure to give the 

corresponding isocyanate D1 as a colorless oil (12.9 g, 99% yield). 1H NMR (CDCl3) δ 2.99-

3.08 (dd, 1H), 3.12-3.20 (dd, 1H), 3.81(s, 3H), 4.02-4.10 (q, 1H), 7.18-7.38 (m, 5H). 

(RS-)Methyl 1-oxo-1,2,3,4-tetrahydroisoquinoline-3-carboxylate D2: To a solution of 

compound D1 (12.9 g; 63 mmol) in dry methylene chloride (120 mL) was added AlCl3 (16.8 g; 

126 mmol) in small portions and the resulting mixture was refluxed for 2 h. The reaction mixture 

was allowed to cool to room temperature and then placed in an ice-water bath. Water (100 mL) 
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was slowly added and the mixture was stirred for 30 minutes. The two layers were separated and 

the organic layer was dried over anhydrous sodium sulfate. Removal of the solvent left a crude 

product which was purified by flash chromatography (silica gel/ ethyl acetate/ hexanes) to give 

compound D2 as a white solid (9.2 g; 71% yield), mp 98-100 oC. 1H NMR (CDCl3) δ 3.18-3.27 

(dd, 1H), 3.28-3.40 (dd, 1H), 3.80 (s, 3H), 4.40-4.46 (m, 1H), 6.65 (s, 1H), 7.20-7.52 (m, 3H), 

8.05-8.12 (d, 1H). 

(RS)-3-(Hydroxymethyl)-3,4-dihydroisoquinolin-1(2H)-one D4: To a solution of compound 

D2 (4.1g; 20.0 mmol) in dry THF (20 mL) was added dropwise a solution of 2M LiBH4 in THF 

(10 mL; 20.0 mmol), followed by the dropwise addition of 60 mL absolute ethanol. The reaction 

was stirred at room temperature overnight. The reaction mixture was cooled in an ice-bath and 

the pH was adjusted to 4 by adding 5% HCl. The solvent was removed and the residue was 

treated with water (60 mL) and extracted with ethyl acetate (3×50 mL). The combined organic 

extracts were dried over anhydrous sodium sulfate. Removal of the solvent left compound D4 as 

a colorless oil (3.2 g, 90% yield). 1H NMR (CDCl3):  δ 2.88-2.95 (d, 2H), 3.65-3.75 (dd, 1H), 

3.80-3.90 (dd, 1H), 3.85-3.96 (m, 1H), 7.20-7.48 (m, 4H), 8.02-8.05 (d, 1H). 

Dimeric compound D5: A solution of 2M oxalyl chloride in CH2Cl2 (2.75 mL, 5.5 mmol) and 

12 mL CH2Cl2 were placed in a 50-mL three-neck round bottom flask equipped with a 

thermometer, a CaCl2 drying tube and two pressure-equalizing dropping funnels containing 

DMSO (0.85 mL; 11 mmol) in 2.5 mL CH2Cl2 and compound D4 (0.88 g; 5 mmol) in 5 mL 

CH2Cl2 and 1 mL DMSO, respectively. The DMSO solution was added to the stirred oxalyl 

chloride solution at -50~-60 oC. After stirring for 2 minutes, the solution containing compound 

D4 was added over 5 minutes and the mixture was stirred for an additional 15 minutes. 

Triethylamine (3.5 mL; 25 mmol) was then added and the reaction mixture was stirred for 5 
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minutes and allowed to warm to room temperature for 3.5 h. Water (25 mL) was added and the 

two layers were separated. The aqueous layer was extracted once with CH2Cl2 (25 mL) and the 

combined organic extracts were washed with brine (25 mL) and dried over anhydrous sodium 

sulfate. Removal of the solvent left a crude product which was purified by flash chromatography 

(silica gel/ethyl acetate/hexanes) to give compound D5 (150 mg; 8% yield) as a white solid, mp 

154-156 oC. 1H NMR (DMSO-D6): δ 3.12-3.25 (dd, 2H), 3.38-3.50 (dd, 2H), 3.88-3.98 (t, 2H), 

4.08 (s, 2H), 5.48-5.55 (d, 2H), 7.30-7.42 (m, 4H), 7.50-7.60 (t, 2H), 7.79-7.83 (d, 2H). 

(RS)-1-oxo-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid D6: To a chilled solution of 

compound D2 (3.0 g; 14.7 mmol) in 30 mL THF was added 15 mL of 1 M lithium hydroxide and 

the reaction mixture was  stirred in an ice-bath for 30 minutes.  The solvent was removed on 

the rotary evaporator and the residue treated with water (30 mL). The solution was extracted 

once with 50 mL ethyl acetate. The aqueous solution was acidified to pH 2, yielding a white 

precipitate which was collected by suction filtration and air dried to yield a white solid D6 (2.1 g; 

75% yield), mp 224-226 oC. 1H NMR (CD3OD) δ 3.22-3.36 (dd, 1H), 3.38-3.45 (dd, 1H), 4.37-

4.42 (t, 1H), 7.30-7.55 (m, 3H), 7.95-8.00 (d, 1H). 

General synthetic procedure for amide D7(a-f) formation  

A solution of acid D6 (0.38 g; 2 mmol) in dry N, N-dimethylformamide (5 mL) was treated with 

1-[3-(dimethylamino) propyl]-3-ethylcarbodiimide hydrochloride (0.38 g; 2 mmol), followed by 

the appropriate amine (2 mmol). The reaction mixture was stirred at room temperature overnight. 

The solvent was removed in vacuo and ethyl acetate (50 mL) was added to the residue. The 

organic layer was washed with 5% aqueous HCl (2×10 mL), saturated aqueous NaHCO3 (2 × 10 

mL), and brine (10 mL). The organic layer was dried over anhydrous sodium sulfate, the solvent 

was removed on the rotovac, and the crude product was purified using flash chromatography 
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(silica gel/ethyl acetate/hexanes) to give the corresponding amide D7. 

Compound D7a: White solid (10% yield), mp 124-126 oC.  1H NMR (CDCl3) δ 2.60-2.72 (t, 

2H), 3.20-3.30 (dd, 1H), 3.25-3.55 (m, 3H), 3.72 (s, 3H), 4.20-4.25 (q, 1H), 6.52-6.72 (m, 3H), 

7.02-7.50 (m, 5H), 7.58-7.61 (d, 1H), 7.92-7.98 (d, 1H). 

Compound D7b: White solid (26% yield), mp 138-140 oC. 1H NMR (CD3OD) δ 2.28-2.52 (t, 

6H), 3.20-3.38 (m, 4H), 3.55-3.65 (t, 4H), 3.72(s, 3H), 4.22-4.30 (t, 1H), 7.22-7.55 (m, 3H), 

7.89-7.95 (d, 1H). 

