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 Zika virus (ZIKV), an emerging flavivirus that causes neurodevelopmental impairment to 

fetuses and has been linked to Guillain-Barré syndrome continues to threaten global health due to 

the absence of targeted prophylaxis or treatment. Nucleoside analogues are good examples of 

efficient anti-viral inhibitors, and prodrug strategies using phosphate masking groups (ProTides) 

have been employed to improve the bioavailability of ribonucleoside analogues. Here, we 

synthesized and tested a small library of ProTides against ZIKV in human neural stem cells and 

Vero cells. Strong activity was observed for 2’-C-methyluridine and 2’-C-ethynyluridine 
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ProTides with an L-alanine isopropyl ester phenoxy phosphoramidate masking group. 

Substitution of a 2-(methylthio) ethyl phosphoramidate and the POM protecting group for the L-

alanine isopropyl ester phenoxy phosphoramidate ProTide group of 2’-C-methyluridine 

completely abolished antiviral activity of the compound. The L-alanine isopropyl ester phenoxy 

phosphoramidate ProTide of 2’-C-methyluridine outperformed the hepatitis C virus (HCV) drug 

sofosbuvir in suppression of viral titers and protection from cytopathic effect, while the former 

compound’s triphosphate active metabolite was better incorporated by purified ZIKV NS5 

polymerase over time. These findings suggest both a nucleobase and ProTide group bias for the 

anti-ZIKV activity of nucleoside analogue ProTides in a disease-relevant cell model. 
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Chapter 1 Introduction into the Zika Virus 

 

1.1 Introduction into Flaviviruses 

 

Flaviviridae is a family of viruses that includes the flaviviruses West Nile virus, dengue 

virus, Zika virus, and yellow fever virus. The first known outbreak of a flavivirus was yellow 

fever, dating back to 1647 in either Barbados or St. Chrisophe.1 Since then many more flavivirus 

outbreaks have occurred, including the ZIKV pandemic that swept through South and North 

America from 2015-2016. Currently, there are vaccines for a few Flaviviridae, including a 

yellow fever vaccine developed in 1937 and the Japanese encephalitis vaccine discovered in 

1954. No drugs are available to target infections with Flaviviridae. Currently, cases of ZIKV 

infection are low which is why a cure to the disease would be favored over a vaccine due to the 

low case count. Had the pandemic been more severe and infected more people worldwide, then a 

vaccine would have been more effective at controlling the spread of the outbreak and by 

immunizing people to create herd immunity to the virus. The standard of care is supportive and 

symptomatic treatment though hydration or aggressive fluid management is the most important 

aide to improve survival. 

 Flaviviruses  have a single-stranded, positive-sense, ~11-kb RNA genome with a single 

reading frame that is directly translated into a polyprotein precursor.2 The amino terminus of the 

genome encodes three structural proteins – capsid (C), precursor membrane (prM), and envelope 

(E) while seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) that 

are essential for viral replication are encoded by the remainder of the genome (Figure 1.1).3 The 

flavivirus enters the host cell by receptor mediated endocytosis where the acidic environment 
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triggers particle disassembly.4 Once the genome is released into the cytoplasm, the positive-sense 

RNA is translated into a single polyprotein that is processed co- and post- translationally by viral 

and host proteases. The viral genome plays three important roles in the life cycle. (1) It acts as 

the mRNA that is responsible for translation of all viral proteins. (2) The genome acts as a 

template during RNA replication. (3) It constitutes the genetic material being packaged in new 

virus particles. Particle assembly takes place in the lumen of the endoplasmic reticulum and first 

leads to the formation of immature viruses that contain the precursor membrane, which is 

proteolytically cleaved in the trans-Golgi network during exocytosis by a cellular protease before 

the virions are released from infected cells.5 

 The structural proteins play vital roles in the lifecycle of flaviviruses. The capsid protein 

associates with the RNA genome to form the nucleocapsid core while the envelope protein 

functions in receptor binding, membrane fusion, and viral assembly.6 The precursor membrane 

protein facilitates the folding and the tracking of envelope proteins during viral particle 

biogenesis.7 However, it is the non-structural proteins that have become of great interest in the 

attempt to find new treatments for flaviviruses. Although the role of the NS1 protein is not fully 

understood it does play an important role in RNA replication. The NS1 protein localizes to sites 

of RNA replication and mutations in the N-linked glycosylation sites in NS1 can lead to dramatic 

defects in RNA replication and viral production.8,9 Mutations at the yellow fever virus NS1Aα 

cleavage site provided evidence that NS1A is involved in virus assembly, and a mutation in 

