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ABSTRACT 

Noroviruses are the most common cause of acute gastroenteritis in the US and worldwide, 

accounting for ~21 million cases of gastroenteritis annually in the US alone. Noroviruses are very 

stable in the environment and refractory to many common disinfectants, with only a few viral 

particles required to initiate virus infection. Therefore, norovirus outbreaks are hard to contain 

using routine sanitation, and even implementation of aggressive sanitary measures often fails to 

prevent subsequent norovirus outbreaks. 

Norovirus infection is a serious public health problem and underscores the importance of 

developing small molecule anti-norovirus therapeutics and prophylactics. However, there are 

currently no approved drugs or vaccines available for the treatment of norovirus infection. 

Norovirus 3CL protease is a druggable target that is well-suited to the discovery and development 

of anti-norovirus therapeutics and prophylactics.  This dissertation describes the design, synthesis, 

and biochemical evaluation of the first series of inhibitors of norovirus 3CL protease. The 

identified hits were optimized using structure-based drug design approaches, to generate lead 

compounds with high pharmacological activity, selectivity, and drug-like characteristics. 
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CHAPTER 1 

INTRODUCTION 

1.1 The epidemiology of Noroviruses 

Many human pathogens of major medical and economic importance belong to genera 

of the Picornaviridae family of viruses. Among them the noroviruses are the leading cause of 

acute gastroenteritis in the US and worldwide. Gastroenteritis is a common cause of ailing in 

children and elderly leading to 1.8 million deaths in children under the age of five globally [1]. 

There are many routes that lead to gastroenteritis, like bacteria, parasites, viruses, and other 

underlying factors. Prior to 1970, many of gastroenteritis cases were attributed to bacteria, diet, 

aging, and drugs. The first case of gastroenteritis due to a viral agent was identified with the 

help of immune electron microscopy from an outbreak at a school in Norwalk, Ohio, USA. 

The name became Norwalk virus afterwards, this identification is significant in finding the 

large amount cases associated with viral infections. The Norwalk virus genome was cloned in 

1990 and many genetically related viruses were classified into a group referred to as “Norwalk-

like” viruses, the genus name for Norwalk virus is Norovirus [2].  

Noroviruses, whose members are the most common cause of acute viral gastroenteritis 

in the US and worldwide [3-5], account for ~21 million cases of gastroenteritis in the United 

States of America [6]. Norovirus outbreaks, which occur primarily in hospitals, cruise ships, 

army barracks and schools, are the cause of significant morbidity and mortality, particularly in 

children, the elderly, immuno-compromised patients, and travelers to developing countries 

(Figure 1.1). 
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The prevalence and mortality of this disease is continuously increasing globally. 

Norovirus infection constitutes an important public health problem, as well as a potential 

bioterrorism threat [7]. 

 

 

 

FIGURE 1.1: Norovirus Outbreaks, U.S., 2010-2011: (reproduced from ref 6). 

 

1.2   Symptoms  

The clinical symptoms of norovirus (NV) infections are characterized by nausea, vomiting, 

diarrhea, abdominal pain, cramps, and myalgia. The incubation period is usually between 24 – 

48 hours and the symptoms typically resolve in 12 – 72 hours [8]. Norovirus infections are 
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more prevalent in people with blood group O, which constitutes about 45 percent of population, 

however other blood groups are susceptible to infection but is not as severe [9]. 

 

1.3   Transmission 

Fecal-oral spread is the primitive transmission process of NV, although the transmission can 

occur via a range of other routes (Figure 1.2) [10]. The highly contagious nature of noroviruses 

makes them extremely virulent, with as few as less than 10 particles being able to cause 

infection. The disease can spread from infectious vomit through aerosolization, accounts for 

the rapid spread of the disease in closed settings like army barracks, hospitals, classrooms, 

hotels, and public gatherings [11].  There are several factors responsible for the transmission 

of this disease like, for example contamination from infected food handler, person to person, 

through contaminated water and food (sandwiches, salads, oysters, shellfish etc.),  and from 

infected animals. People consuming vegetables grown in areas that are irrigated with 

contaminated water are prone to have norovirus infection. Noroviruses remain active for 

extended periods on contaminated surfaces. The lack of complete cross-protection against the 

diverse norovirus strains and an inadequate long-term immunity, lead to repeated infections 

throughout life [12]. 
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FIGURE 1.2: Modes of norovirus transmission (reproduced from ref 14). 
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TABLE 1.1 Characteristics of norovirus facilitating transmission during epidemics 
[reproduced from ref 26] 

Characteristics Observations Consequences 
Environmental stability  Highly resistant to freezing, 

heating (up to 60°C) and survives 
relatively in high concentrations of 
chlorine. More stable to 
desiccation and extremes of pH.  

Difficult to eliminate from 
contaminated water, leading to 
infections from: oysters, 
bathing water, and food 
irrigated with sewage-
contaminated water.  

Prolonged asymptomatic 
shedding  

Patients can shed NV up to three 
weeks after the onset of symptoms. 
In experimentally infected adults, 
virus can be detected for a median 
of 4 weeks and up to 8 weeks.  

Increased risk of secondary 
spread or especially problems 
with control regarding food 
handlers.  

Substantial strain diversity  Multiple genetic, antigenic and 
receptor specific strains exist.  

Reinfections by multiple 
antigenic types can occur more 
easily. Developed detection 
methods may not be sensitive 
for all strains, easy to 
underestimate prevalence.  

Low infectious dose  Less than 10 virus particles are 
needed for symptomatic infection  

Increases the risk of infection 
from person-to-person spread or 
droplet, secondary spread, or 
spread by food handlers.  

Lack of long-term immunity  Symptomatic re-infection with the 
same strain can occur  

Adults are not protected 
although infected as children. 
Difficult to develop vaccines 
with lifelong protection.  

 

These characteristics make it chiefly difficult to control the propagation of norovirus infection. 

1.4   Treatment 

Currently there is no effective licensed vaccine or therapy available for the treatment or 

prevention of norovirus infection. One of many reasons for this is the poor understanding of 

the norovirus lifecycle and the limited ability to culture human norovirus in immortalized cells. 

Human illness is the only successful method so far to detect infectious and inactivated 

noroviruses. 
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Effective hand wash methods, such as using alcohol based sanitizers are essential for the 

prevention of norovirus spread in closed settings. Decontamination of affected surfaces is vital 

in stopping the spread. Gamma irradiation, thermal inactivation, UV irradiation, and steam-

ultrasound, are also in use with variable results [13].  

1.5 Classification 

Norwalk virus, a prototype of norovirus, belongs to the Caliciviridae family. Caliciviruses 

are non-enveloped icosahedral 27–40-nm viruses with one major capsid protein enclosing a 

single-stranded, positive-sense RNA genome. Caliciviruses are classified into four genera, 

Norovirus, Sapovirus, Vesivirus, and Lagovirus [15]. The genome of Calicivirus has 7.5–7.7 

kilobases and contains two or three open reading frames (ORFs) [2]. Calicivirus genera 

recognize a carbohydrate ligand for attachment. The ligands include A, B, H, and Lewis histo-

blood group antigens (HBGAs). For human noroviruses it is heparin sulfate, while the H type 

2 antigen is for haemorrhagic disease virus (genus Lagovirus) [16].  

In these families of viruses, noroviruses and sapoviruses infect humans and cause 

gastroenteritis, while the other Caliciviruses typically infect animals. The viruses that affect  

animals are feline coronaviruses (FCV), and rabbit hemorrhagic disease virus (RHDV), are 

found in the Vesivirus and Lagovirus, genera respectively. Three additional genera have been 

proposed recently within the caliciviridae family: Nebovirus, a bovine enteric Calicivirus, 

Recovirus, a rhesus enteric calicivirus, and Valovirus, a porcine enteric calicivirus. All seven 

genera can infect animals but only noroviruses and sapoviruses have strains that can infect 

humans and animals (Figure 1.3) [17, 18, 19, and 20]. 
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FIGURE 1.3. Phylogenetic analysis of Caliciviruses [reproduced from ref 2]. 
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Noroviruses are classified into five distinctive geno groups (G) from the molecular 

characterization of complete capsid gene sequences, in which GI, GII, and GIV infect humans 

(human noroviruses), while GIII and GV  infect murine, animals like cow, and mice, respectively 

[21, 22, and 23]. 

 

GI and GII account for most of the human infections, which are categorized further into 8 and 

17 genotypes, respectively [21, 24]. GII comprises both human and porcine strains, while GIV 

viruses are found in lion cubs and dogs [26]. These genogroups are highly diverse and differ by 

45-61% within their capsid genes, while strains in diverse genogroups differ by >50%.  The 

genogroups of noroviruses are further classified into subdivisions called genotypes or clusters.  

The majority of human noroviruses are associated with GII.4 and GII.3 genotypes (Figure 1.4) 

[24]. 
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FIGURE 1.4 Variation in noroviruses that infect humans.  The genogroups are color-coded as 

follows: GI (blue), GII (green). Most norovirus infections in the past 10 years in the United States 

have been associated with the genotypes present in P domain dimer structures. These results may 

diverge elsewhere in the world. HBGA binding sites are color-coded as fuschia and changes in P2 

subdomain are shown in yellow [reproduced from ref 28]. 
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1.6 Virion and Genome 

Noroviruses are small non-enveloped viruses with a single-stranded, positive sense 7-8 kb 

RNA genome, which encodes a polyprotein precursor processed by a virus-encoded 3C-like 

cysteine protease (NV 3CLpro) to generate mature non-structural proteins [27]. The norovirus 

genome has three open reading frames (ORFs), which encodes both structural and non-

structural proteins (Figure 1.5) [28]. 

 

 

 

FIGURE 1.5 Norovirus Genome Overview [28] 

 

ORF1 can be found in the first two-thirds of the genome. ORF1 (~5 kb in length) encodes 

the norovirus non-structural polyprotein (~200kb), which is processed by a virally encoded 

3C-like protease to release non-structural proteins. The non-structural proteins are essential for 

viral replication. The non-structural polyprotein is cleaved into six mature peptides by the 

protease, to generate nucleoside triphosphatase (NTP); 2C-like protein; p22 or p20; 3A-like 

protein; viral genome-linked protein (VPG); Protease (3CL); and RNA polymerase (RdRp) 

[21, 28, and 29].   
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ORF2 (~1.8 kb in length) encodes a major structural capsid protein called viral protein 1 

(VP1), which is 57 kDa in size.  

ORF3 (~0.6 kb in length) encodes a minor structural protein of 22 kDa called viral protein 2 

(VP2). A polyadenylated tail is present at the 3’ end of the genome. 

1.7 Structural proteins 

ORF2 and ORF3 are two frames that encode structural proteins. The viral protein 1 (VP1) 

is 57kDa in molecular weight consists of 530-555 amino acids. Expression of ORF2 major 

capsid protein produces virus-like particles (VLPs). The X-ray crystal structure suggests that 

the dimer is comprised of 180 subunits organized into 90 dimers, which has icosahedral 

symmetry (T=3). The VP1 is divided into two domains, the shell domain (S), which forms the 

inner core of the capsid and the protruding domain (P), which are involved in forming 

prominent protrusions that extend away from the structure. A flexible hinge connects the S and 

P domains of the monomer. The shell domain is buried inside the capsid and it is indispensable 

for the formation of the icosahedral capsid shell. The P domain is subdivided into domains P1 

and P2, where they represent the central domain and globular domain, respectively (Figure 

1.6).  The variable region in the capsid is the P2 domain, which is accountable for the outer 

shape of the capsid [30, 31, 32, 33, 34, and 35]. 

ORF3 is situated at the 3’ end of the genome, and encodes ~200-268 amino acids of VP2, 

which upregulates VP1 expression and stabilizes VP1 in the virus structure. VP2 is a basic 

protein (isoelectric point of 10.99), whereas the inner shell of the capsid is acidic [33]. All 

Caliciviruses contain ORF3, which suggests that it may be important for replication [36, 37, 

and 38].  ORF3 proteins were detected in feline caliciviruses, which have a vital part in 

promoting infectious virus [39, 40]. 
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FIGURE 1.6 (a) X-ray crystal structure of Viral Capsid Protein (b) Monomer with 

domain S    (bottom), P1 (middle), and P2 (top) (c) Dimer [reproduced from refs 33, 

and 35]. 

a 

b 

c c 

b 

a 
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1.8 Non-Structural proteins 

Only two nonstructural proteins with enzymatic activity are known in ORF1 [41]. In vitro 

assaying of Southampton virus in bacteria, an expression of human norovirus strain, suggests that 

p41 shows NTPase activity but has not been proven to have any helicase activity. The protein p22 

or p20 (also called NS4 protein) plays a vital role in secretory pathway antagonism, Golgi 

disruption, and inhibition of protein secretion [42, 43, and 44]. The enzymatic activity or function 

of 3A protein is not precisely determined, but it is involved in cellular membrane trafficking and 

replication complex formation [41]. Covalently linked VPg protein is at the 5’end of norovirus 

genomic and sub-genomic RNA. An in vitro study carried in feline Calicivirus RNA shows that 

there is a loss of translation and infectivity in the absence of VPg [45, 46, and 47].  VPg participates 

in intiation of translation through unique protein-protein interactions on Calicivirus RNA.  

Norovirus VPg interacts with host translation initiation factor eIF3 and with 40S ribosomal 

subunits, suggesting VPg functions in initiation of protein synthesis on viral RNA [49, 50]. The 

calicivirus RNA-dependent RNA polymerase (RdRp) is related to the picornavirus-like enzyme 

represented  by the picornavirus 3D polymerase (3Dpol) and is responsible for viral RNA synthesis 

[48] (Table 1.2). 
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 TABLE 1.2: Norovirus non-structural proteins and their functions 

 

1.9 Norovirus Life Cycle 

1.9.1 Histo Blood Group Antigens (HBGAs) 

HBGAs are complex carbohydrate molecules linked to glycoproteins that can be 

found on the surface of red blood cells, mucosal epithelial cells, and also in various body 

fluids as free antigens, for instance blood, saliva, and milk. There are four distinct histo-

blood types, defined by secretor, Lewis, and ABO. Human noroviruses recognize and 

interact with these distinct HBGAs on intestinal epithelial cells as receptors for viral 

infection (Figure 1.7). Human volunteer studies have revealed the recognition of HBGAs 

by noroviruses clinically. Remarkably, type O individuals have a higher rate of infection 

than other groups [51, 52, and 53]. 