Compound D7c: White solid (57% yield), mp 157-158 oC.  1H NMR (CDCl3) δ 3.25-3.35 (dd, 

1H), 3.40-3.46 (dd, 1H), 4.26-4.33 (m, 1H), 4.26-4.38 (dd, 1H), 4.40-4.52 (dd, 1H),  6.00-6.02 

(d, 1H), 6.22-6.24(t, 1H), 6.55 (s, 2H), 7.20-7.55 (m, 4H), 7.99-8.02 (d, 1H). 

Compound D7d: White solid (23% yield), mp 166-168 oC.  1H NMR (CDCl3) δ 3.10-3.22 (dd, 

1H), 3.28-3.40 (dd, 1H), 3.65-3.80 (dd, 1H), 3.85-4.00 (dd, 1H), 4.00-4.12(t, 1H), 4.12-4.20 (q, 

1H),  4.58 (s, 1H), 4.68 (s, 1H), 6.98-7.52 (m, 13H), 7.85-7.92 (d, 1H). 

Compound D7e: White solid (24% yield), mp 99-101oC. 1H NMR (CDCl3) δ 0.75-0.82 (t, 3H), 

1.09-1.20 (m, 2H), 1.30-1.41(m, 2H), 3.18-3.23 (m, 2H), 3.24-3.38 (dd, 1H), 3.38-3.52 (dd, 1H), 

4.22-4.30 (q, 1H), 6.62 (s, 1H),  7.20-7.60 (m, 4H), 7.95-8.00 (d, 1H). 

Compound D7f: White solid (20% yield), mp 165-167 oC.  1H NMR (CDCl3) δ 3.25-3.34 (dd, 

1H), 3.42-3.51(dd, 1H), 4.22-4.30 (t, 1H), 4.28-4.35 (dd, 1H), 4.40-4.47(dd, 1H), 6.82 (s, 1H), 

6.89-7.54 (m, 9H), 7.88-7.94 (d, 1H). 

General procedure for N-Boc/N-Cbz phenylalanine and aromatic amine coupling reactions. 

DL-N-Cbz-phenylalanine (or L-N-Boc-phenylalanine) (5 mmol) was dissolved in 10 mL DMF 

and 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (0.96 g; 5 mmol) was 
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added, followed by the appropriate aromatic amine (5.5 mmol). The resulting mixture was stirred 

at room temperature overnight. Removal of the solvent on the rotary evaporator left a residue 

which was dissolved in 50 mL ethyl acetate. The ethyl acetate solution was washed with 5% 

aqueous HCl (3 × 25 mL), saturated aqueous NaHCO3 (3×25 mL), and brine (25 mL). The 

organic layer was dried over anhydrous sodium sulfate and the solvent was removed on the 

rotovac to give pure product D8.  

Compound D8a: White solid (63% yield), mp 88-90 oC. 1H NMR (CDCl3) δ 1.4 (s, 9H), 3.05-

3.20 (m, 2H), 4.64-4.78 (m, 1H), 5.18 (s, 1H), 7.00-7.28 (m, 6H), 7.52-7.55 (d, 1H), 11.20 (s, 

1H). 

Compound D8b: White solid (48% yield), mp 145-147 oC. 1H NMR (CDCl3) δ  3.02-3.20 (m, 

2H), 4.45-4.56 (q, 1H), 5.05 (s, 2H), 5.50 (s, 1H), 5.92 (s,2H), 6.52-6.70 (dd, 2H), 7.03 (s, 1H), 

7.18-7.37 (m, 10H),7.55 (s, 1H). 

Compound D8c: White solid (87% yield), mp 200-202 oC.  1H NMR (CDCl3) δ 3.05-3.22 (m, 

6H), 3.80-3.90 (t, 4H), 4.45-4.56 (q, 1H), 5.08 (s, 2H), 5.48 (s, 1H), 6.78-6.82 (dd, 2H), 7.18-

7.38 (m, 12H), 7.40 (s, 1H). 

Compound D8d: White solid (100% yield), mp 132-134 oC.  1H NMR (CDCl3) δ 3.02-3.20 (m, 

2H), 4.45-4.58 (m, 1H), 5.05 (s, 2H), 5.48 (s, 1H), 6.37-6.42 (m, 1H), 6.70-6.75 (m, 1H), 6.98-

7.37 (m, 19H), 7.68 (s, 1H). 

Synthesis of compound D7g: Compound D8a (1.14 g; 3.28 mmol) was dissolved in 15 mL 

trifluoroacetic acid at room temperature. The reaction mixture was stirred for 30 minutes and the 

trifluoroacetic acid was removed under vacuum. Water (5 mL) was added and the pH was 

adjusted to 9 using a saturated solution of sodium carbonate. The free amine was extracted with 
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50 mL ethyl acetate and the organic layer was dried using anhydrous sodium sulfate. Removal of 

the solvent left a colorless oil (0.6 g; 74% yield). The oil was dissolved in 10 mL 1,4-dioxane, 

and trichloromethyl chloroformate (0.4 mL; 3.4 mmol) was added. The resulting mixture was 

stirred at room temperature overnight. Removal of the solvent under vacuum left a residue which 

was dissolved in methylene chloride (20 mL). Aluminum chloride (0.64 g; 4.8 mmol) was added 

and the resulting mixture was refluxed for 1h. The reaction mixture was allowed to cool to room 

temperature and water (10 mL) was slowly added. The mixture was stirred for 30 minutes and 

then transferred to a separatory funnel. The organic layer was washed with water (2×15 mL) and 

dried over anhydrous sodium sulfate. Removal of the solvent gave pure product D7g as a gray 

solid (50 mg; 6% yield), mp 202-204 oC. 1H NMR (CDCl3) δ 2.92-3.01 (dd, 1H), 3.40-3.49 (dd, 

1H), 4.40-4.48 (m, 1H), 5.58 (s, 1H), 7.20-7.38 (m, 6H), 7.76-7.78 (d, 1H). 

Representative procedure for the synthesis of compounds D7h-j: 

Compound D8b (1.0 g; 2.39 mmol) was dissolved in 50 mL ethyl acetate, then 10% 

palladium/carbon(0.33 g) wetted with 2 mL ethyl acetate was added. The mixture was placed on 

a Parr hydrogenator, 20 psi hydrogen gas was applied and the mixture was shaken for 3 h. The 

reaction mixture was gravity filtered and the filtrate was evaporated to give a brown oil (0.5g; 

74% yield). The oil was dissolved in 8 mL 1, 4-dioxane and trichloromethyl chloroformate (0.3 

mL; 2.5 mmol) was added. The resulting mixture was stirred at room temperature overnight. The 

solvent was removed under vacuum and the residue was taken up with methylene chloride (15 

mL). Aluminum chloride (0.48 g; 3.6 mmol) was added and the resulting mixture was refluxed 

for 1 h and allowed to cool to room temperature. After water (15 mL) was slowly added, the 

reaction mixture was stirred for 30 minutes and then transferred to a separatory funnel. The 

organic layer was washed with water (2×15 mL) and dried over anhydrous sodium sulfate. 