NS1A that blocks virus production can be suppressed by a second mutation on the surface of the 

NS3 helicase domain.10 
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Figure 1.1 Genome organization and viral protein functions. The single open reading frame 

encodes a polyprotein precursor that is co- and post translationally cleaved into three structural 

proteins (in green) and seven nonstructural proteins (in red)11 

NS2B forms a stable complex with NS3 and acts as a cofactor for the NS2B-NS3 serine 

protease.12 The N-terminal region of the NS3 protein is the catalytic domain for the NS2B-NS3 

serine protease which cleaves the NS2A/NS2B, NS2B/NS3, NS3/NS4A, and NS4B/NS5 

junctions.13 The protease also generates the C-termini of mature capsid protein and NS4A, and 

can cleave internal sites in NS2A and NS3.14 The NS3 protein also encodes the RNA 

triphosphatase activity (RTPase) which is thought to dephosphorylate the 5’ ends of genome 

RNA cap addition.15 In addition the NS3 protein also has activity as a nucleoside triphosphatase 

(NTPase) and a helicase.16 NS4A is an integral membrane protein involved in membrane 

rearrangements required to form the viral replication complex while the NS4B protein has been 

reported to inhibit the type I interferon response of host cells and might modulate viral RNA 
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synthesis.17,18 The NS5 protein is the largest with multiple functions including methyltransferase 

(MTase) and RNA-dependent RNA polymerase RdRp.19 

Viral proteases are proven targets for antivirals. Several HIV protease inhibitors have 

been discovered and used in the treatment of AIDS including darunavir and nelfinavir. In 

addition to HIV protease inhibitors a number of HCV protease inhibitors have been discovered to 

treat chronic HCV infections.20,21 The success of protease inhibitors as antivirals has put 

flavivirus proteases at the forefront of possible anti-flavivirus therapy. Since the serine protease 

is essential for replication and virion assembly, its inhibition would interfere with the creation of 

mature virion, making it a great target for drugs. However, the serine protease is not the only 

possible target to inhibit flaviviruses. The RdRp is also a very important target. The NS5 RdRp 

has an essential role in viral genome replication where it synthesizes new dsRNA needed for 

viral replication. The NS5 RdRp has become a lead target for drug discovery and development 

because it is not present in mammalian hosts, which do not synthesize RNA using an RNA 

template. The RdRp also lacks proofreading activity, which is an editing or error-correcting 

function that can limit the activity of substrate analogue inhibitors.  

 

1.2 Zika Virus Structure, Functions, and Targets 

 

The Zika virus is a flavivirus that was first discover in the Ziika Forest of Uganda in 

1947, originating in rhesus macaques. The vector for Zika virus transmission in humans is the 

Aedes mosquito, which played an essential role in the 2015-16 epidemic. Once in a human host, 

the virus can spread between humans through sexual intercourse, blood transfusions, and by 

transfer from mother to fetus during pregnancy. While symptoms of the Zika virus can range 
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from none to mild symptoms including fever, malaise, conjunctivitis, and joint pain, severe 

symptoms of the Zika virus can include Guillain-Barré syndrome. This syndrome is an auto-

immune disorder that can lead to permanent paralysis and even death. In pregnant women the 

virus can pass to the fetus and cause microcephaly, a condition that affects the development of 

the cranium, leading to a newborn with an underdeveloped cranium and cognitive irregularities. 

Like for all flaviviruses, the Zika virus genome is a (+)ssRNA encoding three structural 

proteins and 7 non-structural proteins, including the NS2B-NS3 serine protease and the NS5 

RdRp. Currently there is no effective treatment for ZIKV beyond care for the symptoms. 

However, peptide derivates and small molecules have been shown to be active against the 

protease. The first reported inhibitor of the NS2B-NS3 was a small dipeptide that contains a C-

terminal boronic acid for reversible covalent modification of the serine reside.22 A small 

molecule competitive inhibitor was also discovered that was active against NS2B-NS3 serine 

protease by screening a library of HCV protease inhibitors.23 Since the RdRp is essential for the 

synthesis of new dsRNA, lacks proofreading activity, and is not present in mammalian hosts the 

RdRp has become a hotspot for drug discovery and development.  