Protein Common name Function Cellular localization 
NS1-2 N-Terminal Anchors membrane-bound 

replication complexes 
Endoplasmic reticulum 

NS3 NTPase Has NTPase activity Discrete foci in cytoplasm 
NS4 3A-like Inhibits host cellular protein 

secretion Involved in replication 
complex formation 

Endosomes 

NS5 VPg Recruits host translation 
initiation factors Protein primer 
for replication 

Unknown 

NS6 Protease Proteolytic processing of ORF1 
polyprotein 
Inhibits translation of host 
proteins 

Cytoplasm; Mitochondria 

NS7 Polymerase Replication of viral genome Cytoplasm; Nucleus 
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FIGURE 1.7 Model of the norovirus/HBGA interaction. The above model involves the 

binding of HBGAs (the A/B binding group, and the Lewis binding group) to two binding 

groups of norovirus. A pentasaccharide shown on the top right of the figure is represented 

with a five-circle structure, which is a final product of the human HBGAs [reproduced 

from ref 51]. 

1.9.2 Replication cycle and virion release 

Human norovirus not only interacts with HBGAs but also with heparin sulphate, a cell 

membrane glycosaminoglycan [54]. Synthesis of viral proteins is initiated when the 7-8 

Kb viral RNA is released into the cytoplasm.  

The Norovirus infectious particle recognizes HBGAs and heparin sulfate expressed 

on the surface of the cell. Viral genome is released into the cytoplasm when the attached 

virion is internalized into the cell and disassembled. VPg recruits distinct host factors for 

protein translation and helps in the expression of ORF1. ORF1 is cleaved by viral protease 

(NS6pro) and releases mature non-structural proteins. VPg plays an important role as primer 

for viral RNA synthesis. The viral RNA synthesis is catalyzed by RdRp (NS7pol) with 
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assistance from viral NTPase (NS3). Shorter viral RNA products are generated as a result 

of replication and they are translated in the major and minor capsid proteins VP1 and VP2 

respectively (ORF2 and ORF3). The newly formed full genomes are encapsidated in 

mature particles and they are then released into extracellular environment (Figure 1.8) 

[162, 28, 51, 52, 53, and 54]. 

 

FIGURE 1.8. Norovirus life cycle [reproduced from ref 162]. 

1.10 Proteases 

A wide range of human diseases are associated with viruses which utilize proteases for 

their survival and infectivity. These diseases include HIV, SARS, influenza, HCV, chickenpox, 

cold sores, etc. Viral proteases play a vital role in many structural and functional processes, 

such as viral entry and cleavage of polyproteins to generate mature proteins during viral 
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replication and particle assembly. Proteases can be identified in numerous viruses, which 

include both enveloped and non-enveloped viruses (Table 1.3). Knowing the substrate 

specificity, catalytic mechanism, and substrate binding interactions of the viral proteases, it is 

possible to envision the development of potent protease inhibitors of potential therapeutic 

value [56, 57, 58, and 59]. 

TABLE 1.3 Examples of Viral Proteases of Clinical Relevance 
 

Protease inhibitors have shown promising therapeutic activities in many viral and parasitic 

infections inflammatory, immunological, and respiratory conditions [59, 60]. Hence it is 

imperative to know the structural details of the enzyme active site, substrate specificity, 

substrate-binding interactions, and catalytic mechanism in the design and development of 

potent inhibitors. Examples of protease inhibitors that are currently in the clinic are listed in 

Table 1.4 [60]. 

 

 

 

 

 Protease Related diseases 
Norovirus protease   Acute gastroenteritis  
Hepatitis C Virus protease  Progressive liver injury, cirrhosis and liver 

cancer  
Hepatitis A Virus 3C protease  Liver acute infectious disease  
HIV protease   HIV/AIDS  
Dengue Virus NS2B-NS3 protease  Dengue fever  
West Nile Virus NS2B-NS3 protease  Encephalitis  
Rhinovirus 3C protease  Common cold  
Cytomegalovirus protease  Retinitis  
Herpes simplex virus protease  Oral lesions, genital herpes  
Varicella zoster virus protease  Chickenpox, shingles  
Epstein-Barr virus protease  Lymphoproliferative disease  
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TABLE 1.4. Protease inhibitors in the clinic 

Name Structure Disease Company 

Boceprevir 

 

Hepatitis C Merck 

Saquinavir 

 

HIV Roche 

Saxagliptin 

 

Type II 

Diabetes 

Bristol-Myers 

Squibb 

Indinavir 

 

HIV and 

AIDS 

Merck 

Apixaban 

 

Thrombosis Bristol-Myers 

Squibb 
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TABLE 1.4 (continued) 

Name Structure Disease Company 

Nafamostat 

 

Pancreatitis Japan 

Tobacco 

Ximelagatran 

 

Thrombosis Astra 

Zeneca 

Sivelestat 

 

SIRS and 

Inflammation 

Ono 

Ciluprevir 

 

Hepatitis C Boehringer 

Ingelheim 

 

Aliskiren 

 

Hypertension Novartis 

 

1.10.1 Norovirus 3CL protease 

Norovirus 3C-Like protease is a protease encoded by Norovirus. Norovirus ORF1 

translation involves the cleavage of polyprotein into six mature non-structural proteins by 

3C-like protease (NS6pro) [63].  
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The Norovirus 3CL protease is a cysteine protease that shares a nucleophilic residue 

in the conserved GDCG motif common to chymotrypsin-like 3C proteases. Norovirus 3C-

like protease is comprised of two domains, a β-barrel domain and a β-sheet domain that are 

separated by a groove at the active site. The active site is located in a deep cleft between 

N-terminus and C-terminus domains. The catalytic residues include His30, Cys139, and 

Glu54, which are conserved in all 3C-like proteases (Figure 1.9). Mutation of His30 and 

other residues results in loss of enzyme activity. Replacement of Glu54 with alanine does 

not affect much the enzyme activity, which suggests that the role of Glu54 is less important 

compared to His30 and Cys139. Glu54 probably acts as an anion to orient the imidazole 

ring of His30 [73]. Interactions of the anti-parallel β-strand, and interaction of the P1 and 

P2 residues with specificity residues S1 and S2 contributes to enzyme/substrate binding 

[35, 63, 64, 65, 66, and 67]. Hydrogen bonds help maintain the integrity of the active site 

and substrate binding site, which are located at the intersection between nitrogen of Lys88 

and the backbone carbonyl oxygen of Val9. Another hydrogen bond is between nitrogen 

of Arg8 and carbonyl oxygen of Thr69. These hydrogen bonds are partly responsible for 

enzyme activity and clarifies the conservation of residues Arg8, Lys88 in NV 3CLPro. 

Enzyme loses its activity when Arg8 and Lys88 are mutated to other residues [64, 65, and 

73]. Hydrogen bonds act as bridges between N- and C-terminal domains, and a bond 

between Asp90 side chain oxygen and Arg11 nitrogen helps in maintaining a right 

orientation of these domains. 

The oxyanion hole helps the enzyme to bind the substrate tightly and stabilizes the 

tetrahedral transition state, which is formed by the region prior to Cys139. Two backbone 

amides (Gly137 and Cys139), point towards the P1-carbonyl oxygen. When the substrate 
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is absent the oxyanion hole is stabilized by interactions between the oxygen of Pro136 and 

other peptide amide bonds that line the hole and interactions involving Asp139/Arg89 

residues. 

Reports by Martinez and colleagues suggests that NV 3C-like protease targets the 

pool of Poly (A)-Binding Protein (PABP), which is involved in cellular translation. This 

process works by inhibiting the mRNA translation by removing the C-terminal domain 

(CTD) from PABP, which may be a strategy used by NV 3CLpro to synthesize new viral 

proteins in infected cells. Cleavage of PABP by viral proteases may be a crucial step for 

the successful survival of RNA viruses [74]. 

 

 FIGURE 1.9: NV3CLpro viewed through the β-barrel of domain II. The putative 

active site catalytic triad of residues Cys139, His30, and Glu54 indicated in red [35]. 

1.10.2 Substrate specificity 

A protease recognizes its peptide substrate based on its backbone conformation, 

amino acid sequence and location of the amide bond being cleaved. The substrate binds to 
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the active site of the enzyme such that the scissile bond is inserted into the active site. 

Interactions, such as electrostatic forces, Vander Waals forces, hydrogen bonding and 

hydrophobic interactions exist between the enzyme active site and substrate, as the shapes 

of them are complementary to each other. 

The active site of a protease consists of a series of subsites (pockets) on either side 

of the scissile bond (amide bond cleaved) in which the side chains of the amino acid 

residues that make up the substrate are accommodated. Amino acid residues in the substrate 

to the left of the scissile bond (toward the N-terminus) are designated P1, P2, P3, etc., with 

numbering increasing in the direction of the N-terminal residue of the substrate or inhibitor. 

Residues to the right of the scissile bond are numbered P1’, P2’, etc. The corresponding 

complementary regions of the active site, i.e., subsites/pockets are numbered S1, S2….and 

S1’, S2’, etc. S1 is called the primary specificity site and P1 is the primary specificity 

residue (Figure 1.10) [68, 69]. 
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FIGURE 1.10 General Substrate and Substrate Binding Sites for Proteases. The amide 

functionality (scissile bond) cleaved is shown with scissors. Moving left from the cleavage site 

towards the N-terminus amino acid residues are designated as P1, P2, P3, etc. Moving right from 

the cleavage site towards the C-terminus the residues are designated as P1’, P2’, P3’, etc. 

Corresponding binding pockets on the protease for the side chains of these residues are designated 

as S1, S2, S3, S4, etc. and S1‘, S2‘, S3‘, S4‘, etc. The P1 residue is the primary substrate specificity 

residue. Cleavage is at the P1-P1
’ bond (scissile bond).  
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FIGURE 1.11. Surface representation of the NV 3CL protease. The ctive site is color-coded in 

red. The substrate binding pockets are colored as follows: S1 pocket in green, the S2 pocket in 

teal, and the S4 pocket in magenta. The dashed lines signify the cleft where the substrate binds 

[reproduced from ref 63]. 

The primary substrate specificity of Norovirus 3CL protease is primarily determined by 

the P1 residue. X-ray crystallographic information of Southampton Norovirus, reveals that the 

enzyme preference is for a glutamine or glutamate residue at the P1 position and glycine or alanine 

at P1’ position. The S1 site is sufficiently large to accommodate a fully extended glutamine side 

chain, whereas S1’ is small and can accommodate smaller side chain residues like glycine and 

alanine. The substrate specificity at the S1 position is determined by His 157 and Tyr 143, as they 

form hydrogen bonds with the Glu residue. Substrate binding at S1’ is determined by Thr 123 and 

Asp 131. The S2 site is large and prefers hydrophobic residues like leucine, methionine, or 

phenylalanine. The S3 site prefers a glutamine or glutamic acid or histidine residue for binding. 
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The S4 site prefers phenylalanine or tyrosine. The S5 site prefers an acidic residue like aspartic 

acid or glutamic acid (Table 1.5) [35]. 

TABLE 1.5 Substrate Specificity of Norovirus 3CL protease 

S5 S4 S3 S2 S1 S1’ S2’ 

P5 P4 P3 P2 P1 P1’ P2’ 

D/E F/Y H/Q/E L Q G P 

 

 

 

FIGURE 1.12 Binding interactions of Norovirus 3CL protease with a peptidyl inhibitor [35] 

(Southampton norovirus). Hydrogen bonding interactions (green) with corresponding amino acids 

(red) and water (pink) are shown. 
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1.10.3 Mechanism 

The mechanism of hydrolysis of the peptide bond by the viral 3C-like protease involves 

two steps: acylation and deacylation. In the first step (acylation step) nucleophilic attack on the 

carbonyl carbon by the thiolate anion of Cys139, results in the formation of a covalently bound 

tetrahedral intermediate which is followed by the release of the substrate C-terminal part and the 

generation of an intermediate acyl-enzyme form. The final step (deacylation step) includes the 

release of the regenerated enzyme that is mediated by nucleophilic attack on the thioester bond of 

the acyl-enzyme intermediate by a water molecule. The deacylation step also proceeds through a 

negatively charged tetrahedral transition state, which then releases the remaining peptide fragment 

and restores the active enzyme, completing the catalytic cycle (Figure 1.13).  

Structurally, chymotrypsin-like cysteine proteases rely on their oxyanion hole and catalytic triad 

to perform these reactions. The oxyanion hole consists of two backbone amide groups of Cys139 

and Gly137 that form hydrogen bonds to the negatively charged carbonyl oxygen of the tetrahedral 

transition state intermediates. Such hydrogen bonding stabilizes the negatively charged oxyanion 

of the transition states involved in the acylation and deacylation steps, and thus plays a critical role 

in catalysis. The catalytic triad in the viral 3CL protease is formed by the side chains of three 

conserved residues: His30, Glu54, and Cys139. The thiolate anion of Cys139 functions as a 

nucleophile which attacks the carbonyl carbon of the scissile bond and becomes part of the newly 

formed thioester linkage in the acyl-enzyme complex. This cysteine plays a central role in the 

reaction, hence the name Cysteine protease. 

The His30 residue functions as a general acid and a general base during the course of the 

reaction. The general base catalysis is involved in the formation of the tetrahedral transition  
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FIGURE 1.13. Cysteine Protease Mechanism 

state intermediates, where the imidazole ring of His30 functions as a base and abstracts the proton 

from the sulfhydryl group of Cys139, resulting in the formation of a reactive thiolate/imidazolium 

ion pair (Cys-S-/His-Im+) during the acylation step or from a water molecule during the 
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deacylation step, facilitating the nucleophilic attack. This newly protonated imidazole ring then 

provides general acid catalysis to assist the collapse of the tetrahedral transition state intermediates 

by transferring its proton to the leaving group (the scissile amide nitrogen during the acylation, 

and the Sγ of Cys139 during the deacylation). During the acylation, the imidazole group pulls off 

the proton from the sulfhydryl group of Cys139 then puts it on the leaving nitrogen of the scissile 

amide group. During the deacylation, the imidazole group pulls off the proton from the water 

molecule, and then puts it back onto the Sγ of Cys139. As a “proton shuttle”, the imidazole of 

His30 is involved in a direct contact with the substrate, and a slight movement of the imidazole 

group may also be required for such function. Therefore, the position and orientation of the 

imidazole ring is critical for catalysis. The carboxyl group of Glu54 serves to orient and position 

the imidazole ring of His30 in an appropriate fashion to function as an acid-base catalyst and also 

provides an appropriate electrostatic environment for stabilizing the tetrahedral intermediates. 

1.11 Types of Enzyme Inhibition 

 If the activity of an enzyme is decreased by specific interactions with a molecule that differs 

from the substrate, then it is called enzyme inhibition. The particular molecule is termed an 

inhibitor. There are two main types of enzyme inhibition, reversible (noncovalent) and irreversible 

(covalent). 

1.11.1 Irreversible Inhibition 

Irreversible inhibitors (I) are often termed enzyme inactivators or affinity labels. They 

covalently modify the enzyme so that the catalytic activity of the enzyme decreases irreversibly. 