171 
 

Removal of the solvent left a crude product which was purified by flash chromatography (silica 

gel/ ethyl acetate/ hexanes) to give compound 7h as a white solid (120 mg; 16% yield), mp 120-2 

oC. 1H NMR (CDCl3) δ 3.02-3.22 (m, 2H), 4.35-4.40 (m, 1H), 5.95 (s, 2H), 6.50-6.59 (m, 2H), 

6.79-6.83 (d, 1H), 6.88 (s, 1H), 7.20-7.35 (m, 5H). 

Compound D7i: White solid (5% yield), mp 166-168 oC. 1H NMR (CDCl3) δ  3.01-3.35 (m, 

6H), 3.80-3.90 (t, 4H), 4.37-4.41(m, 1H), 6.04 (s, 1H), 6.89-6.95 (dd, 2H), 7.02-7.08 (dd, 2H), 

7.22-7.38 (m, 5H). 

Compound D7j: White solid (7% yield), mp 93-95 oC.  1H NMR(CDCl3) δ 3.02-3.10 (dd, 1H), 

3.24-3.30 (dd, 1H), 4.38-4.40 (m, 1H), 6.22 (s, 1H), 6.82-7.40 (m, 14H). 

Methyl 1-oxo-1,2-dihydroisoquinoline-3-carboxylate D9: To a solution of 1-Oxo-1,2,3,4-

tetrahydroisoquinoline 3-carboxy-methyl ester D2 (13.61g; 66 mmol) in 200 mL 1, 4-dioxane 

was added 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) (16.0g; 70.5 mmol) and then the 

mixture was refluxed overnight. After the reaction completion, the solvent was removed. The 

residue was taken up with 200 mL ethyl acetate and the organic layer was washed with 5% 

NaOH (2×50mL), and then dried over anhydrous sodium sulfate. The drying agent was filtered 

and the filtrate was evaporated. The crude product was purified using flash chromatography 

(silica gel/ethyl acetate/hexanes) to give compound D9 as a white solid (3.0 g; 22% yield),  mp 

154-155 oC. 1H NMR (CDCl3) δ 3.92 (s, 3H), 7.52-7.68 (m, 4H), 8.37-8.41 (m, 1H), 9.12 (s, 

1H).  

1-Oxo-1,2-dihydroisoquinoline-3-carboxylic acid D10. To a solution of ester D9 (5 mmol) in 

10 mL dioxane was added 1M lithium hydroxide (10 mL), and the reaction mixture was stirred at 

room temperature for 1 h. The solvent was removed on the rotary evaporator and the residue was 

treated with 20 mL water and acidified to pH 2, forming a precipitate. The precipitate was 
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collected by suction filtration and washed with 20 mL ethyl acetate to give the corresponding 

acid as a white solid (80% yield), mp 230-2. 1H NMR (DMSO-D6) δ 7.40 (s, 1H), 7.60-7.68 (t, 

1H), 7.75-7.83 (t, 1H), 7.83-7.88 (d, 1H), 8.20-8.25 (d, 1 H), 11.80 (s, 1H).  

Methyl 4-bromo-1-oxo-1,2-dihydroisoquinoline-3-carboxylate D12: To a solution of 1-Oxo-

1,2,3,4-tetrahydroisoquinoline 3-carboxy-methyl ester D2 (3.56 g; 17.4 mmol) in 175 mL 

methylene chloride were added N-bromosuccinimide (NBS) (6.26 g; 35.2 mmol) and benzyl 

peroxide (0.20 g; 0.8 mmol), and the reaction was refluxed for 24 h. The reaction was cooled 

down to room temperature and then washed with saturated NaHCO3 (3 x 80 mL) and brine (80 

mL). The organic layer was dried over anhydrous sodium sulfate. The drying agent was filtered 

and the filtrate was concentrated. The crude product was precipitated in 30 mL ethyl acetate and 

filtered, yielding compound D12 as a white solid (2.84 g; 57% yield), mp 186-187 oC. 1H NMR 

(CDCl3) δ 4.05 (s, 3H), 7.65-7.71 (t, 1H), 7.82-7.88 (t, 1H), 8.25-8.30 (d, 1H), 8.43-8.48 (d, 1H), 

9.45 (s, 1H).  

4-Bromo-1-oxo-1,2-dihydroisoquinoline-3-carboxylic acid D13 was obtained using the same 

procedure as D10. White solid (64% yield), mp >260 oC. 1H NMR (DMSO-D6) δ 7.65-7.73 (t, 

1H), 7.84-8.00 (m, 2H), 8.20-8.30 (d, 1H), 11.80 (s, 1H).  

General coupling reaction procedure for compounds D11c, D11f, D14a-c, D14f and D14j.  

A solution of compound D9 or D13 (2 mmol) in 5 mL dry N, N-dimethylformamide (DMF) was 

treated with 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDCI) (0.38 g; 2 

mmol), followed by the appropriate amine (2 mmol). The reaction mixture was stirred at room 

temperature overnight. The solvent was removed under vacuum and the residue was added ethyl 

acetate (30 mL). The organic layer was washed with 5% aqueous HCl (3×10 mL), saturated 

aqueous NaHCO3 (3×10 mL), and brine (10 mL). The organic layer was dried over anhydrous 
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sodium sulfate. The drying agent was filtered and the solvent was removed. The crude product 

was purified by flash chromatography (silica gel/ethyl acetate/hexanes) to give compound D11c, 

D11f, D14a-c, D14f or D14j. 

Compound D11c: White solid (10% yield), mp 138-140 oC. 1H NMR (DMSO-D6) δ 4.48 (s, 

2H), 6.34-6.36 (m, 1H), 6.60-6.62 (m, 1H), 7.35 (s, 1H), 7.57-7.80 (m, 4H), 8.20-8.24 (d, 1H).  

Compound D11f: White solid (15% yield), mp 189-191 oC. 1H NMR (CDCl3) δ 4.68-4.73 (d, 

2H), 7.20-8.08 (m, 10H), 10.88 (s, 1H).  

Compound D14a: White solid (18% yield), mp 175-177 oC. 1H NMR (CDCl3) δ 2.95-3.00 (t, 

2H), 3.82 (s, 3H), 3.80-3.86 (m, 2H), 6.80-6.89 (m, 3H), 7.23-7.30 (m, 1H), 7.60-7.67 (t, 1H), 

7.67 (s, 1H), 7.76-7.83 (t, 1H), 8.02-8.05 (d, 1H), 8.43-8.46 (d, 1H), 9.78 (s, 1H).  