The crystal structure of the ZIKV RdRp was recently published.24 The mechanism of 

action for RNA polymerase requires two aspartic acid residues associated with the binding and 

positioning of two metal ions that catalyze nucleotidyl transfer.25 These are aspartic acid 535 and 

665 in ZIKV. Details of the fingers domain zinc-binding site show the primary coordinating 

amino acids (E439, H443, C448 and C451), while details of the thumb domain zinc-binding site 

include primary coordinating amino acids (H714, C730 and C894).24 The active site of the RdRp 

is located at the intersection of two tunnels. It is proposed that the finger and thumb domain form 

the first tunnel which is responsible for coordinating the ssRNA while the second tunnel 
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coordinates the nascent dsRNA (Figure 1.2). Overall, the structure of ZIVK NS5 RdRp is mostly 

conserved as compared with other flaviruses. Japanese Encephalitis Virus and West Nile Virus 

are the most homologous with about 70% of the sequence conserved. A prominent limitation of 

the crystal structure that was published is that it is not a ternary crystal structure. This means that 

the crystal structure was obtained without the RNA or inhibitor bound to the polymerase. This 

open crystal structure limits the available information on space in the active site to accommodate 

inhibitors. This limitation makes it difficult to design drugs that will fit into the active site 

because the true size of the active site when bound to an inhibitor is not known with precision.  

 

Figure 1.2 (a) ZIKV NS5 RdRp structure with fingers, palm and thumb domains colored in blue, 

orange and green, respectively. The priming loop is depicted in pink. (b) Surface view of the 

ZIKV NS5 RdRp, with orange arrows indicating the entry of the single-strand RNA template, and 

the exit region of the double-strand RNA. Catalytic aspartates are depicted as green/red spheres. 

A dashed black arrow shows the entry path of NTPs, while a solid black arrow points to the 

position of the active site. In both figures, zinc atoms are depicted in yellow.24 

 Although no effective drug against ZIKV has been discovered, there is a NS5 RdRp 

inhibitor for HCV available on the market, sofosbuvir. Sofosbuvir was reported in 2007 by Sofia 

et al. and was shown to inhibit HCV in mice. It was approved by the FDA in 2013.26 Sofosbuvir 

is known as a prodrug because it is able to be metabolized to form an active drug following 

delivery. Sofosbuvir is comprised of two main parts, the first is the nucleoside analogue which is 
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the active compound in inhibiting the RdRp and the second is the phosphate modification that 

controls drug delivery and cellular uptake (Figure 1.3). Since HCV and ZIKV are in the same 

family of viruses, Flaviviridae, sofosbuvir was tested to see if it had activity against the ZIKV 

RdRp. Sofosbuvir reduced infectious viral yield in both Huh7 and Jar cells with EC50 values 

from 1-5 μM.27 In immunocompromised  ZIKV infected mice, sofosbuvir treatment resulted in 

40% survival as compared to the 0% survival rate of non-treated mice.28 Sofosbuvir does prove it 

is somewhat effective at treating ZIKV in immunocompromised mice. However, the survival rate 

for these mice is relatively low which lead us to believe that this drug is not the most effective at 

curing ZIKV in mice. This relatively low survival rate lead us to believe that there is need for 

more innovation and development of small molecule inhibitors to create better and more 

effective inhibitors against ZIKV. 

 

Figure 1.3 Structure of Sofosbuvir with McGuigan phosphate group and modified nucleoside 

analogue 

 

1.3 Inhibitory Mechanism of Nucleoside Analogues 

 