Irreversible inhibitors provide a useful tool for studying the reaction mechanism of an enzyme. 

These inhibitors can act at or near the active site of the enzyme. Some irreversible inhibitors such 

as asprin can covalently acylate a serine located close to the active site of the enzyme, however 
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the majority of irreversible inhibitors bind covalently to an active site catalytic residue. Irreversible 

inhibitors do not dissociate from the active site. 

1.11.2 Reversible Inhibition 

If the inhibitor (I) binds to the enzyme (E) via non-covalent interactions such as hydrogen 

bonds, hydrophobic interactions, and ionic bonds, it is termed reversible. Reversible inhibitors 

establish a dynamic equilibrium system with the enzyme. This inhibition shows time-independent 

kinetics, since the degree of inhibition remains constant over a period of time. Reversible inhibitors 

generally do not undergo chemical reactions and can be easily removed by dialysis. Reversible 

inhibition can be classified into three types, competitive inhibition, noncompetitive inhibition, and 

uncompetitive inhibition. The focus of the research described in this thesis is on reversible 

competitive inhibitors and transition state analogue inhibitors. 

1.11.2.1 Competitive Inhibition 

Competitive inhibition involves reversible binding of the inhibitor (I) to the active site of 

the enzyme (E), forms a complex (EI).  The chemical structure and geometry of the inhibitor are 

in close resemblance with the substrate. The inhibitor competes for the same active site with the 

substrate (Scheme 1.1). There will be no reaction at the active site of the enzyme with inhibitor, 

however it binds to the enzyme active site and blocks the access of the substrate. The effect of 

inhibitor can be minimized by increasing the substrate concentration. Although protein inhibitors 

are infrequently used in drug development, protein-inhibitor complexes are well studied. Because 

a protein inhibitor typically occupies the active site of the protease in a substrate-like fashion, the 

enzyme - inhibitor complex gives the most direct evidence on how the substrate binds, including 

on the prime subsites of protease, providing the most accurate information for structure based 

inhibitor design. 
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1.11.2.2 Transition State Analogue Inhibitors 

The transition-state theory of enzymatic catalysis postulates that “an enzyme must bind the 

altered substrate in the transition state more tightly than it binds the substrate in the ground state” 

[72]. A special class of inhibitors designed based on this theory, are Transition State Analogues. 

Transition state inhibitors function as competitive inhibitors. They generally contain two 

fragments a recognition element and a warhead. They form reversible covalent adducts with 

cysteine or serine proteases, in which the active site cysteine sulfur reacts with the carbonyl carbon 

to form hemithioacetal (Scheme 1.2). Many functional groups can be used in the design of 

transition state analogues. Transition state analogues involve mainly the S (and S') pockets 

recognition elements and an activated carbonyl group or boronic acid. 
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Aldehydes, activated ketones, such as α-trifluoromethylketones, α-diketones, α-ketoesters, α-

ketoamides, α-ketoheterocycles, have been successfully used in the design of transition state 

analogue inhibitors. Peptidyl boronic acids have also been found to function as potent transition 

state analog inhibitors. A related type of inhibitor are transition state mimics (Figure 1.14). 
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FIGURE 1.14. Examples of Transition State Analogue Inhibitors and Transition State 

Mimics 
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 1.12     Research Objectives 

The work described herein has sought to address a series of fundamental questions related 

to the role Norovirus 3CL protease plays in norovirus replication, infectivity, and virulence, as 

well as devise effective strategies for abrogating norovirus infection.  Accomplishment of these 

goals necessitated the structure-based design, synthesis, and in vitro biochemical evaluation of 

multiple series of inhibitors in order to probe the makeup of the enzyme subsites, develop valid 

structure-activity relationships and, ultimately, identify potent, small molecule inhibitors of the 

enzyme suitable for further optimization and preclinical studies. An important and related goal 

involved the determination of high resolution X-ray crystal structures of several enzyme-inhibitor 

complexes in order to unravel the mechanism of action of the inhibitors, as well as accelerate the 

optimization of the potency and drug-like characteristics of the lead inhibitors by placing their 

design on a secure structural and biochemical footing.  Additional research goals included 

establishing that Norovirus 3CL protease is a druggable target by demonstrating efficacy in the 

gnotobiotic pig model of norovirus infection, an animal model that recapitulates closely human 

norovirus infection.  Establishing that Norovirus 3CL protease is a validated target would lay a 

solid foundation for the eventual design and development of small molecule therapeutics and 

prophylactics for the management of Norovirus infection.  

The main research goals of the work described in this thesis were the following: 

1) Structure-based design, synthesis, and in vitro biochemical evaluation of novel peptidyl 

transition state analog inhibitors, transition state mimics, and macrocyclic inhibitors of 

Norovirus 3CL protease. 

2) Establishment of the mechanism of action of the inhibitors by determining the high-resolution 

X-ray crystal structures of the corresponding enzyme-inhibitor complexes.  
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3) Establishment that Norovirus 3CL protease is essential for virus replication and a validated 

target for the development of norovirus therapeutics and prophylactics by demonstrating 

efficacy in the gnotobiotic pig animal model.  
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CHAPTER 2 

Potent inhibition of norovirus 3CL protease by peptidyl α-ketoamides and 

α-ketoheterocycles 

2.1 Inhibitor Design Rationale 

There are currently no vaccines or specific antiviral agents for combating norovirus infection 

thus, there is an urgent and unmet need for the discovery and development of small-molecule 

antinorovirus therapeutics. 

NV 3C protease is a cysteine endoprotease with a Cys-His-Glu catalytic triad and a substrate 

specificity for a –D/E-F-X-L-Q-G-P- sequence, where X is H, Q, E or D, corresponding to the 

subsites S5-S4-S3-S2-S1-S1’-S2’-. Cleavage is at the P1-P1’ (Q-G) scissile bond. X-ray crystal 

structures of norovirus 3CLpro alone [65, 73] or covalently-bound to an inhibitor, such as a 

peptidyl Michael acceptor [35] or a peptidyl aldehyde [76], have been reported. We have recently 

described the cell-based inhibition of noroviruses by an array of structurally-diverse series of 

compounds [77, 78, 79, 80, and 81] and have, furthermore, disclosed the results of preliminary 

studies related to the design, synthesis, and evaluation of peptidyl aldehydes as transition state 

inhibitors of norovirus 3CLpro [75]. In an attempt to identify suitably-functionalized dipeptidyl 

inhibitors that possess pharmacological activity and molecular properties that are important for 

oral bioavailability and favorable ADMET characteristics [82, 83, 84, 85, 86, 87, and 88],   

describe herein the synthesis and utilization of a series of peptidyl a-ketoamides and a-

ketoheterocycles (Figure 2.1, structures I–II) in the in vitro inhibition of norovirus 3CLpro, as well 

as the inhibition of norovirus using a cell-based replicon system. The synthesized compounds were 

also used to probe the S’ subsites of the enzyme. 
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FIGURE 2.1.  General structure of inhibitors (I-II) 

2.2 Chemistry 

The syntheses of α-ketoamides 9a–h and α-ketoheterocycles 11a–b (Table 2.1) were 

carried out as illustrated in Schemes 2.1, 2.2 and 2.3 respectively. A glutamine surrogate, 

previously shown to be highly effective in the design of rhinovirus 3C [89, 90] and enterovirus 3C 

[91] proteases, was utilized as the primary specificity (P1) residue (scheme 2.1). 

 

N-Boc-L-glutamic acid was methylated to get compound 1, which was alkylated with 

LiHMDS and bromoacetonitrile. Compound 2 was cyclized by reduction with sodiumborohydride 
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in the presence of cobalt chloride hexahydrate (Scheme 2.1) [92]. The Boc protected surrogate was 

treated with HCl in dioxane to get compound 4. EDCI-mediated coupling of surrogate (Compound 

4) with Z-(L)-Leu-OH or Z-(L)-Phe-OH yielded compounds 5a, b which were reduced to the 

corresponding alcohols using lithium borohydride. Dess–Martin oxidation furnished aldehydes 

7a–b which were reacted with an array of structurally-diverse isonitriles to generate a series of 

precursor alcohols 8a–g and 8h which, upon oxidation, yielded the desired α-ketoamides 9a–h 

(Scheme 2.2) [93]. α-Ketoheterocycle 10a was synthesized by sequentially treating a solution of 

oxazole in THF with borane and n-butyl lithium [94], followed by reaction with aldehyde 7a, to 

yield precursor alcohol 10a which was subsequently oxidized to form α-ketoheterocycle 11a. 

(Scheme 2.3)  
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Reaction of compound 7a with the anion generated by reacting thiazole with n-butyl 

lithium, followed by Dess–Martin oxidation of the isolated precursor alcohol, yielded a-

ketoheterocycle 2 (Scheme 2.3). 
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2.3 Experimental Section 

General: 

The 1H 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. 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 to determine the compound purity. HPLC was performed using Waters 1525 binary HPLC 

pump. The TLC plates for all the compounds were eluted using two different solvent systems and 

visualized using iodine and/or UV light. Each individual compound was identified as a single spot 

on TLC plate (purity was > 95% as evidenced by 1H NMR and HPLC).  

Representative synthesis of Compounds 

Synthesis of compound 1: To a stirred solution of N-boc-L-glutamic acid (61.75 g, 250 mmol) in 

dry DMF (500 ml) were added NaHCO3 (95%, 126.01 g, 1500 mmol) and CH3I (from Arcos) 

(141.0 g, 1000 mmol) sequentially, and let it stirred at R.T for 5 days. Most of the DMF was 

removed by vacuum oil pump (connected under hood). The residue was taken up in ethyl acetate 

(600 ml) and the organic layer was washed with brine (2 x 100 ml). Organic layer was dried over 

anhydrous sodium sulfate, filtered, and solvent was removed on rotary evaporator left thick yellow 

oil (~75 g) and purified by chromatography (silica gel/hexane/ethyl acetate = 7 / 1) to give dimethyl 

ester as white solid (63.89 g, 93 % yield). 1H NMR (CDCl3): δ 1.41 (s, 9H), 1.90-2.01 (m, 1H), 

2.19-2.23 (m, 1H), 2.55-2.69 (m, 2H), 3.68 (s, 3H), 3.75 (s, 3H), 4.35 (d, 1H), 5.18 (d, 1H).  

Compound 2: A stirred solution of lithium bis(trimethylsilyl)amide (hexamethyldisalazide, 

LiHMDS in THF (259.2 ml, 1M, 259.2 mmol) was added dropwise to a solution of compound 1 
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(33 g, 120 mmol) in anhydrous THF (360 ml), at -78oC (using dry ice with acetone) under N2 

atmosphere. The resulting mixture was stirred at -78oC for 1 h. Bromoacetonitrile (15.54 g, 128.4 

mmol) was added dropwise to the reaction mixture over a period of 1h while maintaining the 

temperature below -70oC. The reaction mixture was stirred at -78oC for additional 5 h and then 

quenched by adding cold methanol (24 ml) in one portion and stirred for 30 min. The resulting 

methoxide was then quenched by adding cold acetic acid (24 ml) in THF (144 ml) in one portion. 

After stirring for 30 min, the cooling bath was removed and replaced with water bath. The reaction 

mixture was allowed to warm up to room temperature and then poured into a saturated brine 

solution (600 ml). The organic layer was separated, and the aqueous layer was extracted with ethyl 

acetate (2 X 400 ml). Organic layers were combined, dried over anhydrous sodium sulfate, and 

concentrated under rotovac left reddish oil (43.48 g). The reddish oil was diluted in methylene 

chloride (500 ml) treated with silica gel (50 g) and activated carbon (2-3 scoops). The slurry was 

then filtered by Hirsh funnel and washed with methylene chloride (50 ml). The yellow filtrated 

was concentrated by rotovac to afford yellow oil (27.15 g, 72 % yield), which was purified by 

flash chromatography (silica gel/hexane/ethyl acetate = 3: 1) left light yellow oil (21 g, 55.70% 

overall yield). 1H NMR (CDCl3): δ 1.42 (s, 9H), 2.16-2.20 (m, 2H), 2.78-2.80 (m, 2H), 2.82-2.91 

(m, 1H), 3.78 (s, 6H), 4.40 (m, 1H), 5.08 (d, 1H).  

Compound 3: A pink solution of CoCl2.6H2O (from Arcos) (5.95 g, 25 mmol) and compound 2 

(15.7 g, 50 mmol) in methanol (300 ml) was stirred vigorously and cooled to 0oC while NaBH4 

(7.56 g, 200 mmol) was added in portion over 30 min. The reaction was stirred at room temperature 

for 24 h (monitor by TLC to ensure that the reaction is completed). Most of the methanol was 

removed under rotovac, leaving a viscous black oil, which was taken up with ethyl acetate (400 

ml), and washed with brine (200 ml). The mixture was let stand in the separatory funnel for 2 h, at 
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which time the two layers separated (incompletely). To the organic layer with cloudy aqueous 

layer in separatory funnel was added 5% HCl (150 ml) (to make the solution clear and easier for 

layer separation). The organic layer was separated, and the aqueous layer was extracted with ethyl 

acetate (2 X 200 ml). Organic extracts were combined, dried over sodium sulfate, filtered, and 

solvent was removed by rotavac, leaving a crude green oil (13.09 g), which was purified by flash 

chromatography (silica gel/hexane/ethyl acetate = 1 : 1 ) left white solid ( 8.26 g, 58 % yield), mp  

85-87oC. 1H NMR (CDCl3): δ 1.43 (s, 9H), 1.77-1.90 (m, 2H), 2.05-2.18 (m, 1H), 2.40-2.50 (m, 

2H), 3.31-3.39 (m, 2H), 3.74 (s, 3H), 4.25-4.31 (m, 1H), 5.51 (d, J = 9.09 Hz, 1H).  

Compound 4: A solution of HCl in dioxane (4 M; 30 ml) was added to a solution of compound 3 

(2.57 g, 9 mmol) at R.T with stirring. The mixture was stirred for 2 h, then concentrated under 

rotovac to yield a crude salt (2.04 g, 100%). The crude compound was used for next reaction 

without any purification. 1H NMR (CDCl3): δ 1.60-1.80 (m, 1H), 1.80-2.00 (m, 1H), 2.00-2.10 (m, 

1H), 2.51-2.63 (m, 1H), 3.20 (m, 2H), 3.79 (s, 2H), 4.10-4.22 (s, 1H), 8.00 (s, 1H), 8.40-8.70 (s, 

2H). 