Compound D14b: White solid (10% yield), mp 252-254 oC. 1H NMR (DMSO-D6) δ 3.05-3.15 

(m, 4H), 3.70-3.80 (m, 4H), 6.92-7.00 (d, 2H), 7.52-7.60 (d, 2H), 7.60-7.68 (m, 1H), 7.84-7.96 

(m, 2H), 8.23-8.28 (d, 1H), 10.82 (s, 1H), 12.17 (s, 1H).   

Compound D14c: White solid (15% yield), mp 197-199 oC. 1H NMR (CDCl3) δ 4.68-4.73 (d, 

2H), 6.37 (s, 2H), 7.41 (m, 1H), 7.60-7.68 (t, 1H), 7.74-7.82 (t, 1H), 8.00 (s, 1H), 8.02-8.08 (d, 

1H), 8.40-8.46 (d, 1H), 9.90 (s, 1H). 

Compound D14f: White solid (45% yield), mp 208-209 oC. 1H NMR (DMSO-D6) δ 4.45-4.52 

(d, 2H), 7.23-8.27 (m, 9H), 9.28-9.37 (t, 1H), 12.10 (s, 1H).  

Compound D14j: White solid (33% yield), mp 216-218 oC. 1H NMR (DMSO-D6) δ 6.78-8.42 

(m, 13H), 10.50 (s, 1H), 11.72 (s, 1H).  
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6.3.2  Biochemical Studies 

Protease assays [265]. All assays were performed in opaque 96-well plates. Reaction mixtures 

(100 µL/assay) contained 200 mM TRIS buffer, pH 9.5, 13.5 mM NaCl, 30% glycerol, 0.025 µM 

enzyme, and 100 µM Boc-Gly-Lys-Arg-7-AMC. Enzyme incubations were at 25 oC for 30 

minutes. The fluorescence of 7-amino-4-methyl coumarin (AMC) released from the cleavage of 

the substrate was monitored using excitation and emission wavelengths of 385 nm and 465 nm, 

respectively.  

Protease inhibitor assays [265]. The protease inhibitor assays contained 200 mM TRIS buffer, 

pH 9.5, 13.5 mM NaCl, 30% glycerol, 0.025 µM enzyme (2.5 pmol), 100 µM Boc-Gly-Lys-Arg-

7-AMC and 50 µM inhibitor. The inhibitors were dissolved in DMSO and diluted in assay buffer. 

The DMSO concentration in the assay mix was maintained at 1%, including in the no-inhibitor 

control. The assay mixtures containing WNV protease with an inhibitor (or without the inhibitor 

as a control) were pre-incubated at room temperature for fifteen minutes. An aliquot of the 

substrate (100 µM) was added and the incubation continued for an additional fifteen minutes. 

Fluorescence values were obtained using excitation and emission wavelengths of 385 nm and 

465 nm, respectively. The percent inhibition of protease activity was determined using Microsoft 

Excel. 

 

6.3.3  Molecular Modeling Studies 

 Molecular docking simulations were performed via the AutoDock4 program [230]. 

Compound D14j was constructed in SYBYL8.0 [231] and  structurally optimized to default 

convergence thresholds using the Tripos Force Field [232] and Gasteiger-Marsili partial atomic 
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charges [28]. The active site model for WNV protease was prepared using the 2FP7 [195]. The 

structure was protonated in SYBYL8.0, stripped of all water molecules and bound ligands, and 

electrostatically represented with Gasteiger-Marsili charges. AutoDock simulations were 

performed using the Lamarckian Genetic Algorithms (GA) subroutine at default settings for GA 

population size, cross-over rate and mutation rate, and starting with fully-randomized ligand 

position, orientation and conformation. One hundred GA runs were performed for the ligand-

enzyme pair.       
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CHAPTER 7 
 

WEST NILE VIRUS/DENGUE VIRUS NS2B-NS3 PROTEASE INHIBITORS BASED ON 
THE 2-MERCAPTOQUINAZOLIN-4(3H)-ONE SCAFFOLD 

 
 
7.1 Inhibitor Design Rationale 

 The design of 2-mercaptoquinazolin-4(3H)-one scaffold-derived inhibitors for West Nile 

virus and Dengue virus NS2B-NS3 proteases is based on the following considerations: 1) 

inhibitor D14j showed weak inhibition towards  WNV NS2B-NS3 protease (Figure 7.1); 2) 

molecular modeling studies revealed that inhibitor D14j forms multiply interactions with the 

active site of WNV NS2B-NS3 protease including hydrogen bonding, π-stacking and 

hydrophobic interactions (the specific interactions are shown in 6.2.3); 3) molecular modeling 

studies also suggested that the second aromatic ring in the (m-phenoxy)phenyl component serves 

as a semi rigid linker of two aromatic rings which fit into two separated binding pockets and that 

the replacement of the terminal phenyl ring with a polar aromatic ring would enhance the 

binding affinity. Consequently, a similar but more synthetically tractable template, 2-

mercaptoquinazolin-4(3H)-one, was used to couple with a set of structurally diverse and polar 

amines through a short amide linker (structure VII, Figure 7.1). A similar strategy, in terms of 

increasing inhibitor polarity, was employed including: 1) coupling reaction with sulfonamide 

could introduce two potential hydrogen bonding acceptor sulfonyl oxygens to the inhibitor VII; 

2) the replacement of the middle phenyl ring with a triazole ring may result in extra hydrogen 

bonding without losing the hydrophobic interactions between the inhibitor aromatic ring and the 

pocket defined by Val72 and Trp50. Although the X-ray crystal structure of the DENV NS2B-

NS3 protease-inhibitor complex has not reported, the high homology and X-ray crystal structures 

of both protease-cofactor complexes have shown a high similarity in their active sites. Therefore, 
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we reasoned that inhibitor VII that incorporates two polar aromatic rings via a short flexible 

spacer would be favorable for binding both NS2B-NS3 protease active sites. Compared to the 

reported peptide-based WNV NS2B-NS3 protease inhibitors, inhibitor VII is more chemically 

robust and drug-like and, consequently more capable in providing good pharmacokinetics and 

bioavailability.    
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Figure 7.1 Design of Non-Covalent Inhibitors 

 

7.2 Results and Discussions 

7.2.1 Synthesis 

 The synthesis of inhibitor VII is shown in Scheme 7.1. The key intermediate E2 was 

readily prepared by treatment of 2-mercaptoquinazolin-4(3H)-one with tert-butyl bromoacetate 

in the presence of TEA followed by the removal of Boc with TFA. The acid E2 was then coupled 

with a range of structurally diverse amines, sulfonamides and carbazate, yielding compound 

E3(a-i) and E4. Removal of Boc protection for E4 afforded compound E5. The triazole 

compounds E7(a-c) were initially planned to functionalize an alkyne group on the sulfur atom of 

2-mercaptoquinazolin-4(3H)-one either by alkylation with propargyl bromide or Mitsunobu  

reaction with propargyl alcohol, however both reactions failed to give the desired alkyne product. 