 Nucleoside analogues are a class of compound that resemble native nucleosides, however 

they are chemically modified to have desired properties as inhibitors. Since nucleoside analogues 

resemble native nucleosides, they can be incorporated into growing RNA or DNA strands and 

cause mutations, nucleoside mispairing, or stalling of the genetic code during synthesis. The 
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three main classifications of nucleoside analogues inhibitors are obligate, non-obligate, and 

mutagenic.29 Obligate chain terminators use modifications or substitutions at the C-3′ hydroxyl 

such as hydrogen, fluorine, or methoxy to block the addition of the next nucleoside triphosphate 

during RNA/DNA synthesis (Figure 1.4A). Classic examples of obligate chain terminators are 

the HIV drugs emtricitabine, zidovudine, and lamivudine.30  

Non-obligate chain terminators are the next class of compounds that use modifications on 

the 2’ hydroxyl of the ribose to impart steric or conformation properties that blocks the new 

nucleotide from binding (Figure 1.4B). The HCV drug sofosbuvir, the HIV drug ganciclovir, and 

the HSV drug acyclovir are perfect examples of non-obligate chain terminators.31,32 Mutagenic 

chain terminators make up the last class and have a few different mechanisms of actions. The 

first incorporates into RNA and interferes with replication and mRNA translation (Figure 1.4D). 

An example of this is 5’-fluorouracil which uses the fluorine to alter the electron nature of uracil 

causing a mispairing of nucleosides during RNA synthesis.33 The other two mechanism include 

conformational and tautomeric changes which cause base mispairing, increasing the mutation 

rate during viral replication (Figure 1.4C,E). When mutagenesis occurs at multiple positions in 

the viral genome eventually hypermutation and error catastrophe result in unviable cell progeny. 

The HCV drug ribavirin has been proposed to work as a mutagenic chain terminator and through 

other mechanisms. However, mutagenic chain terminators tend to be more cytotoxic to cells than 

either obligate chain terminators or non-obligate chain terminators, which is why mutagenic 

nucleotides are rare as antiviral drugs. 
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Figure 1.4 A) Obligate chain terminator mechanism of action. B) Non-obligate chain terminator 

mechanism of action. C) Mutagenic conformational mechanism. D) Conformational mechanism 

of mutagenicity. E) Mutagenic tautomerism mechanism 

 There are specific requirements that need to be met when designing ribonucleoside 

analogues for the inhibition of RNA virus genome replication. Unfortunately, the active 

triphosphate of the nucleoside analogue has very poor cell permeability due to the quadruple 

negative charge on the triphosphate. Therefore, at least some cellular phosphorylation of the 

inhibitor must take place using host enzymes to bypass this bioavailability issue.34 This material 

will be further discussed in section 1.5. Typically, the installation of the first phosphate group is 

limited by structural designs intended to inhibit the RdRp. Thus, it is the most important barrier 

to converting the nucleoside analogue into the active triphosphate. Unfortunately, obligate chain 

terminators are often poor substrates for cellular nucleoside kinases, which has been a challenge 

to their development as inhibitors against RNA viral infections.35 The development of nucleoside 

analogue inhibitors has instead focused on non-obligate chain terminators. To get around the 

problem of poor cellular bioavailability a number of related strategies have been developed. 
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Most of the strategies involve installing a single uncharged, masked phosphate group onto the 

given nucleoside analogue inhibitor which will be discussed in section 1.5. As mentioned, 

sofosbuvir is one successful, clinically used drug that makes use of this prodrug approach.  

 

1.4 Nucleo(sides)/tides Tested Against the Zika Virus 

 

 A wide variety of synthetic methods are available to modify ribose for chain termination. 

The selection of the nucleobase or an analogue influences drug metabolism. Masked phosphate 

groups improve cell bioavailability and prodrug activation of antiviral nucleoside analogues. 

Non-obligate chain terminators have been the primary focus of development due to their success 

in inhibiting RNA replication. Most of these compounds are modified at the 2’ position and the 

synthesis starts off with a protected 2’-oxoribose precursor (Figure 1.5A). 36–38 The stereogenic 

configuration at the 2’ position is set by the α or β selectivity of nucleophile addition to the 

ketone, which is determined primarily by steric effects. To prepare inhibitors with alkyl groups 

on the β face, the benzoyl protected 2’-oxoribose can be used (Figure 1.5A). Due to the crowding 

of the benzoyl protecting groups on the bottom face of the ketone the organometallic nucleophile 

is directed to the top, β face. Protecting group manipulation followed by Silyl-Hilbert-Johnson 

conditions allows for the installation of any canonical nucleobase or modified derivative. We 

have used this approach to synthesize methyl, ethynyl, ethenyl, ethyl, and propynyl nucleotides 

that are among the most potent ZIKV RdRp inhibitors. This information will be covered in 

Chapter 2.  