Compound 5a: To a solution of N-(Benzyloxycarbonyl)-L-leucine (3.44 g, 13mmol) in dry DMF 

(25 mL), were added EDCI (2.69 g, 14.05 mmol, 1.08 eq), HOBt (2.15 g, 14.05 mmol, 1.08 eq) 

and stirred for 40 min at room temperature. In another flask compound 4 (2.89 g, 13mmol) was 

dissolved in 18 mL DMF and cooled to 0-5oC, was added diisopropylethylamine, DIEA (5.04 g, 

39 mmol, 3 eq) and stirred for 30 min and added to the reaction mixture containing acid. The 

combined reaction mixture was warmed to room temperature for 12 h. Completion of the reaction 

was monitored by TLC and solvent was removed under high vacuum, the residue was partitioned 

between ethyl acetate (200 mL) and 10% citric acid (40 mL), the ethyl acetate layer was further 

washed with NaHCO3 (40 mL), followed by saturated NaCl (50 mL). The organic layer was dried 
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over anhydrous sodium sulfate and solvent was removed to yield a yellow color viscous oil as 

crude. The crude compound was purified by flash chromatography (silica gel/hexanes/ethyl 

acetate, 1:1) to yield compound 5a as colorless viscous oil (2.65 g, 89 % yield). 1H NMR (CDCl3): 

δ  0.99 (d, 6H), 1.40-1.95 (m, 6H), 2.10-2.25 (m, 2H), 2.25-2.45 (m, 2H), 3.20-3.35 (m, 2H), 3.60-

3.75 (s, 3H), 4.30-4.38 (m, 1H), 4.40-4.45 (m, 1H), 5.00-5.20 (s, 2H), 5.50 (d, 1H), 6.40 (s, 2H), 

7.20-7.40 (m, 5H), 7.92 (d, 1H). 

Compound 5b : Colorless oil (4.57 g, 76 % yield), 1H NMR (CDCl3): δ 1.72-1.90 (m, 2H), 2.05-

2.16 (m, 1H), 2.18-2.40 (m, 2H), 2.95-3.17 (m, 2H), 3.20-3.33 (m, 2H), 3.70 (s, 3H), 4.41-4.51 

(m, 1H), 4.55-4.66 (m, 1H), 5.10 (s, 2H), 5.57 (d, J = 8.3Hz, 1H), 6.09 (s, 1H), 7.13-7.40 (m, 10H), 

7.74 (d, J = 6.7Hz, 1H). 

Synthesis of Compound 6a: A solution of compound 5a (4.64 g, 10.70 mmol) in anhydrous THF 

(30 mL) was treated with Lithium borohydride (2M in THF, 10 mL, 20 mmol) drop wise followed 

by absolute ethyl alcohol (25 mL). The reaction mixture was stirred at RT overnight. The reaction 

mixture was acidified by adding 5 % HCl and adjusted the pH to ~2. Then the solvent was removed 

by rotary evaporator and the residue was taken up in ethyl acetate (150 mL). The organic layer 

was washed with brine (40 mL). Organic layer was separated, dried over anhydrous sodium sulfate, 

filtered and concentrated to yield compound 6a as  white solid (4.30 g, 99 % yield), mp 63-65OC. 

1H NMR (CDCl3): δ 0.99 (d, 6H), 1.40-2.10 (m, 8H), 2.25-2.45 (m, 2H), 3.20-3.35 (m, 2H), 3.40-

3.69 (m, 2H), 3.90-4.01 (s, 1H), 4.20-4.27 (m, 1H), 5.00-5.20 (s, 2H), 5.40 (d, 1H), 5.98 (s, 2H), 

7.20-7.40 (m, 5H), 7.80 (d, 1H). 

Compound 6b: Colorless oil (3.95 g, 93 % yield), 1H NMR (CDCl3): δ 1.41-1.54 (m, 1H), 1.65-

1.98 (m, 2H), 2.07-2.41 (m, 2H), 2.88-3.16 (m, 2H), 3.18-3.31 (m, 2H), 3.35-3.49 (m, 2H), 3.65 
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(s, 1H), 3.81-3.93 (m, 1H), 4.39-4.56 (m, 1H), 5.07 (s, 2H), 5.67 (d, J=8.2Hz, 1H), 6.12 (s, 1H), 

7.07-7.40 (m, 10H), 7.53 (d, J=6.6Hz, 1H). 

Representative synthesis of Compounds 7a-b: 

Compound 7a: compound 6a (2.02 g, 5 mmol) was dissolved in anhydrous dichloromethane (50 

mL) under a nitrogen atmosphere and cooled to 0oC. Dess-Martin periodinane reagent (15 % wt 

in dichloromethane, 31.39 g, 11.1 mmol) was added with stirring. The ice bath was removed and 

the reaction mixture was stirred at RT for 1 h under the nitrogen atmosphere. The reaction was 

monitored by TLC until the starting material was disappeared. 10 % aqueous sodium thiosulfate 

(20 mL) was added and stirred for another 5 min. The solution was poured into a separatory funnel 

and the aqueous layer was separated. The organic was washed once more with 10 % aqueous 

sodium thiosulfate (20 mL), followed by saturated sodium bicarbonate (2 x 20 mL), water (2 x 20 

mL) and brine (20 mL). The organic layer was separated and dried over anhydrous sodium sulfate. 

Filtered off and concentrated under the rotary evaporator leaving yellow oil crude, which was 

purified flash chromatography (silica gel/methylene chloride/ethyl acetate/methanol) to left white 

solid (1.18 g, 58.50 % yield), mp 76-78oC. 1H NMR (CDCl3): δ 0.95 (d, 6H), 1.40-2.00 (m, 6H), 

2.00-2.20 (d, 2H), 2.20-2.50 (m, 2H), 3.20-3.40 (m, 2H), 4.20-4.50 (m, 1H), 5.10 (s, 2H), 5.30-

5.40 (m, 1H), 5.90 (s, 1H), 7.20-7.40 (m, 5H), 8.31 (m, 1H), 9.43 (s, 1H). 

Compound 7b: White solid (1.06 g, 60 % yield), mp 67-69OC. 1H NMR (CDCl3): δ 1.66-1.90 (m, 

3H), 1.95-2.41 (m, 2H), 2.97-3.19 (m, 2H), 3.21-3.42 (m, 2H), 4.16-4.27 (m, 1H), 4.37-4.67 (m, 

1H), 5.06 (s, 2H), 5.57 (d, J=8.3Hz, 1H), 6.04 (s, 1H), 7.12-7.40 (m, 10H), 8.19 (d, J=5.8Hz, 1H), 

9.24 (s, 1H). 
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Representative synthesis of Compounds 8a-h: 

Synthesis of Compound 8a: compound 7a (0.66 g; 1.65 mmol) in ethyl acetate (8 mL) was kept 

at 0oC, acetic acid was added (0.114 g; 1.90 mmol) followed by isopropyl isocyanide (0.113 g; 

1.66 mmol). The reaction mixture was stirred at room temperature for 18 h. The solution was 

concentrated in vacuuo and the residue was dissolved in methanol (8 mL), and treated with a 

solution of K2CO3 (0.54 g; 3.97 mmol) in water (7.5 mL). The reaction mixture was stirred at room 

temperature for 2 h. Methanol was evaporated off and the aqueous layer was extracted with ethyl 

acetate (3 X 40 mL). The combined organic layers were washed with 5% HCl (2 X 30 mL), and 

brine (30 mL). The organic layer was dried with anhydrous sodium sulfate and the solvent was 

removed to yield a white solid (0.46 g; 58 % yield). mp 71-73oC 1H NMR (CDCl3): δ 0.95 (d, 

6H),1.20 (d, J =5.9 Hz 6H), 1.40-2.00 (m, 6H), 2.00-2.20 (d, 2H), 2.20-2.50 (m, 2H), 3.20-3.40 

(m, 2H), 3.76-3.80 (m, 1H), 4.20-4.50 (m, 1H), 5.10 (s, 2H), 5.30-5.40 (m, 2H), 5.90 (m, 2H), 

7.20-7.40 (m, 5H), 8.31 (m, 1H). 

Compound 8b: White Solid (0.52 g; 59 % yield). mp 61-64oC, 1H NMR (CDCl3): δ 0.48 (d, J=6.3 

Hz, 2H), 0.69 (d, J=6 Hz, 2H), .40-2.00 (m, 6H), 2.00-2.20 (d, 2H), 2.20-2.50 (m, 2H), 3.20-3.40 

(m, 2H), 3.76-3.80 (m, 1H), 4.20-4.50 (m, 1H), 5.10 (s, 2H), 5.30-5.40 (m, 2H), 5.90 (m, 2H), 

7.20-7.40 (m, 5H), 8.31 (m, 1H). 

Compound 8c: White Solid (0.59 g; 71 % yield). mp 68-70oC, 1H NMR (CDCl3): δ 0.89-0.96 (m, 

9H), 1.24 (q, 2H), 1.41-1.83 (m, 7H), 1.92-2.05 (m, 2H), 2.23-2.48 (m, 2H), 3.17-3.38 (m, 4H), 

3.62 (m, 1H), 4.15-4.22 (m, 2H), 4.31 (s, 1H), 5.10 (s, 2H), 5.30-5.40 (m, 2H), 5.90 (m, 2H), 7.20-

7.40 (m, 5H), 8.31 (m, 1H). 
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Compound 8d: White solid (0.61 g; 68 % yield). mp 72-75oC, 1H NMR (CDCl3): δ 0.95 (d, 6H), 

1.41-1.83 (m, 7H), 1.92-2.05 (m, 2H), 2.23-2.48 (m, 2H), 3.17-3.38 (m, 2H), 3.55-3.80 (m, 2H), 

3.90-4.42 (m, 5H) 5.10 (s, 2H), 5.30-5.40 (m, 2H), 5.90 (m, 2H), 7.20-7.40 (m, 5H), 8.31 (m, 1H). 

Compound 8e: White solid (0.55 g; 63 % yield). mp 81-84oC, 1H NMR (CDCl3): δ 0.95 (m, 6H), 

1.16-1.25 (m, 4H), 1.37-2.0 (m, 19H), 2.13-2.20 (m, 2H), 3.17-3.38 (m, 2H), 3.20-3.40 (m, 2H), 

3.76-3.80 (m, 1H), 4.20-4.50 (m, 1H), 5.10 (s, 2H), 5.30-5.40 (m, 2H), 5.90 (m, 2H), 7.20-7.40 

(m, 5H), 8.31 (m, 1H). 

Compound 8f: Light yellow solid (0.59 g; 66 % yield). mp 78-80oC, 1H NMR (CDCl3): δ  0.95 (d, 

6H), 1.40-2.00 (m, 6H), 2.00-2.20 (d, 2H), 2.20-2.50 (m, 2H), 3.20-3.40 (m, 2H), 4.20-4.50 (m, 

3H), 5.10 (s, 2H), 5.30-5.40 (m, 1H), 5.90 (s, 1H), 7.22-7.48 (m, 10H), 8.31 (m, 1H). 

Compound 8g: White solid (0.54 g; 65 % yield). mp 69-71oC, 1H NMR (CDCl3): δ  0.95 (d, 6H), 

1.36-2.00 (m, 15H), 2.00-2.20 (d, 2H), 2.20-2.50 (m, 2H), 3.20-3.40 (m, 2H), 4.20-4.50 (m, 3H), 

5.10 (s, 2H), 5.30-5.40 (m, 1H), 5.90 (s, 1H), 7.22-7.48 (m, 5H), 8.31 (m, 1H). 

Compound 8h: White solid (0.50 g; 63 % yield). MP 70-72oC, 1H NMR (CDCl3): δ 1.04-1.18 (m, 

6H), 1.40-1.98 (m, 4H), 2.21-2.37 (m, 3H), 3.02-3.38 (m, 3H), 3.98-4.16 (m, 2H), 4.23 (bs, 1H), 

4.41-4.60 (m, 1H), 5.12 (d, J=6.1Hz, 4H), 5.64 (m, 1H), 6.62-6.70 (m, 1H), 7.22-7.48 (m, 9H), 

8.31 (m, 1H).  

Representative synthesis of Compounds 9a-h 

Compound 9a: A solution of compound 8a (0.34 g; 0.7 mmol) in anhydrous methylene chloride 

(8mL) was kept at 0oC under nitrogen, was treated with Dess-Martin periodinane reagent (15% wt 

in dichloromethane; 4.89 g; 1.73 mmol). The reaction mixture was stirred at room temperature 

under nitrogen for 2 hours. To the reaction mixture 10% sodium thiosulfate solution (10 mL) was 

added and stirred for 10 min. The organic layer was separated, and was added 40 ml 
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dichloromethane. The organic layer was washed with 10% sodium thiosulfate solution (10mL), 

saturated sodium bicarbonate (8 mL), and brine (8 mL). The organic layer was dried with 

anhydrous sodium sulfate and solvent was removed to yield a light yellow color solid, which was 

purified by flash chromatography to yield a white solid (0.26 g; 76 % yield). mp 75-77oC, 1H 

NMR (CDCl3): δ 0.95 (d, 6H),1.20 (d, J =5.9 Hz 6H), 1.40-2.00 (m, 6H), 2.00-2.20 (d, 2H), 2.20-

2.50 (m, 2H), 3.20-3.40 (m, 2H), 3.76-3.80 (m, 1H), 5.10 (s, 2H), 5.30-5.40 (m, 2H), 5.90 (m, 2H), 

7.20-7.40 (m, 5H), 8.31 (m, 1H). 

Compound 9b: White Solid (0.23 g; 64 % yield). mp 72-74oC, 1H NMR (CDCl3): δ 0.48 (d, J=6.3 

Hz, 2H), 0.69 (d, J=6 Hz, 2H), .40-2.00 (m, 6H), 2.00-2.20 (d, 2H), 2.20-2.50 (m, 2H), 3.20-3.40 

(m, 2H), 3.76-3.80 (m, 1H), 4.20-4.50 (m, 1H), 5.10 (s, 2H), 5.30-5.40 (m, 2H), 5.90 (m, 2H), 

7.20-7.40 (m, 5H), 8.31 (m, 1H). 

Compound 9c: White Solid (0.27 g; 77 % yield). mp 65-67oC, 1H NMR (CDCl3): δ 0.89-0.96 (m, 

9H), 1.24 (q, 2H), 1.41-1.83 (m, 7H), 1.92-2.05 (m, 2H), 2.23-2.48 (m, 2H), 3.17-3.38 (m, 4H), 

3.62 (m, 1H), 4.15-4.22 (m, 2H), 4.31 (s, 1H), 5.10 (s, 2H), 5.30-5.40 (m, 2H), 5.90 (m, 2H), 7.20-

7.40 (m, 5H), 8.31 (m, 1H). 

Compound 9d: White solid (0.21 g; 57 % yield). mp 115-118oC, 1H NMR (CDCl3): δ 0.95 (d, 

6H), 1.41-1.83 (m, 7H), 1.92-2.05 (m, 2H), 2.23-2.48 (m, 2H), 3.17-3.38 (m, 2H), 3.55-3.80 (m, 

2H), 3.90-4.42 (m, 5H) 5.10 (s, 2H), 5.30-5.40 (m, 2H), 5.90 (m, 2H), 7.20-7.40 (m, 5H), 8.31 (m, 

1H). 