Therefore triazoles E6a-c were first prepared using propargyl chloride and appropriate azides 

(shown in Scheme 7.1 b, azides were obtained in chapter 4), and the resulting triazole 
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intermediates E6a-c are listed in Table 7.1. Finally, 2-mercaptoquinazolin-4(3H)-one was 

alkylated with E6a-c to give the desired products E7a-c. A summary of 2-mercaptoquinazolin-

4(3H)-one based inhibitors are listed in Table 7.2.  
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Scheme 7.1 Synthesis of WNV/DENV NS2B-NS3 Inhibitors 
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Table 7.1 Chloromethyl Triazole Inputs 
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Table 7.2 2-Mercaptoquinazolin-4(3H)-One Scaffold Based Inhibitors 
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7.2.2 Biological Studies 

 All the inhibitors were screened against WNV and DENV NS2B-NS3 proteases at 50 µM 

concentration with Boc-Gly-Lys-Arg-7-AMC as the substrate. All the compounds with greater 

than 20% percent inhibition against WNV NS2B-NS3 protease are shown in Figure 7.2 (Left) 

whereas their percent inhibition against DENV NS2B-NS3 protease are shown in Figure 7.2 

(Right). As expected, all the amide compounds except for E3c showed apparent inhibition 

against WNV NS2B-NS3 protease. Of these amide compounds, E3d, E3e, E3g showed greater 

than 40% inhibition, indicating approximate IC50 of 50-100 µM. The triazole compound E7a was 

found the similar activity as E3e, but the sulfonamides were devoid of any inhibitory activity 

against WNV NS2B-NS3 protease possibly due to the large size of sulfonyl group. Within these 

four most active compounds for WNV protease, two of them (E3d, E3e) were found to inhibit 

DENV NS2B-NS3 protease with about 40-50% when a 50 µM of inhibitor was used, and the  
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Figure 7.2 Percent Inhibition of Selected Inhibitor E3 and E7 against WNV and DENV NS2B-NNS3 
Proteases  
 

IC50 of E3e was found as 89 µM. The fact that many hits have been found in a fairly small library 
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suggests that variation of the spacer and introduction of more polar groups into inhibitor VII can 

enhance the inhibitory activity against both WNV and DENV NS2B-NS3 proteases.  

 

7.2.3 Computational Studies 

 The four most active compounds E3d, E3e, E3g and E7a were docked into WNV NS2B-

NS3 protease active site (pdb code: 2fp7) [195] and the docking results are shown in Figure 7.3. 

From the X-ray crystal structure of enzyme-inhibitor complex, the tetra-peptide aldehyde 

inhibitor was folded in a shape which extends its three basic residues to acidic residues of 

enzyme, affording strong binding affinity (shown in Figure 7.3 E). Interestingly, all four 

compounds E3d, E3e, E3g and E7a bind to the center of the ―3-star shape‖ active site with the 

aromatic terminals occupying two of the three pockets. Of which, the heterocyclic ring of 

compound E3d binds to the same pocket of active site as D14j, a sulfur atom and flexible 6-

member ring allowed the molecule to fit into a relatively shallow and hydrophobic pocket and a 

hydrogen bond between the NH hydrogen of heterocyclic ring and Ser135 amide oxygen. The 

rest of the three compounds bind to the active site in a similar fashion with the heterocyclic ring 

nestled in the most polar pocket and these molecules are stretched between two polar pockets. 

The amide NHs next to the aromatic rings of E3e and E3g are donating H to the amide oxygen 

of Gly151 whereas compound E7a uses the NH on the heterocyclic ring to form a hydrogen 

bond. The terminal phenyl rings bind to the opposite pocket either by π-stacking or hydrophobic 

interactions. It is clear that a strategy employing two polar aromatic rings linked by a flexible 

spacer does deliver WNV NS2B-NS3 protease inhibitors. Apparently, the introduction of another 

appropriate component to inhibitor VII, resulting an inhibitor occupying all three pockets like 

the aldehyde inhibitor, could potentially enhance the potency significantly.  
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 As mentioned in Chapter 1, NS2B-NS3 proteases have two conformations, a productive 

and an unproductive conformation. The X-ray crystal structures of WNV NS2B-NS3 protease 

and inhibitor bound complexes (assuming at productive conformation) have been solved and 

employed here. Unfortunately, the X-ray crystal structure of enzyme-inhibitor of DENV NS2B-

NS3 protease has not been reported thus. In the unproductive conformation of DENV NS2B-NS3 

protease, the C-terminus of the cofactor NS2B which forms part of the active site, especially 

contributing the ion-ion interaction for P2 residue, is separated from NS3 protease. The P2 

residue prefers a basic side chain as suggested by the substrate, however, compound E3d and 

E3e are predicted to bind to the active site using dipole-dipole interactions with the relatively 

polar pocket instead of ion-ion interactions with deprotonated carboxylic acid. Therefore, the 

unproductive conformation of DENV NS2B-NS3 protease was used for molecular docking with 

compounds E3d and E3e. The entire active site is Y-shaped with one shallow pocket isolated by 

a narrow valley and the other two pockets accommodating fairly linear structures. It appears that 

the sandwich pocket defined by Pro132 and Leu128 forms a strong hydrophobic interaction with 

the terminal phenyl ring for both compounds. The heterocyclic ring of compound E3d is 

positioned in the largest pocket with the NH on the ring hydrogen bonding to back bond oxygen 

of Ile36. Compound E3e is able to bend across the valley and the heterocyclic ring is interacting 

with the polar part of the pocket. It is possible that the isolation of two aromatic rings by a 

narrow and rigid valley limits the flexibility of the spacer, making the entire molecule more rigid, 

and therefore minimizes the entropy loss. Similarly, a three-branched molecule which can fit all 

three pockets maybe a promising and potent inhibitor of DENV NS2B-NS3 protease.  
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Figure 7.3 Predicted Binding of Energy-
Minimized Compounds Docked to the Binding 
Site of WNV NS2B-NS3 Protease. (A) Compound 
E3d bound to the active site; (B) Compound E3e 
bound to the active site; (C) Compound E3g bound 
to the active site; (D) Compound E7a bound to the 
active site; (E) Enzyme-inhibitor complex 
(aldehyde inhibitor: Bz-Nle-Lys-Arg-Arg-H). 
Ligands rendered as CPK-colored sticks.  
Receptor surface colors correspond to: red = O, 
blue = polar N, cyan = polar O, light blue = amide 
NH, yellow = S, white = nonpolar. 
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Figure 7.4 Predicted Binding of Energy-Minimized Compounds Docked to the Binding Site of DENV 
NS2B-NS3 Protease. Left: compound E3d bound to the active site; Right: compound E3e bound to the 
active site. Ligands rendered as CPK-colored sticks.  Receptor surface colors correspond to: red = O, blue 
= polar N, cyan = polar O, light blue = amide NH, yellow = S, white = nonpolar. 
 