 A different starting material is needed when substituting fluorine for the 2’ hydroxyl due 

to the change in configuration that occurs upon fluorine installation (Figure 1.5B). The benzyl 
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protected 2’-oxoribose has more of an open α face, allowing for an alkyl lithium to add from 

below, resulting in an alcohol on the β face. Another alternative to the 2’-oxoribose that offers 

the same level of selectivity includes a protected nucleobase and 5’,3’-disiloxane as protecting 

group.39 Diethylaminosulfur trifluoride (DAST) is used to install the fluorine, inverting the 

configuration at the 2’ position.40 Generally the presence of a 2’ hydroxyl or fluorine has been 

important for maintaining enzyme compatibility during nucleoside insertion, while the 2’ β 

substituent blocks further RNA elongation, causing chain termination.41 2’-β-F substituents have 

the added benefit of increasing metabolic stability of these compounds by slowing 

deglycosylation. 42 

 

Figure 1.5 A) General synthetic procedure of 2’-alkyl modified nucleoside analogues. B) 

General synthetic procedure of 2’-deoxy-2’-fluoro-2’-C-methyl nucleoside. C) General synthesis 

of McGuigan ProTide 

Multiple chemical methods for replacing the 3′-OH are available to prepare obligate 

chain-terminating nucleoside analogues. These methods typically entail protection of the 2′- and 

5′-OH groups, followed by activation of the 2′-OH groups.43–45 While the resulting compounds 

are sometimes very potent against polymerases when used as the corresponding triphosphates in 

biochemical assays, they have typically had poor activity in cell-based assays owing to poor 
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phosphorylation or other metabolic effects.46 Additional methods for modifying ribose at the 1′ 

and 4′ positions, plus methods for replacing the tetrahydrofuranyl oxygen, are established and 

have shown considerable promise against other RNA viruses, but few such compounds have yet 

been tested against ZIKV.47,48  

Several studies have been published that explore the relative activities of nucleoside 

analogue triphosphates against recombinant ZIKV NS5 RdRp. Some of these studies were 

performed at the time of or slightly prior to our own studies into nucleoside analogue 

triphosphates. The structures of these compounds and their activities against the enzyme are 

found on Figure 1.6 and Table 1.1. It has been shown that 2’-C-F and the 2’-C-Me modified 

nucleoside analogue triphosphates are readily incorporated by the ZIKV and DENV NS5B 

polymerase in biochemical assays.49 The 2’-O-Me modified nucleoside analogue triphosphates 

were not measurably incorporated. The 2’-C-MeCTP, 2’-C-Me-2’-F-CTP, and 2-C-Me-2’-F-

UTP were all found to act as non-obligate chain terminators in the polymerase. Unfortunately, 

2’-C-Me-2’-F-UTP, the nucleoside triphosphate metabolite of sofosbuvir, is not highly active 

against ZIKV or DENV polymerase (IC50 = 90.76 and 55.13 μM, respectively). However, it was 

found that both 2’-C-MeUTP (IC50 = 5.78 and 4.94 μM) and 2’-C-ethynyl-UTP (IC50 = 0.46 and 

0.33) are potent inhibitors of ZIKV and DENV RdRp.50 Low discrimination of ZIKV NS5 

against the nucleoside analogue triphosphate compared to the natural nucleotide substrate was 

observed for 2’-C-Me-ATP, 2’-C-ethynyl-7-deaza-ATP and 2’-C-ethynyl-UTP (discrimination 

values of 3.7, 5.7 and 4.9 respectively), suggesting that these are efficiently incorporated by this 

enzyme and may represent interesting leads for antiviral development against ZIKV. 

Discrimination was defined as the incorporation efficiency of an rNTP analog relative to the 

incorporation efficiency of the corresponding natural rNTP by the polymerase. Discrimination 
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values were calculated by dividing the K1/2 of the rNTP analogs by the K1/2 of the natural 

rNTPs.50 The percent incorporation was plotted against the tested ribonucleotide concentration, 

and the data were fitted to a hyperbolic equation to generate the K1/2 value, i.e., the 

ribonucleotide concentration at which 50% of product formation was reached. A lower 

discrimination value indicates a better efficiency of incorporation of a tested rNTP analog by the 

polymerase. Interestingly, conformationally locked carbocyclic adenosine triphosphate analogue 

inhibitors of ZIKV NS5 have been reported.51 These compounds cyclized the bonds between 

carbon 5’ and 3’ of the ribose ring adding additional bulk to the compound. Hercĺk et al. were 

able to discover one compound of this class that had higher potency than 2’-C-MeATP with an 