Compound 9e: White solid (0.28 g; 76 % yield). mp 65-68oC, 1H NMR (CDCl3): δ 0.95 (m, 6H), 

1.16-1.25 (m, 4H), 1.37-2.0 (m, 19H), 2.13-2.20 (m, 2H), 3.17-3.38 (m, 2H), 3.20-3.40 (m, 2H), 

3.76-3.80 (m, 1H), 4.20-4.50 (m, 1H), 5.10 (s, 2H), 5.30-5.40 (m, 2H), 5.90 (m, 2H), 7.20-7.40 

(m, 5H), 8.31 (m, 1H). 
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Compound 9f: White solid (0.23 g; 62 % yield). mp 61-64oC, 1H NMR (CDCl3): δ  0.95 (d, 6H), 

1.40-2.00 (m, 6H), 2.00-2.20 (d, 2H), 2.20-2.50 (m, 2H), 3.20-3.40 (m, 2H), 4.20-4.50 (m, 2H), 

5.10 (s, 2H), 5.30-5.40 (m, 1H), 5.90 (s, 1H), 7.22-7.48 (m, 10H), 8.31 (m, 1H). 

Compound 9g: White solid (0.24 g; 69 % yield). mp 68-69oC, 1H NMR (CDCl3): δ  0.95 (d, 6H), 

1.36-2.00 (m, 15H), 2.00-2.20 (d, 2H), 2.20-2.50 (m, 2H), 3.20-3.40 (m, 2H), 4.20-4.50 (m, 3H), 

5.10 (s, 2H), 5.30-5.40 (m, 1H), 5.90 (s, 1H), 7.22-7.48 (m, 5H), 8.31 (m, 1H). 

Compound 9h: White solid (0.28 g; 72 % yield). mp 75-77oC, 1H NMR (CDCl3): δ 1.04-1.18 (m, 

6H), 1.40-1.98 (m, 4H), 2.21-2.37 (m, 3H), 3.02-3.38 (m, 3H), 3.98-4.16 (m, 2H), 4.41-4.60 (m, 

1H), 5.12 (d, J=6.1Hz, 4H),  6.62-6.70 (m, 1H), 7.22-7.48 (m, 9H), 8.31 (m, 1H).  

Representative synthesis of Compounds 10a-b, and 11a-b 

Compound 10a: Oxazole (0.2 mL, 3.04 mmoL) in anhydrous THF (30 mL) was treated with 1M 

BH3 in THF (3.32 mL, 3.32 mmoL) and the solution was stirred at room temperature for 1 hour 

before cooling it down to -78oC. To the reaction mixture 2.5M n-butyllithium in hexanes (1.8 mL, 

3.95 mmol) was added drop wise under a nitrogen atmosphere. The reaction mixture was stirred 

at -78oC for 40 min and was added a solution of compound 7a (1.22g, 3.04 mmol) in THF (18 

mL). The reaction mixture was further stirred at -78oC for 2 h and warmed to room temperature. 

5% acetic acid in ethanol (50 mL) was added and allowed it to stir 12 h at room temperature. The 

solvent was removed under reduced pressure and the residue was partitioned between ethyl acetate 

(120 mL) and water (25 mL). The organic layer was sequentially washed with water (2 X 20 mL), 

saturated NaHCO3 (20 mL), and brine (20 mL) before drying with anhydrous sodium sulfate. The 

solvent was removed to yield a yellow color solid, which was purified by flash column 

chromatography to yield a very light yellow color solid (0.68 g, 56 % yield). mp 79-82oC, 1H NMR 
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(CDCl3): δ 0.94 (m, 6H), 1.39-2.0 (m, 8H), 2.18-2.60 (m, 2H), 3.20-3.35 (m, 2H), 3.98-4.32 (m, 

2H), 5.10 (s, 2H), 5.24 (m, 1H), 7.22-7.39 (m, 5H), 7.75 (m, 1H), 7.98 (m, 1H). 

Compound 10b: Light Yellow solid (0.72 g, 49 % yield), mp 68-70oC, 1H NMR (CDCl3): δ 0.94 

(m, 6H), 1.39-2.0 (m, 8H), 2.18-2.60 (m, 2H), 3.20-3.35 (m, 2H), 3.98-4.32 (m, 2H), 5.10 (s, 2H), 

5.24 (m, 1H), 7.22-7.39 (m, 5H), 7.75 (m, 1H), 7.98 (m, 1H). 

Compound 11a: A solution of compound 10a (0.33 g; 0.7 mmol) in anhydrous methylene chloride 

(8 mL) was kept at 0oC under nitrogen, was treated with Dess-Martin periodinane reagent (15% 

wt in dichloromethane; 4.89 g; 1.73 mmol). The reaction mixture was stirred at room temperature 

under nitrogen for 2 hours. To the reaction mixture 10% sodium thiosulfate solution (10 mL) was 

added and stirred for 10 min. The organic layer was separated, and was added 40 ml 

dichloromethane. The organic layer was washed with 10% sodium thiosulfate solution (10 mL), 

saturated sodium bicarbonate (8 mL), and brine (8 mL). The organic layer was dried with 

anhydrous sodium sulfate and solvent was removed to yield a light yellow color solid, which was 

purified by flash chromatography to yield a white solid (0.21 g, 66 % yield). mp 75-76oC, 1H NMR 

(CDCl3): δ 0.94 (m, 6H), 1.39-2.0 (m, 8H), 2.18-2.60 (m, 2H), 3.20-3.35 (m, 2H), 3.98-4.32 (m, 

2H), 5.10 (s, 2H), 7.22-7.39 (m, 5H), 7.75 (m, 1H), 7.98 (m, 1H). 

Compound 11b: Light yellow solid (0.21 g, 66 % yield). mp 64-67oC, 1H NMR (CDCl3): δ 0.94 

(m, 6H), 1.39-2.0 (m, 7H), 2.18-2.60 (m, 2H), 3.20-3.35 (m, 2H), 3.98-4.32 (m, 2H), 5.10 (s, 2H), 

7.22-7.39 (m, 5H), 7.75 (m, 1H), 7.98 (m, 1H). 
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Molecular modeling experimental 

The receptor structure was prepared by extracting the co-crystallized covalently-bound 

peptidyl ligand in 2IP7 [35] and all resolved water. Protons were added to the remaining structure 

using SYBYL [101] and the covalently-bound ligands (compounds 9b and 11b) were assembled 

sequentially as follows: beginning with the bare sulfur on Cys 139 left from deletion of the co-

crystallized ligand, SYBYL was used to add the nearest ligand heavy atom, protons were added to 

the resulting complex, and then the ligand position was optimized using molecular mechanics 

(Tripos Molecular Force Field [102]), Gasteiger-Marsili electrostatics [103] and default 

convergence criteria. All protein atomic coordinates were held fixed except for those of Cys139. 

From the resulting optimized structure, terminal protons on the ligand fragment were replaced with 

those heavy atoms corresponding to next-nearest neighbors to the Cys139 sulfur attachment point, 

protons were added to the resulting complex, and the structure re-optimized. Next-next nearest 

neighbors were then added in a similar manner and continued incrementally until the ligand was 

fully constituted. The non-covalent inhibitor 10b was constructed from the covalently-bound 11b 

analog by severing the C-S bond with Cys139, adding protons and re-optimizing under the same 

protocol as above (Figure 2.2).  
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2.4 Results and Discussion 

         We have recently demonstrated that peptidyl aldehydes function as transition state inhibitors 

of NV 3CLpro [75]. In this report we demonstrate for the first time that α-ketoamides and α-

ketoheterocycles inhibit NV 3CLpro in vitro, and also exhibit potent anti-norovirus activity in a 

cell-based system. S’-P’ interactions have been previously utilized to increase the affinity and 

selectivity of inhibitors, including transition state analogs [94, 99, and 100]; consequently, the S’ 

subsites of NV 3Cpro were probed using a series of structurally-diverse ketoamides.                 

 It is evident from the results summarized in Table 2.1 that peptidyl α-ketoamides (compounds 9a-

g) potently inhibit NV 3Cpro in vitro. Most importantly, the compounds exhibit potent anti-

norovirus activity in a cell-based replicon system. In order to enhance further the pharmacological 

activity of the compounds by exploiting favorable binding interactions between the R group in (I) 

(assumed to be projecting toward the S’ subsites) and the enzyme, the nature of the R group was 

varied. Although the precise orientation of the R group will have to await the determination of the 

X-ray crystal structure of a ligand-enzyme complex (in progress), the results indicate that a wide 

range of R groups can be tolerated. As anticipated, the corresponding precursor alcohols 

(compounds 8a-h, Table 2.1) were substantially less active (vide infra). Furthermore, replacement 

of P2 Leu with Phe decreased potency 4-fold (compare compounds 9a and 9h, Table 2.1), a finding 

that is consistent with the strong preference of the enzyme for a Leu residue at P2. Intriguingly, 

precursor alcohols 8a, 8h and 10b exhibited noteworthy activity in the cell-based replicon system 

despite their weak in vitro inhibitory activity against NV 3CLpro.  

    α-Ketoheterocycles 11a-b were also found to inhibit NV 3Cpro in vitro, with the oxazole 

derivative being about 4-fold more potent than the corresponding thiazole compound (Table 2.1). 
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Both compounds were found to inhibit norovirus in a cell-based replicon system, with isoxazole 

11a being the most effective (ED50 900 nM). 
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TABLE 2.1. Inhibitory activity of compounds 8a-h, 9a-h, 10a-b, and 11a-b 
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TABLE 2.1 (continued) 
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TABLE 2.1 (continued) 
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TABLE 2.1 (continued) 
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2.5 Molecular Modelling 

In order to computationally predict binding modes for compounds 9b, 10b and 11b, a 

receptor structure for NV 3Cpro was prepared using the reported crystal structure [35] by 

extracting the co-crystallized covalently-bound peptidyl ligand and all resolved water [ molecular 

modelling experimental]. The three inhibitors are capable of adopting similar low-energy 

conformations (Figure 2.2) and engage in multiple favorable binding interactions with the enzyme, 

including lipophilic interactions involving the –(CH2CH2)- segment of the glutamine surrogate 

with the corresponding –(CH2CH2)- segment of Pro136, the Leu side chain in each inhibitor with 

His30, Ile109 and Val 114, and interactions of the phenyl ring in the Cbz cap – partially occupying 

the S4 pocket - with Ile109. A network of hydrogen bonds involving Thr134 (backbone carbonyl), 

Ala158 (backbone carbonyl), Gln110 (side chain carbonyl) and Ala160 (backbone amide 

hydrogen) are also evident.        
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FIGURE 2.2 Predicted binding modes for NV 3Cpro inhibitors 9b, 10b, and 11b. The NV 

3Cpro receptor is rendered as a Connolly surface, and is colored as follows: red = polar O, blue = 

polar N, cyan = polar H, white = polarized alkyl or aryl (C, H), and yellow = hydrophobic. The 

ligands are represented as CPK-colored sticks, with carbon atoms colored as follows: green = 

compound 9b, black = compound 10b, and white = compound 11b. A selection of receptor residues 

with key ligand interactions are labeled.    
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2.6 Conclusions 

    In summary, a novel series of structurally-diverse α-ketoamides and α-ketoheterocycles has 

been synthesized and shown to potently inhibit NV 3Cpro in vitro, as well as norovirus in a cell-

based replicon system.   
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CHAPTER 3 

Potent Inhibition of Norovirus by Dipeptidyl α-Hydroxyphosphonate 

Transition State Mimics 

3.1 Inhibitor Design Rationale 

Norovirus 3CLpro is a validated druggable target that is well-suited to the discovery and 

development of anti-norovirus small molecule therapeutics and prophylactics. We have developed 

a new class of transition state inhibitors for norovirus, α-hydroxyphosphonates. α-

hydroxyphosphonates are biologically active compounds, previously used as transition state 

mimics of renin [62].  

In continuing our endeavors in this area [75-81, 104, and 105],  describe herein the results 

of preliminary studies related to the inhibition of 3CLpro by peptidyl α-hydroxyphosphonates 

(Figure 3.1, structure (I)). To our knowledge, this is the first time that α-hydroxyphosphonate 

transition state mimics have been used in the inhibition of a viral cysteine protease. 

 

FIGURE 3.1. General structure of inhibitor (I) 
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The design of inhibitor (I) rested on the following considerations: (a) previous studies have 

shown that the α-hydroxyester [106] and α-hydroxyphosphonate [107] moieties function as 

effective transition state mimics which, when linked to a peptidyl recognition element that is 

tailored to the substrate specificity of a target protease, yields highly potent inhibitors. This 

approach has been successfully used in the design of highly effective inhibitors of human renin 

[106]; (b) NV 3CLpro is a cysteine endoprotease with a chymotrypsin-like fold, a His-Cys-Glu 

triad, and an extended binding site [75-81, 65, 73, and 68]. Mapping of the active site of 3CLpro 

using chromogenic and fluorogenic substrates has shown that the protease has a strong preference 

for a -D/E-F/Y-X-L-Q-G- sequence, where X is H, E or Q, and cleavage is at the Q-G (P1-P1’) [68] 

bond [35, 27, 108, and 109]; (c) we have previously demonstrated that the presence of a P2 

cyclohexylalanine residue results in a significant enhancement in potency and cellular permeability 

[90]. (d) Based on the aforementioned considerations, it was envisaged that an inhibitor 

represented by general structure (I) (Figure 3.1) may display high in vitro inhibitory activity toward 

NV 3CLpro, as well as anti-norovirus activity in a cell-based replicon system.  Described herein 

are the results of preliminary studies with inhibitor (I).  
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3.2 Chemistry 

Inhibitor (I) was readily constructed by transforming commercially available (L) 

cyclohexyl alanine to the corresponding ester and subsequent conversion of the ester to the 

isocyanate by refluxing with trichloromethyl chloroformate in dioxane (Scheme 1). Subsequent 

reaction with an appropriate alcohol yielded the N-protected amino acid ester which was 

hydrolyzed with LiOH/aq THF to yield the corresponding acid, which was then coupled to the 

methyl ester of a previously-reported P1 glutamine surrogate [82, 83, and 110]. The reaction 

sequence chosen is highly tractable and permits facile modification of the cap by reaction with an 

array of structurally-diverse alcohols. This is of paramount importance in terms of optimizing 

pharmacological activity, ADMET, and PK via cap modifications. Reduction of the N-protected 

amino acid ester with lithium borohydride, followed by oxidation with Dess-Martin periodinane 

reagent [93], yielded the corresponding dipeptidyl aldehyde which was reacted with an array of 

dialkyl phosphites and triethylamine in dichloromethane to yield the desired compounds as 

mixtures of epimers [93] (listed in Table 3.1). 
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SCHEME 3.1 Synthesis of compounds 7a-h 
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3.3 Experimental section 

General: 

The 1H 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. 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 to determine the compound purity. HPLC was performed using Waters 1525 binary HPLC 

pump. The TLC plates for all the compounds were eluted using two different solvent systems and 

visualized using iodine and/or UV light. Each individual compound was identified as a single spot 

on TLC plate (purity was > 95% as evidenced by 1H NMR and HPLC).  