7.3 Conclusions 

 A small focused library was synthesized and some of the compounds showed good 

inhibitory activity against both WNV and DENV NS2B-NS3 proteases. The initial hypothesis 

proved to be successful and the computational studies with compounds E3d and E3e suggested 

that additional polar interactions could potentially enhance the potency. The introduction of a 

third component to inhibitor VII is currently in progress and the preliminary results agree with 

the prediction. All of the compounds are chemically robust and are non-peptide inhibitors, which 

are likely to have good pharmacokinetics and oral bioavailability.  

  

7.4 Experimental 

7.4.1 Synthesis 

General 
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 The 1H NMR spectra were recorded on a Varian XL-300 or XL-400 NMR spectrometer. 

A Gemini EM microplate spectrofluorometer (Molecular Devices Corporation, Sunnyvale, CA) 

was used in the enzyme assays and inhibition studies. Melting points were determined on a Mel-

Temp apparatus and are uncorrected. Reagents and solvents were purchased from various 

chemical suppliers (Aldrich, Acros Organics, TCI America, and Bachem). Silica gel (230-450 

mesh) used for flash chromatography was purchased from Sorbent Technologies, Atlanta, GA. 

Thin layer chromatography was performed using Analtech silica gel plates. The TLC plates were 

visualized using iodine and/or UV light. WNV and DENV NS2B-NS3 proteases were expressed 

in E. coli as described for Dengue virus-2 protease [264] and purified as previously described 

[265]. Boc-Gly-Lys-Arg-7-AMC was purchased from Bachem.   

Representative synthesis 

Methyl 2-(4-oxo-3,4-dihydroquinazolin-2-ylthio)acetate E1: To a solution of 2-Mercapto-

4(3H)-quinazoline (8.91 g; 50 mmol) and tert-butyl bromoacetate (9.75 g; 50 mmol) in 150 mL 

acetonitrile was added triethylamine (12.1 g; 120 mmol). The resulting reaction mixture was 

refluxed for 20 h. The solvent was removed and the residue was taken up with 250 mL ethyl 

acetate and 150 mL water. The un-dissolved white precipitate was filtered and the organic layer 

was washed with additional 150 mL water. The organic layer was then dried over anhydrous 

sodium sulfate and the drying agent was filtered. The residue after the evaporation by vacuum 

evaporator was combined with the previous precipitate to give fairly pure E1 as a white solid 

(14.6 g; 100% yield) m.p. 168-170 °C. 1H NMR (CDCl3) δ 1.43 (s, 9H), 3.96 (s, 2H), 7.28-7.45 

(m, 2H), 7.69-7.80 (t, 1H), 8.01-8.04 (d, 1H), 12.75 (bs, 1H).  

2-(4-Oxo-3,4-dihydroquinazolin-2-ylthio)acetic acid E2: Compound E1 (14.6 g; 50 mmol) 

was placed in a 250 ml RB flask and 100 ml trifluoroacetic acid was added at room temperature. 
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The reaction was stirred for 4 h before trifluoroacetic acid was removed under vacuum. To the 

residue was added 400 ml water and cooled in an ice-water bath, forming a precipitate which 

was collected using vacuum filtration. The filtered cake was then dissolved using 250 ml 10% 

NaOH and the aqueous solution was extracted with 3×150 ml ethyl acetate. Then the aqueous 

solution was acidified to pH 2 using 6 N HCl under an ice-water bath. The precipitate from this 

acidic solution was filtered, yielding pure compound E2 as a yellow solid (9.45 g; 80%) m.p. 

209-211 °C. 1H NMR (DMSO-D6) δ 4.036 (s, 2H), 7.40-7.48 (m, 2H), 7.72-7.80 (t, 1H), 8.00-

8.05 (d, 1H), 12.72 (s, 1H).  

Representative synthesis of compound E3a-g: 

Compound E3a: A solution of acid E2 (0.47 g; 2 mmol) in 6 ml DMF was added EDCI (0.46 g; 

2.4 mmol). Fifteen minutes later, 4-fluorobenzylamine (0.28 g; 2.2 mmol) was added and the 

resulting reaction mixture was stirred overnight. The solvent was removed and the residue was 

treated with 50 ml of water, forming a precipitate which was filtered and air dried to give 

compound E3a as a white solid (0.27 g; 39% yield) m.p. 213-215 °C. 1H NMR (DMSO-D6) δ 

3.98 (s, 2H), 4.26 (s, 2H), 6.92-7.08 (m, 2H), 7.24-7.35 (m, 2H), 7.35-7.50 (m, 2H), 7.65-7.80 

(m, 2H), 8.02-8.07 (d, 1H).   

Compound E3b: Yellow solid (77% yield) m.p. 226-228 °C. 1H NMR (DMSO-D6) δ 3.99 (s, 

2H), 4.33-4.38 (d, 2H), 7.18-7.23 (m, 1H), 7.38-7.45 (m, 2H), 7.60-7.66 (d, 1H), 7.68-7.79 (t, 

1H), 8.00-8.05 (d, 1H), 8.38-8.42 (d, 1H), 8.46 (s, 1H), 8.77-8.83 (t, 1H).  

Compound E3c: White solid (65% yield) m.p. 206-208 °C. 1H NMR (DMSO-D6) δ 4.00 (s, 

2H), 4.29-4.33 (d, 2H), 6.22-6.24 (d, 1H), 6.37-6.39 (d, 1H), 7.39-7.47 (m, 2H), 7.56-7.57 (m, 

1H), 7.73-7.80 (t, 1H), 8.00-8.03 (d, 1H), 8.96-8.75 (t, 1H), 12.63 (bs, 1H).   

Compound E3d: White solid (65% yield) m.p. 193-195 °C. 1H NMR (DMSO-D6) δ 1.37-1.51 
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(m, 2H), 1.65-1.76 (m, 2H), 1.94-2.08 (m, 2H), 2.65-2.76 (m, 2H), 3.33 (s, 2H), 3.41 (s, 1H), 

3.92 (s, 2H), 7.20-7.52 (m, 7H), 7.69-7.80 (m, 1H), 8.00-8.05 (d, 1H). 8.20-8.23 (d, 1H). 

Compound E3e: Yellow solid (23% yield) m.p. 217-219 °C. 1H NMR (DMSO-D6) δ 4.66 (s, 

2H), 6.16-6.39 (m 1H), 6.96-7.18 (m, 3H), 7.31-7.60 (m, 5H), 7.72-7.82 (m, 2H), 8.00-8.16 (dd, 

2H), 9.43-9.48 (d, 1H).   

Compound E3f: Yellow solid (27% yield) m.p. 153-155 °C. 1H NMR (DMSO-D6) δ 4.67 (s, 

2H), 5.98 (s, 2H), 6.68-7.02 (m, 2H), 7.39-7.58 (m, 3H), 7.72-7.80 (m, 2H), 8.00-8.15 (m, 2H).  