IC50 = 2.7 μM. These novel structures may represent yet another unexplored scaffold for the 

development of new, potent flavivirus inhibitors. 
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Figure 1.6 Structure of nucleoside analogue triphosphates tested against ZIKV NS5 RdRp 
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Table 1.1 Nucleoside analogue triphosphate IC50 values determined in ZIKV NS5 RdRp assay 

which was purified from E. Coli 

Compound IC50 (µM) 

2’-C-Me-2’-F-UTP 90.7650 

7.352 

2’-C-Me-UTP 5.7850 

2’-C-ethynyl-UTP 0.4650 

2’-C-Me-ATP 5.651 

7-deaza-2’-C-Me-ATP 7.951 

Compound 3 6.451 

Compound 6 2.751 

 

Several nucleoside analogues have been tested against ZIKV in cell culture. One report 

by Eyer et al. showed that 2’-C-methyl nucleosides (2’-C-Me-adenosine, 7-deaza-2’-C-Me-

adenosine (7DMA), 2’-C-Me-guanosine, 2’-C-Me-cytidine, 2’-C-Me-uridine) have anti ZIKV 

activity using the MR766 viral strain in Vero cells.53 7DMA has also been shown to protect mice 

from lethal ZIKV challenge in vivo.54 The adenosine analogue 7-deaza-2'-C-ethynyladenosine 

(NITD008) was shown by multiple groups to suppress ZIKV replication.55,56 NITD008 was also 

able to protect against ZIKV in an A129 mouse model of infection.57 Ribavirin has been shown 

to inhibit ZIKV replication in vitro and in a STAT-1-deficient mouse model of infection.58 

Gemcitabine was shown to inhibit ZIKV in human U2OS and human retinal pigment epithelium 

(RPE) cell lines with IC50 and EC50 = 0.3 and 0.01 μM, respectively.59,60 Galidesivir has been 

shown to inhibit ZIKV at low μg/mL concentration range and favorable selective index values 

when tested in Vero76, Huh7, and RD cell lines in various ZIKV strains. It was also shown that 

300 mg/kg/d of galidesivir significantly improved survival (median of >28 days, p < 0.001) and 
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protected 7 of 8 mice from mortality compared to the control where all 16 mice succumbed to 

the disease on average in 15.5 days. 61 All of these compounds have been tested against ZIKV in 

various cell lines and their activities have been published (Figure 1.7; Table 1.2).  

Currently, these are the only compounds that have been tested in cell culture so there is 

limited information on the structural modifications in relationship to the activity of the 

compound. The 2’-C-Me nucleosides and NITD008 show that it is possible to have an alkyl 

group present at the 2’-β position and have potency against ZIKV. Gemcitabine shows that 

difluorination of the 2’ ribose position is able to inhibit ZIKV as well. Most of the other 

compounds employ modified nucleobases instead of ribose modifications which has shown to be 

somewhat effective at inhibiting ZIKV replication. Unfortunately, this small list of compounds is 

limited on the number of obligate and non-obligate chain terminators tested against ZIKV, so the 

relationship between ribose modifications and polymerase inhibition is not fully understood. This 

is further complicated by the lack of a ternary crystal structure of the RdRp. Without an accurate 

ternary crystal structure, it is difficult to know how much space is available in the binding pocket 

of the active site. Without this information it is challenging to design nucleoside analogues that 

will fit in the active site of the RdRp. Thus, there is a need to investigate the space available in 

the active site by testing a wide variety of nucleoside analogues against the polymerase.  
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Figure 1.7 Nucleoside analogues that have been tested against ZIKV 
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Table 1.2 EC50 and CC50 values of nucleoside analogues that have been tested against ZIKV in 

various cell lines. Multiple assays were run including cell viability and CPE reduction assay on 

various ZIKV strains 

Compound EC50 (µM) CC50 (µM) Cell Types 

Sofosbuvir 12.462 

1-527 

0.12-1.9 (U/mL)63 

 

3.0-4.164 

13.6-30.965 

NA 

>200 

360-

421(U/mL) 

 