Representative synthesis of compounds 

Synthesis of L-β-Cyclohexyl alanine methyl ester isocyanate  

L-β-Cyclohexyl alanine methyl ester hydrochloride (22.17 g, 100 mmol) was placed in a dry 500-

mL RB flask and then dried overnight on the vacuum pump. Flush with nitrogen and then dry 1, 

4-dioxane (200 mL) was added. Trichloromethyl chloroformate (29.67 g, 150 mmol) was added 

and the reaction mixture was refluxed for 10 hours. The solvent was removed on the rotary 

evaporator (connected under the hood) and the residue was vacuum distilled to yield pure 

isocyanate as colorless oil (13.35 g, 93 % yield), 1H NMR (CDCl3): δ 0.82-1.02 (m, 2H), 1.08-

1.34 (m, 3H), 1.44-1.56 (m, 1H), 1.57-1.82 (m, 7H), 3.80 (s, 3H), 4.04-4.10 (m, 1H).  

Compound 1b: Benzyl alcohol (2.16 g, 20 mmol) was dissolved in dry acetonitrile (15 mL). 

Triethylamine (6.07 g, 60 mmol) was added, followed by L-β-Cyclohexyl alanine methyl ester 

isocyanate (4.22 g, 20 mmol). The resulting solution was refluxed for 1 h and then allowed to cool 
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to the room temperature. Solvent was removed on the rotavac and the residue was taken up with 

ethyl acetate (75 mL). The organic layer was washed with 5 % HCl (2 x 20 mL) and brine (20 

mL). Organic layer was separated, dried over anhydrous sodium sulfate. Filtered off and 

concentrated on the rotary evaporator to leave a Colorless oil (4.44 g, 99 % yield). 1H NMR 

(CDCl3): δ 0.81-0.98 (m, 2H), 1.07-1.25 (m, 3H), 1.27-1.38 (m, 1H), 1.42-1.50 (m, 1H), 1.55-1.71 

(m, 5H), 1.78 (d, J=12.36Hz, 1H), 3.70 (s, 3H), 4.36-4.44 (m, 1H), 5.06 (s, 2H), 5.18 (d, J=8.5Hz, 

1H), 7.26-7.35 (m, 5H). 

Representative synthesis of Compounds 2a-b: 

Compound 2a: Corresponding acid is commercially available. 

Compound 2b: A solution of ester compound, compound 1b (6.19 g, 19.41 mmol) in 

tetrahydrofuran (30 ml) was treated with 1M LiOH (40 mL). The reaction was stirred for 1 h at 

RT, and monitored by TLC until disappearance of ester. Most of the solvent was removed in 

vacuum. Water (25 ml) was added to dilute the solution, and was extracted with ethyl acetate (50 

ml) to remove impurities. The solution was acidified to pH 2-3 by using 5% hydrochloride acid 

(20 ml), and was then extracted with ethyl acetate (3 x 100 ml). The organic layer was dried over 

anhydrous sodium sulfate, filtered, and concentrated, leaving a colorless oil (3.97 g, 99 % yield), 

1H NMR (CDCl3): δ 0.78-1.02 (m, 2H), 1.05-1.29 (m, 3H), 1.33-1.46 (m, 1H), 1.48-1.57 (m, 1H), 

1.59-1.76 (m, 5H), 1.81 (d, J=12.2Hz, 1H), 4.38-4.47 (m, 1H), 5.10 (s, 2H), 5.26 (d, J=8.6Hz, 1H), 

7.27-7.40 (m, 5H), 9.12-9.67 (brs, 1H). 

Compound 3: Synthesized using experimental procedures described in chapter 2 for compound 

4 
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Representative synthesis of Compounds 4a-b: 

Compound 4a: Crude compound 3 (4.93 g, 13.27 mmol) and compound 3a (3.52 g, 13.27 mmol) 

were dissolved in dry DMF (60 mL), and mixture was cooled to 0oC. N, N’-diisopropylethylamine 

(5.17 g, 40 mmol), 1-Hydroxybenzotriazole monohydrate (HOBt.H2O) (2.45 g. 16 mmol) and 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCI) (3.06 g, 16 mmol) were added 

sequentially. The ice bath was removed and the reaction mixture was stirred at RT overnight. The 

solvent was removed using a vacuum pump and the residue was taken up with ethyl acetate (200 

mL) and washed sequentially with 5 % HCl (2 x 50 mL), saturated sodium bicarbonate (2 x 50 

mL) and brine (50 mL). The organic layer was separated, dried over anhydrous sodium sulfate, 

filtered and concentrated, leaving a yellow crude oil, which was purified by flash chromatography 

(silica gel/hexane/ethyl acetate) to give a white solid (4.75 g, 83 % yield). 1H NMR (CDCl3): δ 

0.99 (d, 6H), 1.40-1.95 (m, 6H), 2.10-2.25 (m, 2H), 2.25-2.45 (m, 2H), 3.20-3.35 (m, 2H), 3.60-

3.75 (s, 3H), 4.30-4.38 (m, 1H), 4.40-4.45 (m, 1H), 5.00-5.20 (s, 2H), 5.50 (d, 1H), 6.40 (s, 2H), 

7.20-7.40 (m, 5H), 7.92 (d, 1H). 

Compound 4b: Colorless oil (2.89 g, 68 % yield), 1H NMR (CDCl3): δ 0.82-1.03 (m, 2H), 1.05-

1.30 (m, 2H), 1.32-1.44 (m, 1H), 1.45-1.55 (m, 1H), 1.57-1.94 (m, 9H), 2.07-2.23 (m, 1H),  

2.25-2.55 (m, 2H), 3.22-3.36 (m, 2H), 3.72 (s, 3H), 4.20-4.40 (m, 1H), 4.42-4.52 (m, 1H), 5.10 (s, 

2H), 5.42 (d, J = 8.5Hz, 1H), 6.23 (s, 1H), 7.27-7.40 (m, 5H), 7.85 (d, J = 7.0Hz, 1H). 
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Representative synthesis of Compounds 5a-b:  

Compound 5a: A solution of compound 4a (4.64 g, 10.70 mmol) in anhydrous THF (30 mL) was 

treated with lithium borohydride (2M in THF, 10 mL, 20 mmol) drop wise followed by absolute 

ethyl alcohol (25 mL). The reaction mixture was stirred at RT overnight. The reaction mixture was 

acidified by adding 5 % HCl and was the pH adjusted to ~2. The solvent was then removed on the 

rotary evaporator and the residue was taken up in ethyl acetate (150 mL). The organic layer was 

washed with brine (40 mL). The organic layer was separated, dried over anhydrous sodium sulfate, 

filtered and concentrated, leaving a white solid (4.30 g, 99 % yield), mp 63-65oC. 1H NMR 

(CDCl3): δ 0.99 (d, 6H), 1.40-2.10 (m, 8H), 2.25-2.45 (m, 2H), 3.20-3.35 (m, 2H), 3.40-3.69 (m, 

2H), 3.90-4.01 (s, 1H), 4.20-4.27 (m, 1H), 5.00-5.20 (s, 2H), 5.40 (d, 1H), 5.98 (s, 2H), 7.20-7.40 

(m, 5H), 7.80 (d, 1H). 

Compound 5b: Colorless oil (2.56 g, 98 % yield), 1H NMR (CDCl3): δ 0.77-0.99 (m, 2H), 1.03-

1.26 (m, 3H), 1.28-1.39 (m, 1H), 1.41-1.85 (m, 10H), 1.93-2.07 (m, 1H), 2.25-2.50 (m, 2H), 3.16-

3.34 (m, 2H), 3.47-3.72 (m, 2H), 3.91-4.04 (s, 1H), 4.17-4.33 (s, 1H), 5.10 (s, 2H), 5.63 (d, 

J=7.8Hz, 1H), 6.45 (s, 1H), 7.22-7.42 (m, 5H), 7.69 (d, J=7.1Hz, 1H). 

Representative synthesis of Compounds 6a-b: 

Compound 6a: compound 5a (2.02 g, 5 mmol) was dissolved in anhydrous dichloromethane (50 

mL) under a nitrogen atmosphere and cooled to 0oC. Dess-Martin periodinane reagent (15 % wt 

in dichloromethane, 31.39 g; 11.1 mmol) was added with stirring. The ice bath was removed and 

the reaction mixture was stirred at RT for 1 h under the nitrogen atmosphere. The reaction was 

monitored by TLC until the starting material was disappeared. 10 % aqueous sodium thiosulfate 

(20 mL) was added and stirred for another 5 min. The solution was poured into a separatory funnel 
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and the aqueous layer was separated. The organic was washed once more with 10 % aqueous 

sodium thiosulfate (20 mL), followed by saturated sodium bicarbonate (2 x 20 mL), water (2 x 20 

mL) and brine (20 mL). The organic layer was separated and dried over anhydrous sodium sulfate. 

Filtered off and concentrated under the rotary evaporator leaving yellow oil crude, which was 

purified flash chromatography (silica gel/methylene chloride/ethyl acetate/methanol) to left white 

solid (1.18 g, 58 % yield), mp 76-78oC. 1H NMR (CDCl3): δ 0.95 (d, 6H), 1.40-2.00 (m, 6H), 2.00-

2.20 (d, 2H), 2.20-2.50 (m, 2H), 3.20-3.40 (m, 2H), 4.20-4.50 (m, 1H), 5.10 (s, 2H), 5.30-5.40 (m, 

1H), 5.90 (s, 1H), 7.20-7.40 (m, 5H), 8.31 (m, 1H), 9.43 (s, 1H). 

Compound 6b: White solid (1.03 g, 58 % yield), mp 64-66oC. 1H NMR (CDCl3): δ 0.81-1.03 (m, 

2H), 1.06-1.28 (m, 2H), 1.32-1.44 (m, 1H), 1.45-1.55 (m, 1H), 1.58-2.10 (m, 10H), 2.24-2.54 (m, 

2H), 3.24-3.40 (m, 2H), 4.20-4.43 (m, 2H), 5.04-5.23 (m, 2H), 5.40 (d, J=8.2Hz, 1H), 6.14 (s, 1H), 

7.27-7.40 (m, 5H), 8.30 (d, J=5.6Hz, 1H), 9.48 (s, 1H). 

Representative synthesis of Compounds 7a-h: 

Compound 7a: To diethylphosphite (30 mg, 0.22 mmol) in dichloromethane (0.75mL) was added 

DIEA (85 mg, 0.66 mmol) followed by compound 6a (89 mg, 0.22mmol) in dichloromethane (1 

mL). The reaction mixture was stirred at room temperature for 16 h. The reaction mixture diluted 

with 40 mL of dichloromethane and washed with 5% HCl (2 X 7mL), and brine (10 mL). The 

organic layer was dried with anhydrous sodium sulfate and concentrated to yield a light yellow 

color viscous oil, which was purified by flash chromatography to yield a white solid (51 mg, 43 % 

yield). mp 79-81oC. 1H NMR (CDCl3): 0.95 (d, 6H), 1.36-1.39 (t, j=6.3 Hz, 6H), 1.40-2.00 (m, 

6H), 2.00-2.20 (d, 2H), 2.20-2.50 (m, 2H), 3.20-3.40 (m, 2H), 4.03-4.14 (m, 4H), 4.20-4.50 (m, 

2H), 5.10 (s, 2H), 5.30-5.40 (m, 2H), 5.90 (s, 1H), 7.20-7.40 (m, 5H), 8.31 (m, 1H). 
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Compound 7b: White solid (0.27 g, 53 % yield). mp 82-84oC. 1H NMR (DMSO-d6): 0.95 (t, J=7.3 

Hz, 6H), 1.40-2.00 (m, 6H), 2.00-2.20 (d, 2H), 2.20-2.50 (m, 2H), 3.20-3.40 (m, 2H), 3.71 (m, 

6H), 4.20-4.50 (m, 2H), 5.10 (s, 2H), 5.30-5.40 (m, 2H), 5.90 (s, 1H), 7.20-7.40 (m, 5H), 8.31 (m, 

1H). 

Compound 7c: Light Yellow solid (11 mg, 79 % yield). mp 111-114oC. 1H NMR (DMSO-d6): 

0.95 (t, J=7.3 Hz, 6H), 1.40-2.00 (m, 6H), 2.00-2.20 (d, 2H), 2.20-2.50 (m, 2H), 3.20-3.40 (m, 

2H), 4.20-4.50 (m, 2H), 4.78 (bs, 6H), 5.10 (s, 2H), 5.30-5.40 (m, 2H), 5.90 (s, 1H), 7.20-7.40 (m, 

5H), 8.31 (m, 1H). 

Compound 7d: White solid (42 mg, 36 % yield). mp 99-101oC. 1H NMR (CDCl3): δ 0.81-1.03 (m, 

2H), 1.06-1.28 (m, 2H), 1.32-1.44 (m, 7H), 1.45-1.55 (m, 1H), 1.58-2.10 (m, 10H), 2.24-2.54 (m, 

2H), 3.24-3.40 (m, 2H), 4.20-4.43 (m, 2H), 4.02 (m, 6H), 5.04-5.23 (m, 3H), 5.40 (d, J=8.2Hz, 

1H), 6.14 (s, 1H), 7.27-7.40 (m, 5H), 8.30 (d, J=5.6Hz, 1H). 

Compound 7e: White solid (0.25 g, 57 % yield). mp 103-105oC. 1H NMR (DMSO-d6): 0.81-1.03 

(m, 2H), 1.06-1.28 (m, 2H), 1.32-1.44 (m, 1H), 1.45-1.55 (m, 1H), 1.58-2.10 (m, 10H), 2.24-2.54 

(m, 2H), 3.24-3.40 (m, 2H), 3.83 (s, 6H), 4.20-4.43 (m, 2H), 4.02 (m, 6H), 5.04-5.23 (m, 3H), 5.40 

(d, J=8.2Hz, 1H), 6.14 (s, 1H), 7.27-7.40 (m, 5H), 8.30 (d, J=5.6Hz, 1H). 

Compound 7f: White solid (71 mg, 25 % yield). mp 78-80oC. 1H NMR (CDCl3): 0.95-1.03 (m, 

6H), 1.07-1.98 (m, 12H), 1.58-2.10 (m, 10H), 2.24-2.54 (m, 2H), 3.24-3.40 (m, 2H), 4.20-4.43 (m, 

6H), 4.02 (m, 6H), 5.04-5.23 (m, 3H), 5.40 (d, J=8.2Hz, 1H), 6.14 (s, 1H), 7.27-7.40 (m, 5H), 8.30 

(d, J=5.6Hz, 1H). 