Compound E3g: Pink solid (75% yield) m.p. 194-196 °C. 1H NMR (DMSO-D6) δ 4.35 (s, 2H), 

7.29-7.60 (m, 4H), 7.60-7.81 (m, 2H), 7.89-8.04 (m, 2H), 12.84 (s, 1H). 

Representative synthesis of compound E3h-i: 

Compound E3h: To acid E2 (0.47 g; 2 mmol) in dry THF (6 ml) was added dropwise a solution 

of CDI (0.34 g; 2 mmol) in dry THF (4 ml) at room temperature. The reaction mixture was 

stirred for 30 min and then refluxed for 30 min. 4-Chlorobenzene sulfonamide (0.38 g; 2 mmol) 

was added in one portion to the above solution when it was cooled to room temperature. 10 min 

later, a solution of DBU (0.30 g; 2 mmol) in dry THF (2 ml) was added dropwise to the above 

reaction mixture. The reaction was stirred at room temperature overnight. The solvent was 

removed and the residue was taken up with 20 ml ethyl acetate and 20 ml water. The aqueous 

layer was acidified to pH 3 after separation and the precipitate formed was collected using 

vacuum filtration, yielding the pure product E3h as an orange solid (0.30 g; 38% yield) m.p. 

164-166 °C. 1H NMR (DMSO-D6) δ 4.68 (s, 2H), 7.40-7.50 (m, 3H), 7.63-7.78 (m, 2H), 7.91-

7.96 (m, 1H), 8.00-8.05 (d, 1H), 8.18-8.23 (d, 1H), 9.53-9.55 (d, 1H).  

Compound E3i: Yellow solid (42% yield) m.p. 156-158 °C. 1H NMR (DMSO-D6) δ 4.71 (s, 

2H), 7.38-7.53 (m, 2H), 7.62-7.80 (m, 3H), 7.89-7.97 (t, 1H), 8.00-8.05 (d, 1H), 8.18-8.23 (d, 
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1H), 9.53-9.56 (d, 1H), 14.22 (bs, 1H).  

Tert-butyl 2-(2-(4-oxo-3,4-dihydroquinazolin-2-ylthio)acetyl)hydrazinecarboxylate E4: A 

solution of acid E2 (0.47 g; 2 mmol) in 6 ml THF and 3 ml DMF was added isobutyl 

chloroformate (0.28 g; 2.2 mmol) and N-methyl morpholine (NMM) (0.24 ml; 2.4 mmol) at 0 

°C. 5 min later, tert-butyl carbazate (0.26 g; 2 mmol) was added and the resulting reaction 

mixture was stirred at 0 °C for 0.5 h and then room temperature for 2 h. The solvent was 

removed and the residue was stirred in a mixed solvent containing 20 ml ethyl acetate and 30 ml 

water for 20 min. The precipitate was filtered and air dried to give compound E4 as a white solid 

(0.45 g; 64% yield) m.p. >260 °C. 1H NMR (DMSO-D6) δ 1.42 (s, 9H), 3.98 (s, 2H), 7.33-7.42 

(t, 1H), 7.58-7.63 (d, 1H), 7.65-7.75 (t, 1H), 8.08-8.12 (d, 1H), 8.35 (s, 1H), 9.80 (s, 1H), 12.56 

(s, 1H).   

2-(4-Oxo-3,4-dihydroquinazolin-2-ylthio)acetohydrazide E5: To compound E4 (0.38 g; 1.1 

mmol) was added 6 ml trifluoroacetic acid at room temperature and the reaction was stirred for 1 

h. Trifluoroacetic acid was removed and the residue was treated with 5 ml water, forming a 

precipitate. The precipitate was filtered and air dried to give compound E5 as a green solid (0.14 

g; 51% yield) m.p. 214-216 °C. 1H NMR (DMSO-D6) δ 4.03 (s, 1H), 7.40-7.48 (t, 1H), 7.48-7.58 

(d, 1H), 7.72-7.80 (t, 1H), 8.00-8.08 (d, 1H), 10.42 (s, 1H), 12.76 (s, 1H).  

Representative synthesis of compound E6a-c: 

4-(Chloromethyl)-1-(4-methoxybenzyl)-1H-1,2,3-triazole E6a: Propargyl chloride (0.74 g; 10 

mmol) and 3-fluorobenzyl azide (1.51 g; 10 mmol) were dissolved in 10 ml t-butanol and 10 ml 

water, then sodium ascorbate (0.20 g; 1.0 mmol) and copper(II) sulfate pentahydrate (0.025 g; 

0.01 mmol) were added. The resulting reaction mixture was stirred at room temperature for 24 h. 

The solvent was removed and the residue was taken up with 30 ml ethyl acetate and 20 ml water. 
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The insoluble impurity was filtered and the separated organic layer was washed with 20 ml 

saturated sodium chloride. The organic solution was dried and the drying agent was filtered. The 

solvent was evaporated under vacuum and the crude product was purified by flash 

chromatography (silica gel/ethyl acetate/hexanes) to give pure product E6a as a colorless oil 

(0.56 g; 22%). 1H NMR (CDCl3) δ 4.71 (s, 2H), 5.56 (s, 2H), 6.84-7.00 (m, 1H), 7.02-7.13 (m, 

1H), 7.19-7.26 (m, 1H), 7.40-7.53 (m, 1H), 8.24 (s, 1H).  

4-(Chloromethyl)-1-(3-fluorobenzyl)-1H-1,2,3-triazole E6b: White solid (13 % yield) m.p. 

92-94 °C. 1H NMR (CDCl3) δ 3.78 (s, 3H), 4.66 (s, 2H), 5.45 (s, 2H), 6.84-6.92 (d, 2H), 7.20-

7.28 (d, 2H), 7.53 (s, 1H).  

4-(Chloromethyl)-1-(phenylthiomethyl)-1H-1,2,3-triazole E6c: Oil (13% yield). 1H NMR 

(CDCl3) δ 4.63 (s, 2H), 5.60 (s, 2H), 7.20-7.35 (m, 5H), 7.60 (s, 1H).  

 Representative synthesis of compound E7a-c: 

Compound E7a: To a mixture of 2-mercapto-4(3H)-quinazoline (0.39 g; 2.2 mmol) and 

compound E6a (0.50 g; 2.2 mmol) in 10 ml acetonitrile was added triethylamine (0.66 ml; 5.2 

mmol) and the resulting mixture was refluxed overnight. The reaction mixture was diluted with 

30 ml water and stirred for 10 min. The precipitate formed was filtered and air dried to give pure 

compound E7a as a white solid (0.60 g; 74% yield) m.p. 234-236 °C. 1H NMR (DMSO-D6) δ 

4.52 (s, 2H), 5.60 (s, 2H), 7.00-7.20 (m, 2H), 7.28-7.61 (m, 4H), 7.69-7.80 (q, 1H), 8.00-8.05 (d, 

1H), 8.20 (s, 1H), 12.62 (s, 1H).  

Compound E7b: Gray solid (18% yield) m.p. 160-162 °C. 1H NMR (DMSO-D6) δ 3..79 (s, 3H), 

4.53 (s, 2H), 5.41 (s, 2H), 6.80-6.85 (d, 2H), 7.17-7.22 (d, 2H), 7.36-7.41 (t, 1H), 7.47-7.52 (d, 

1H), 7.64-7.73 (m, 2H), 8.10-8.16 (d, 1H), 12.32 (bs, 1H).  

Compound E7c: Gray solid (18% yield) m.p. 169-171 °C. 1H NMR (DMSO-D6) δ 4.47 (s, 2H), 
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5.89 (s, 2H), 7.18-7.23 (d, 3H), 7.28-7.35 (t, 2H), 7.42-7.50 (t, 1H), 7.53-7.58 (d, 1H), 7.77-7.82 

(t, 1H), 7.96 (s, 1H), 8.02-8.06 (d, 1H). 

 

7.4.2  Biochemical Studies 

Protease assays [265]. All assays were performed in opaque 96-well plates. Reaction mixtures 

(100 µL/assay) contained 200 mM TRIS buffer, pH 9.5, 13.5 mM NaCl, 30% glycerol, 0.025 µM 

enzyme, and 100 µM Boc-Gly-Lys-Arg-7-AMC. Enzyme incubations were at 25 oC for 30 

minutes. The fluorescence of 7-amino-4-methyl coumarin (AMC) released from the cleavage of 

the substrate was monitored using excitation and emission wavelengths of 385 nm and 465 nm, 

respectively.  

Protease inhibitor assays [265]. The protease inhibitor assays contained 200 mM TRIS buffer, 

pH 9.5, 13.5 mM NaCl, 30% glycerol, 0.025 µM enzyme (2.5 pmol), 100 µM Boc-Gly-Lys-Arg-

7-AMC and 50 µM inhibitor. The inhibitors were dissolved in DMSO and diluted in assay buffer. 

The DMSO concentration in the assay mix was maintained at 1%, including in the no-inhibitor 

control. The assay mixtures containing WNV/DENV NS2B-NS3 protease with an inhibitor (or 

without the inhibitor as a control) were pre-incubated at room temperature for fifteen minutes. 

An aliquot of the substrate (100 µM) was added and the incubation continued for an additional 

fifteen minutes. Fluorescence values were obtained using excitation and emission wavelengths of 

385 nm and 465 nm, respectively. The percent inhibition of protease activity was determined 

using Microsoft Excel. 
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7.4.3 Computational Studies 

 Molecular docking simulations were performed via the AutoDock4 program [230]. All 

the compounds were constructed in SYBYL8.0 [231] and structurally optimized to default 

convergence thresholds using the Tripos Force Field [232] and Gasteiger-Marsili partial atomic 

charges [233]. The active site models for WNV and DENV NS2B-NS3 proteases were prepared 

using the 2FP7 and 2FOM, respectively [195]. The structures were protonated in AutoDock4, 

stripped of all water molecules and bound ligands, and electrostatically represented with 

Gasteiger-Marsili charges. AutoDock4 simulations were performed using the Lamarckian 

Genetic Algorithms (GA) subroutine at default settings for GA population size, cross-over rate 

and mutation rate, and starting with fully-randomized ligand position, orientation and 

conformation. One hundred GA runs were performed for the ligand-enzyme pair.    
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CHAPTER 8 
 

CONCLUSIONS 

 Mammalian and viral proteases are involved in a multitude of physiological processes. 

The aberrant activity of mammalian proteases is the underlying cause of many diseases, 

including COPD. Furthermore, the activity of viral proteases is essential for the survival of 

viruses, as well as their infectivity and virulence. Consequently, mammalian and viral proteases 

are validated targets for the development of novel therapeutic agents and antiviral drugs.  

 This dissertation has described the design, synthesis and biochemical evaluation of 

COPD-related serine protease inhibitors and West Nile virus/Dengue virus NS2B-NS3 protease 

inhibitors using structure-based, computer-aided design, combinatorial chemistry and click 

chemistry synthetic methodologies.  

 A general strategy for constructing 1,2,5-thiadiazolidin-3-one 1,1 dioxide-based dual 

function inhibitors against COPD-related targets was established. The HNE/caspase-1 dual 

function inhibitor A16 has been shown to exhibit time-dependent inhibition against HNE and 

caspase-1 in vitro using biochemical assays and HPLC methods. The proposed mechanism of 

enzyme inactivation was confirmed using both X-ray crystal structure and high resolution mass 

spectrometry. The fact that compound A18 showed excellent inhibition towards HNE confirmed 

the profound effect of the pKa of leaving group and the lack of preference of HNE S‘ subsites. 

This should serve as a launching pad for future COPD-relavant dual function inhibitor design.  

 The 1,2,5-thiadiazolidin-3-one 1,1 dioxide scaffold was also modified in order to achive 

reversible compeptitive inhibition. The first modification involves an amide-to-urea 

transformation and the resulting 1,2,3,5-thiatrizolidin-3-one 1,1-dioxide which was 

functionalinzed with a triazole substitution B13 showed selective inhibition against Pr 3 over 



193 
 

HNE, confirming that the Pr 3 active site is more polar than HNE. Simple reversible competitive 

inhibitor B13g showed significant inhibition against Pr 3 and it could serve as potential 

launching pad for developing more potent reversible competitive inhibitors for Pr 3. The 

conversion involving a carbonyl-to-methylene transformation was unsuccessful, however an 

alternative synthesis was proposed. A mechanism was also proposed to explain the cause of the 

side reaction. 

 The 1-oxo-1, 2, 3, 4-tetrahydroisoquinoline and 1-oxo-1, 2-dihydroisoquinoline scaffolds 

were initially used for developing non-peptidyl inhibitors against WNV and DENV NS2B-NS3 

proteases. Compound D14j was identified as a hit for WNV NS2B-NS3 protease. Based on the 

computational docking result of D14j with WNV NS2B-NS3 protease, a similar but synthetically 

more powerful template (2-mercaptoquinazolin-4(3H)-one) and more polar substitutions were 

used for optimization. Several hits were identified as WNV NS2B-NS3 protease inhibitors 

whereas two hits were identified as DENV NS2B-NS3 protease inhibitors during this 

optimization. The computational studies suggested that the introduction of an additional branch 

could potentially enchance the potency of the inhibitor for both WNV and DENV NS2B-NS3 

proteases.  

 In summary, an array of novel inhibitors of mammalian and viral proteases have been 

reported.   
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