Compound 7g: White solid (48 mg, 15% yield). mp 102-104oC. 1H NMR (CDCl3): δ  0.81-1.03 

(m, 2H), 1.06-1.28 (m, 2H), 1.32-1.44 (m, 1H), 1.45-1.55 (m, 1H), 1.58-2.10 (m, 10H), 2.24-2.54 
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(m, 2H), 3.24-3.40 (m, 2H), 4.20-4.53 (m, 7H), 5.04-5.23 (m, 3H), 5.40 (d, J=8.2Hz, 1H), 6.14 (s, 

1H), 7.27-7.40 (m, 5H), 8.30 (d, J=5.6Hz, 1H), 9.48 (s, 1H). 

Compound 7h: White solid (82 mg, 26 % yield). mp 113-115oC. 1H NMR (CDCl3): δ 0.81-1.03 

(m, 2H), 1.06-1.28 (m, 2H), 1.32-1.44 (m, 1H), 1.45-1.55 (m, 1H), 1.58-2.10 (m, 10H), 2.24-2.54 

(m, 2H), 3.24-3.40 (m, 2H), 4.20-4.43 (m, 3H), 5.04-5.23 (m, 3H), 5.40 (d, J=8.2Hz, 1H), 6.14 (s, 

1H), 7.27-7.40 (m, 15H), 8.30 (d, J=5.6Hz, 1H). 
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3.4 Results and discussion 

The reaction sequence chosen is highly tractable and permits facile modification of the cap by 

reaction with an array of structurally-diverse alcohols. This is of paramount importance in terms 

of optimizing pharmacological activity, ADMET, and PK via cap modifications [93]. The 

inhibitory activity of the generated α-hydroxyphosphonate derivatives was evaluated against 

norovirus in a cell-based replicon system [95-97]. The selectivity of a representative member of 

this series of compounds was also assessed using a panel of proteases (Table 3.2).  

TABLE 3.1. Anti-norovirus activity of inhibitor (I) 

 

Compound R1 R2 IC50 µMa ED50 µM 

7a Isobutyl ethyl 11.5 0.8 

7b Isobutyl methyl 20.2 3.5 

7c Isobutyl H NDb 7.5 

7d cyclohexylmethyl ethyl 3.5 0.25 

7e cyclohexylmethyl methyl 8.3 2.8 

7f cyclohexylmethyl n-butyl NDb 0.5 

7g cyclohexylmethyl trifluoroethyl 6.5 0.35 

7h cyclohexylmethyl benzyl NDb 0.6 

aIC50 values were obtained with 4 h pre-incubation of enzyme and each compound at 37oC 

before adding the FRET substrate.  

        bND: not determined 
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TABLE 3.2. Enzyme selectivity of compound 7d 

Enzyme % Inhibitiona 

HNEb 15 ([If] = 17.5 μM)c 

α- Chymotrypsin 0   ([If] = 2.5 μM) 

Trypsin 0   ([If] = 125 μM) 
Carboxypeptidase A 0   ([If] = 43 μM) 

Thrombin 0   ([If] = 2.75 μM) 
                                    

                       a Determined by incubating enzyme and inhibitor in  buffer solution for 30 min at an            
[I]/[E] ratio of 250. 

                       b HNE, human neutrophil elastase;  
                        c Final inhibitor concentration                                                    

It is clearly evident from the results summarized in Table 3.1 that α-hydroxyphosphonates 

exhibit potent anti-norovirus activity in a cell-based replicon system. Consistent with previous 

findings [105], the replacement of the P2 leucine with cyclohexyl alanine enhanced the inhibitory 

activity of the compounds (compare 7a/7d and 7b/7e in Table 3.1). The effect of varying R2 

(assumed to be projecting toward the S’ subsites) on potency was also explored. With the exception 

of compound 7e, variations in R2 yielded compounds with submicromolar EC50 values, with 

compounds 7d and 7g having the highest potency.  

Toxicity arising from off-target effects is a potential caveat in viral protease drug 

development since the inhibitors may also inhibit host proteases. Thus, the selectivity profile of α-

hydroxyphosphonate (7d) was investigated using a representative panel of proteases (Table 3.2). 

Compound 7d was devoid of any inhibitory activity against basic serine (trypsin, thrombin) and 

metallo- (carboxypeptidase A) proteases, as well as no or very low activity against neutral serine 

proteases (α-chymotrypsin, human neutrophil elastase), attesting to the high enzyme selectivity of 

this class of compounds.        
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3.5 Molecular Modelling 

In order to gain insight and understanding into the binding of epimers A (α-OH)) and B (β-

OH), molecular mechanics simulations using the Avogadro program [113] (MMFF94) potentials 

and electrostatics [114] were used to qualitatively assess the relative affinities of compounds A 

and B (Figure 3.2). To accomplish this, the receptor model was crafted  

Using a recent crystal structure of NV 3C protease with a bound peptidic ligand [35] by 

removing water molecules and adding protons (per physiological pH) using the PyMol program 

[115].  A preliminary model for the bound conformation of the tetrahedral adduct was built within 

the receptor using Avogadro, as a covalent extension to Cys 139 that mimicked the conformation 

of the cocrystallized inhibitor from the 2IPH structure and placed the ligand cyclohexyl group in 

the hydrophobic pocket occupied by the leucyl side chain of the peptidyl inhibitor.  The resulting 

preliminary model was subjected to 500 steps of molecular mechanics optimization.  Structures of 

A and B were then constructed from the adduct in Avogadro by deleting the covalent attachment 

to Cys 139, specifying the hydroxyl and the diethyl phosphonate groups in a manner commensurate 

with the stereochemistry of A and B and re-optimizing the resulting structures (again for 500 

steps). The results suggest that inhibitory activity resides primarily with epimer A which is capable 

of additional binding interactions with the enzyme (Figure 3.2).    
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FIGURE 3.2. Computationally predicted conformers for noncovalent tetrahedral mimics A 

(α-OH) (CPK colored sticks, with green carbons) and B (β-OH) (CPK sticks; purple carbons) 

bound to the catalytic site of NV 3C protease (Connolly surface colored as follows:  yellow = 

nonpolar groups; white = weakly polar alkyl and aryl groups; cyan = polar H's, blue = polar 

N's and red = polar O's).  In both cases, the predicted conformer of the corresponding 

tetrahedral adduct (thin sticks); CPK colors with black carbons is shown for reference. 
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3.6 Conclusions  

In summary, we report herein for the first time the cell-based anti-norovirus activity and 

enzyme selectivity of a series of dipeptidyl α-hydroxyphosphonates.    
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CHAPTER 4 

Macrocyclic inhibitors of 3C and 3C-like proteases of picornavirus, 

norovirus, and coronavirus 

4.1 Introduction  

The picornavirus-like protease supercluster includes viruses in the Picornaviridae, 

Coronaviridae, and Caliciviridae families. Many human pathogens of major medical and 

economic importance belong to these virus families. For instance, the family Picornaviridae 

includes enterovirus (enterovirus, EV; coxsackievirus, CV; poliovirus, PV), human rhinovirus 

(HRV), and hepatitis A virus (HAV) [121, 122]. Non-polio enteroviruses are responsible for 10–

15 million symptomatic infections in the US each year [123], while HRV is the major causative 

agent of upper respiratory tract infections [3, 124]. In the Coronaviridae family, severe acute 

respiratory syndrome (SARS) caused by SARS-coronavirus (SARS-CoA) is a recognized global 

threat to public health [125]. Noroviruses belong to the Norovirus genus of the Caliciviridae family 

and are highly contagious human pathogens that are the most common cause of food borne and 

water borne acute viral gastroenteritis [1, 126]. Thus, norovirus infection constitutes an important 

public health problem. There are currently no vaccines (except for poliovirus) or specific antiviral 

agents for combating infections caused by the aforementioned viruses; thus, there is an urgent and 

unmet need for the discovery and development of broad spectrum small-molecule therapeutics and 

prophylactics for these important pathogens [128-131, 5]. 

The picornaviral genome consists of a positive sense, singlestranded RNA of _7.5 kb in length that 

encodes a large precursor polyprotein that requires proteolytic processing to generate mature viral 

proteins [121, 122]. Processing of the polyprotein is primarily mediated by the viral 3C protease 
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(3Cpro). Likewise, the _30 kb genome of SARS-CoV comprises both nonstructural and structural 

regions. Two polyproteins (designated as pp1a and pp1ab) encoded by the viral genome undergo 

proteolytic processing by two proteases: a chymotrypsin-like cysteine protease (3C-like protease, 

3CLpro) and a papain-like protease (PLpro), to generate functionally active proteins. Finally, the 

7–8 kb RNA genome of noroviruses encodes a polyprotein that is processed by a 3C-like protease 

(3CLpro) to generate mature proteins [27]. Although there is high genetic diversity among these 

viruses, 3Cpro and 3CLpro are highly conserved, as well as essential for virus replication.  

          Inspection of the crystal structures of picornavirus 3Cpro [91, 132-136] and norovirus 

3CLpro [76, 35, 65, and 73], reveals that the proteases share in common a chymotrypsin-like fold, 

a Cys-His-Glu/Asp catalytic triad (EV and CV 3Cpro, and NV 3CLpro) or Cys-His dyad (SARS-

CoV 3CLpro) [137], an extended binding site, and a preference for cleaving at Gln-Gly (P1 _ P1’) 

junctions in protein and synthetic peptidyl substrates (vide infra). The confluence of structural 

similarities in the active sites, mechanism of action, and substrate specificity preferences of EV 

and CV 3Cpro [132, 134, and 91], SARS-CoV 3CLpro [137-141], and NV 3CLpro [27, 35, 108] 

(Table 4.1) suggests that a drug-like entity can be fashioned that displays inhibitory activity against 

all three proteases, making them appealing targets for the discovery of broad spectrum antiviral 

agents [76, 142]. 
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TABLE 4.1 Substrate specificity of the 3C and 3C-like proteases of viruses in the 

picornavirus-like protease supercluster. 

Viral 3Cpro or 

3CLpro 
P5 P4 P3 P2 P1 P1’ P2’ 

EV71 E A V/L/T L/F Q G P 

CVA16 E A L F Q G P 

SARS-CoV S A V/T/K L Q A/S G 

NV D/E F/Y H/Q/E L Q G P 

 

 

           Picornavirus 3Cpro [122], SARS-CoV 3CLpro [142] and NV 3CLpro [75, 77-81] have been 

the subject of intense investigations. We report herein the design, synthesis, and in vitro evaluation 

of a representative member of a new class of macrocyclic transition state inhibitors (I) (Fig. 4.1) 

that is effective against all three proteases. To our knowledge, this is the first report describing the 

inhibition of 3Cpro and 3CLpro of pathogens belonging to the picornavirus-like protease 

supercluster, by a macrocyclic inhibitor.  
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4.2 Inhibitor Design Rationale 

 

FIGURE 4.1. General structure of macrocyclic inhibitor (I)  

The design of macrocyclic inhibitor (I) rested on the following considerations: (a) proteases are 

known to recognize their ligands in the β-strand conformation [143]; (b) macrocyclization is an 

effective way of pre-organizing a peptidyl transition state mimic in a b-strand conformation 

suitable for binding to the active site of a protease [144-146]; (c) in general, macrocyclization 

increases affinity by reducing the loss of entropy upon inhibitor binding, as well as cellular 

permeability, and proteolytic stability [147]; (d) macrocyclization improves drug-like 

characteristics [148, 110, 82, 83, 84, 85, and 88]; (e) the plasticity of the S3 subsite in the 3C and 

3CL proteases was exploited in the design of macrocyclic inhibitor (I) by tethering the P1 Gln side 

chain to the P3 residue side chain; and, (e) computational and modeling studies suggested that a 

ring size corresponding to n = 3 would produce good receptor binding and minimal intra-ligand 

strain. 
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4.3 Chemistry 

Based on the aforementioned considerations, inhibitor (I) was assembled in a convergent 

fashion by first constructing fragments 2 and 4, followed by subsequent coupling of the two 

fragments to generate acyclic precursor 5 (Scheme 4.1). Cyclization was subsequently 

accomplished using click chemistry [149-152]. Thus, fragment 2 was synthesized by coupling (L) 

Boc-protected propargyl glycine with (L) leucine methyl ester using EDCI/HOBt/DIEA/DMF to 

yield the dipeptidyl ester which was subsequently treated with dry HCl in dioxane to remove the 

N-terminal Boc Protecting group. Reaction with benzylchloroformate yielded the Cbz-protected 

ester which was hydrolyzed with LiOH in aqueous THF to yield the corresponding acid 2. EDCI-

mediated coupling of commercially available (L) Boc-Glu-OCH3 with NH2(CH2)nN3 (n = 3), 

followed by removal of the Boc group, yielded fragment 4. The amino alkyl azide was 

conveniently synthesized by converting BocNH(CH2)nOH to the mesylate via treatment with 

methanesulfonyl chloride in the presence of triethylamine, followed by reaction with sodium azide 

in DMF and removal of the protective group. Coupling of fragments 2 with 4 using standard 

coupling conditions yielded acyclic precursor 5 which was treated with Cu(I)Br/DBU in 

dichloromethane to furnish compound 6 in 45 % yield. Compound 6 was treated with lithium 

borohydride to yield alcohol 7 (84 % yield) which, upon Dess–Martin periodinane oxidation [93], 

and subsequent purification gave macrocyclic aldehyde 8 (Scheme 4.1, structure (I), n = 3, R = 

isobutyl, X = CHO), as a white solid. 
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SCHEME 4.1. Synthesis of macrocyclic inhibitor 8 
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4.4 Experimental Section 

The 1H 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. 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 to determine the compound purity. HPLC was performed using Waters 1525 binary HPLC 

pump. The TLC plates for all the compounds were eluted using two different solvent systems and 

visualized using iodine and/or UV light. Each individual compound was identified as a single spot 

on TLC plate (purity was > 95% as evidenced by 1H NMR and HPLC).  

Representative synthesis of compounds 

Compound 1: To a solution of Boc-L-propargylglycine (26.65 g; 125 mmol) in dry DMF (170 

mL) was added EDCI (29.23 g; 152.5 mmol) and HOBt (23.5 g; 122.5 mmol), and the reaction 

mixture was stirred at room temperature for 40 min (solution A). In a another flask, (L) Leu-OMe 

hydrochloride (22.72 g; 125 mmol) in dry DMF (82 mL) kept at 0 0C was treated with diisopropyl 

ethyl amine (DIEA) (64.62 g; 500 mmol) and the solution was stirred for 25 min (solution B). 

Solution B was added to solution A and the reaction mixture was stirred overnight at room 

temperature. The solvent was removed on the rotary evaporator and the residue was taken up in 

dichloromethane (600 mL) and washed sequentially with saturated sodium bicarbonate (2 x 200 

mL), 5% HCl (2 x 200 mL) and brine (200 mL). The organic layer was dried over anhydrous 

sodium sulfate, filtered and concentrated, leaving a crude product which was purified using flash 

chromatography  (silica gel; hexane/ethyl acetate 75:25) to give a white solid (38.12 g ; 89% yield); 

1H NMR (CDCl3) δ 8.2 (s, 1H), 7.0 (s, 1H), 4.3 (m, 1H), 4.1 (m, 1H), 3.6 (s, 3H), 2.8 (s, 1H), 2.4 
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(m, 2H), 2.3 (m, 1H), 1.6 (m, 2H), 1.5 (m, 1H), 1.38 (s, 9H), 0.87 (d, 6H). A solution of compound 

above (10.55 g: 31 mmol) in DCM (100 mL) was treated with 4M HCl in dioxane (78 mL; 0.31 

mol) and stirred at room temperature for 3 h while monitoring the disappearance of the starting 

material by TLC. The solvent was removed on the rotary evaporator and the residue was treated 

with ether and then concentrated to give 2 as an off white solid (8.3 g; 96% yield).  1H NMR 

(DMSO-d6) δ 8.4 (bs, 3H), 7.0 (s, 1H), 4.3 (m, 1H), 4.1 (m, 1H), 3.6 (s, 3H), 2.8 (s, 1H), 2.4 (m, 

2H), 2.3 (m, 1H), 1.6 (m, 2H), 1.5 (m, 1H). 

Compound 2: To a solution of compound 2 (8.5 g; 31 mmol) in dry THF (100 mL) was added 

DIEA (16.02 g; 124 mmol) and the reaction mixture was stirred for 30 min at room temperature. 

Benzylchloroformate (6.87 g; 40.3 mmol) was added and stirring was continued at room 

temperature for 16 h. The solvent was removed on the rotary evaporator and the residue was taken 

up in ethyl acetate (150 mL) and washed sequentially with water (50 mL), 5% HCl (2 x 50 mL), 

and brine (50 mL). The organic layer was dried over anhydrous sodium sulfate, filtered and 

concentrated to give a white solid (10.46 g: 90% yield). 1H NMR (CDCl3) δ 7.3 (m, 5H), 6.7 (s, 

1H), 5.6 (s, 1H), 5.1 (s, 2H), 4.6 (m, 1H), 4.4 (m, 1H), 3.7 (s, 3H), 2.6 (m, 2H), 2.8 (s, 1H), 2.6 (m, 

1H), 1.6 (m, 2H), 1.5 (m, 1H), 0.9 (d, 6H). A solution of compound above (10.85 g; 29 mmol) in 

dry THF (100 mL) kept in an ice bath was treated with a solution of 1M lithium hydroxide (100 

mL) and stirred for 4 h at 0oC until the starting material disappeared (as shown by TLC). The 

solvent was removed and the residue was diluted with water (25 mL). The pH of the aqueous 

solution was adjusted to ~2 with 5% HCl and the solution was extracted with ethyl acetate (2 x 

250 mL) and washed with brine (100 mL). The organic extract was dried over anhydrous sodium 

sulfate, filtered and concentrated, yielding a crude product which was purified by flash 

chromatography (silica gel; hexane/ethyl acetate 50:50) to give compound 2 as a white solid (8.8 
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g; 84 % yield). 1H NMR (DMSO-d6) δ 8.1 (s, 1H), 7.5 (s, 1H), 7.3 (m, 5H), 5.0 (s, 2H), 4.4 (m, 

1H), 4.2 (m, 1H), 2.8 (s, 1H), 2.5 (m, 1H), 2.4 (m, 1H), 1.6 (m, 2H), 1.4 (m, 1H), 0.8 (d, 6H). 

Compound 3: To a solution of (L) BocNH-Glu-OMe (9.67 g; 37 mmol) in dry DMF (100 mL) 

was added EDCI (8.65 g; 41.1 mmol), HOBt (6.91 g ; 45.14 mmol), and the reaction mixture was 

stirred at room temperature for 1 h (solution A). In the meantime, to a solution of NH2(CH2)3N3 

(5.05 g: 37 mmol) in dry DMF (50 mL) kept at 0 oC was added DIEA (23.9 g; 185 mmol) and 

stirred for 30 min (solution B). Solution B was added to solution A and the reaction mixture was 

stirred overnight at room temperature. The solvent was removed on the rotary evaporator and the 

residue was taken up in DCM (400 mL) and washed sequentially with 10% citric acid (100 mL) 

and brine (100 mL). The organic layer was dried over anhydrous sodium sulfate, filtered, and 

concentrated, yielding a crude product was purified by flash chromatography  (silica gel; 

hexane/ethyl acetate 70:30) to give  a white solid (8.6 g ; 67% yield). 1H NMR (CDCl3) δ 7.8 (s, 

1H), 7.4 (s, 1H), 4.6 (m, 1H), 3.7 (s, 3H), 3.3 (t, 1H), 2.2 (m, 2H), 2.1 (m, 2H), 1.9 (m, 2H), 1.7 

(m, 2H), 1.4 (s, 9H). 

Compound 4: A solution of compound 3 (4.4 g: 15 mmol) in dry DCM (20 mL) was treated with 

4M HCl in dioxane (37 mL; 150 mmol) and stirred at room temperature for 3 h while monitoring 

the disappearance of the starting material by TLC. The solvent was removed on the rotary 

evaporator and the residue was treated with ether and concentrated to give a yellow viscous oil 

(4.0 g; 95% yield). 1H NMR (DMSO-d6) δ 8.4 (bs, 3H), 7.4 (s, 1H), 4.6 (m, 1H), 3.7 (s, 3H), 3.3 

(t, 1H), 2.2 (m, 2H), 2.1 (m, 2H), 1.9 (m, 2H), 1.7 (m, 2H), 1.4 (s, 9H). 

Compound 5: To a solution of compound 2 (11.7 g; 31 mmol) in dry DMF (100 mL) was added 

EDCI (7.25 g; 37.82 mmol), HOBt (5.79 g; 37.82 mmol), and the reaction mixture was stirred at 
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room temperature for 30 min (solution A). In the meantime, to a solution of compound 9 (8.67 g: 

31 mmol) in dry DMF (100 mL) kept at 0oC was added DIEA (10.01 g; 77.7 mmol) and stirred for 

30 min (solution B). Solution B was mixed with solution A and the reaction mixture was stirred 

overnight at room temperature. The solvent was removed on the rotary evaporator and the residue 

was taken up in ethyl acetate (300 mL) and washed sequentially with saturated sodium bicarbonate 

(2 x 75 mL), 5% HCl (2 x 75 mL) and brine (75 mL). The organic layer was dried over anhydrous 

sodium sulfate, filtered, and concentrated, leaving a crude product, which was recrystallized to 

yield an off white solid (8.3 g; 46 % yield). 1H NMR (CDCl3) δ 8.1 (s, 1H), 7.9 (s, 1H), 7.8 (s, 

1H), 7.5 (s, 1H) 7.3 (m, 5H), 5.0 (s, 2H), 4.3 (m, 1H), 4.1 (m, 1H), 3.3 (t, 1H), 2.8 (s, 1H), 2.4 (d, 

2H), 2.2 (d, 2H), 2.1 (m, 2H), 1.9 (m, 2H), 1.8 (m, 2H), 1.6 (m, 2H), 1.4 (m, 1H), 0.8 (d, 6H). 

Compound 6: To a solution of compound 5 (0.3 g: 0.512 mmol) in dry DCM (420 mL) under N2 

atmosphere, was added DBU (0.233 g; 1.53 mmol) at room temperature with vigorous stirring.  

After 15 min, Cu(I)Br (0.073 g; 0.512 mmol) was added and the reaction mixture was stirred for 

12 h at room temperature. The reaction mixture was quenched by adding 3M HCl (100 mL) and 

the aqueous layer was separated and extracted with DCM (2 x 500 mL). The combined organic 

layers were washed with brine (300 mL), and dried over anhydrous sodium sulfate. The solution 

was filtered and concentrated to give a crude product which was purified using flash 

chromatography (silica gel; methylene chloride/methanol 99:1) to give a white solid (0.14 g; 45 % 

yield). 1H NMR (DMSO-d6) δ 8.5 (s, 1H), 8.1 (s, 1H), 7.5 (s, 1H), 7.3 (m, 5H), 5.0 (m, 2H), 4.3 

(m, 1H), 4.1 (m, 2H), 3.6 (m, 2H), 3.3 (s, 3H), 3.11 (m, 2H), 2.88 (m, 2H), 2.98 - 2.24 (m, 5H), 

1.49 -1.8 (m, 5H), 0.86 (m, 6H). 

Compound 7: To a solution of compound 6 (0.58 g: 1 mmol) in dry THF (6 mL) was added a 

solution of 2M LiBH4 (1.5 mL; 3.0 mmol) dropwise followed by the dropwise addition of absolute 
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ethanol (11 mL) at room temperature.  After the reaction mixture was stirred for 16 h (the 

disappearance of the starting material was monitored by TLC), the solvent was removed on the 

rotary evaporator and the residue was partitioned between ethyl acetate and 1M KHSO4. The 

aqueous phase was extracted twice with chloroform (2 x 25 mL) and each organic extract was 

washed with brine separately, dried over anhydrous sodium sulfate, and evaporated to give a white 

solid (0.47 g; 84 % yield). 1H NMR (DMSO-d6) δ 8.1 (s, 1H), 7.91 (s, 1H), 7.62 (s, 1H), 7.31 (m, 

5H), 5.13 (m, 2H), 4.50 (m, 1H), 4.4 - 4.8 (s, 1H) 4.4 (m, 2H), 3.8 (m, 2H), 3.11 (m, 2H), 2.88 (m, 

2H), 2.98 - 2.24 (m, 5H), 1.37 -1.7 (m, 5H), 0.81 (m, 6H). 

Compound 8: Compound 7 (66.84 mg: 0.12 mmol) was suspended in dry DCM (40 mL) under a 

N2 atmosphere and Dess-Martin periodinane reagent (1.08 g; 0.36 mmol) was added. The reaction 

mixture was stirred for 4 h at room temperature and quenched with saturated sodium bicarbonate 

solution containing 10% sodium thiosulfate (10 mL). The organic layer was separated and the 

aqueous layer was extracted with DCM (2 x 60 mL). The combined organic layers were washed 

with brine (40 mL), dried over anhydrous sodium sulfate, and concentrated. The crude product 

was purified using flash chromatography (silica gel; methylene chloride/methanol 99:1) to give an 

off white solid (47 mg; 71 % yield). 1H NMR (DMSO-d6) δ 9.49 (s, 1H), 7.83 (s, 1H), 7.3 (m, 

5H), 5.1 (m, 2H), 4.5 (m, 1H), 4.4 (m, 2H), 3.8 (m, 2H), 3.11 (m, 2H), 2.88 (m, 2H), 2.98 - 2.24 

(m, 5H), 1.49 -1.8 (m, 5H), 0.81-0.99 (m, 6H). HRMS: calcd for C27H37N7O6Na ([M+Na]+) 

578.2703; found 578.2702 ([M+Na]+).  
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4.5 Results and Discussion 

The inhibitory activity of aldehyde 8 was evaluated in vitro as previously described [76, 96-98]. 

Compound 8 displayed inhibitory activity against NV 3CLpro (IC50 5.1 μM), enterovirus (CVB3 

Nancy strain) 3Cpro (1.8 μM), and SARS-CoV 3CLpro (IC50 15.5 μM). 

4.6 Molecular Modelling 

In order to gain insight and understanding into the binding of inhibitor 8 to the active site of each 

protease, computer modeling was used (Figure 4.2). Thus, the receptor structures were prepared 

from the following protein data bank (PDB) crystal structures: (A) NV 3CLpro from 2IPH [35], 

(B) CV 3C pro from 3ZZB [153], and (C) SARSCoV 3CLpro from 2ZU5 [154]. These three 

receptor models were chosen by virtue of having cocrystallized ligands that each displayed the 

following three features consistent with the likely binding mode of inhibitor 8: (i) a covalent 

attachment to the catalytically active cysteine (analogous to the terminal aldehyde in inhibitor 8), 

(ii) branched alkyl, as per isobutyl group in 8, and (iii) aryl (phenylalanine or Cbz), as per Cbz in 

8. This permitted the intelligent prepositioning of inhibitor 8 into each of the three protease 

receptors, which was accomplished in PYMOL [115] via manual docking. PYMOL was then used 

to produce a computational framework for refining the docked conformation as follows: a ligand–

receptor complex was generated by protonating the preliminary receptor–ligand complex 

(according to physiological pH with anionic aspartate and glutamate residues, and cationic lysine 

and arginine residues), then retaining only the ligand plus all complete residues with at least one 

atom located within no more than 6.0 Å from any ligand atom. The resulting complex models were 

then permitted to undergo 1000 molecular mechanics optimization steps in Avogadro [113] using 

the MMFF94 force field and electrostatic charge model [114]. The resulting complexes  
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FIGURE 3.2. Computationally predicted conformers for inhibitor 8 bound to A) Norovirus 
3CLpro, B) Coxsackie virus 3Cpro, and C) SARS-CoV 3CLpro.  Inhibitor is rendered as CPK-
colored sticks with black carbon atoms.  Protein receptors are shown as Connolly surfaces 
colored as follows:  yellow = nonpolar aryl, alkyl and thioalkyl; white = weakly polar aryl and 
alkyl; cyan = polar H; blue = polar N; red = polar O.  
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were then rendered in PYMOL. The computational studies indicate that inhibitor 8 is capable of 

nestling snugly in the active site of the 3C and 3CL proteases. 

4.7 Conclusions 

In summary, we report herein for the first time the inhibition of the 3Cpro and 3CL pro of viral 

pathogens belonging to the picornavirus-like protease supercluster by a macrocyclic inhibitor. 
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CONCLUSIONS 

       Synthetic, biochemical, structural, and in vivo studies have been carried out in order to 

delineate the role of Norovirus 3CL protease in norovirus infection. Using a structure-based 

approach, these studies a) describe for the first time the discovery of multiple series of potent and 

selective inhibitors of Norovirus 3CL protease; b) report the first high-resolution X-ray crystal 

structures 3CL protease-inhibitor complexes; c) demonstrate for the first time that a representative 

compound mitigates norovirus infection in the gnotobiotic pig model and d) establish Norovirus 

3CL protease as a druggable target for the development of therapeutics and prophylactics for 

norovirus infection.           
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