>100 

NA 

U87 

Huh7 and Jar 

BHK, SH-sy5y, 

Huh7, Vero 

Huh7, A549, Vero 

NPC, Vero 

2’-C-Me-uridine 45.4553 >100 Vero 

2’-C-Me-guanosine 22.2553 >100 Vero 

2’-C-Me-adenosine 5.2653 >100 Vero 

2’-C-Me-cytidine 3.9-1054 

10.5153 

28 

>100 

Vero 

Vero 

7-deaza-2’-C-Me-

adenosine (7DMA) 

1.3-2054 

8.9253 

>357 

>100 

Vero 

Vero 

7-deaza-2’-C-ethynyl-

adenosine (NITD008) 

0.137-0.95057 

0.855 

2.5-3.656 

NA 

>25 

>100 

Vero, BHK-21 

Rep-Neo 

Vero, C3/36 

Ribavirin 12-1354 

2.9-6.9 (U/mL) 

>409 

177-

321(U/mL) 

Vero 

BHK, SH-sy5y, 

Huh7, Vero 

Gemcitabine 0.160 >10 RPE 

Galidesivir 3.861 

4.761 

4.761 

NA Vero76, Huh7, RD 
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1.5 Masked Phosphate Groups 

 

Masked phosphate groups play an extreme importance in improving delivery of 

nucleotides to cells. They provide an initial phosphate group that can be enzymatically activated 

to the monophosphate followed by phosphorylation to yield the active drug.66 Nucleotide 

analogues have a difficult time entering cells due to the quadruple negative charge on the 

phosphates. In addition to this problem the rate-limiting step of conversion of a nucleoside 

analogue to the active NTP analogue is the installation of the first phosphate group.67 The second 

and third phosphorylation events typically take place rapidly once the first phosphorylation event 

takes place because of the broader substrate scope of the relevant kinases.68 By installing an 

uncharged masked phosphate group that can be enzymatically activated to the monophosphate by 

enzymes in the host cell, the rate determining step of monophosphorylation can be bypassed. As 

mentioned, sofosbuvir is an excellent example of a nucleotide prodrug that uses the McGuigan 

ProTide approach (Figure 1.8).66 
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Figure 1.8 Nucleoside analogues have a slow initial phosphorylation making it the rate limiting 

step. ProTide chemistry on a nucleoside analogue adds a first phosphate group and cellular 

enzymes convert the compound into the active NTP, avoiding the rate limiting step. 

 The McGuigan ProTide is just one of many phosphate modifications that has been used 

to develop new nucleoside prodrugs. Sofosbuvir uses the McGuigan phosphate modification in a 

one-step synthesis that starts from the commercially available material N-[(S)-(2,3,4,5,6-

pentafluorophenoxy)phenoxyphosphinyl]-L-alanine 1-methylethyl ester.69 It must be noted that 

this is not the original synthesis of sofosbuvir, but was developed later after the value of the 

ProTides was widely recognized. However, the structure of the McGuigan phosphate group can 

be further altered to optimize cellular uptake and potency of the compound. The amino acid 

residue, the ester, and the benzyl groups can be further modified at the start of the synthesis to 

make a wide variety of different phosphate modifications (Figure 1.9).70 This class of phosphate 

group is unique due to the way it is enzymatically activated to the monophosphate in cells. First 

the ester is removed by hydrolysis by a carboxyesterase followed by intramolecular cyclization 

to remove the phenol. Next hydrolysis by water and hydrolysis by the HINT1 enzyme convert 
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the phosphate group into the monophosphate. Cellular kinases complete phosphorylation to 

produce the active NTP analogue (Figure 1.10). During the synthesis of these compound the 

phosphorous atom becomes a chirality center which creates two unique epimers. The epimers of 

the ProTide may have different activities and should be tested separately for activity. 

Fortunately, during the synthesis using (pentafluorophenoxy)phenoxyphosphinyl reagents is 

stereospecific, so a desired epimer can be synthesized stereospecifically. 

 

Figure 1.9 General synthesis of modified McGuigan ProTides. Various amino acids residues and 

alkyl esters can be added to the starting reagent to vary functionality at two key positions, while 

differing aryl rings can be applied as well.70 

  

Figure 1.10 Metabolism of McGuigan ProTide to monophosphate proceeds using hydrolysis by 

carboxyesterase followed by an intramolecular cyclization. Finally, hydrolysis with water and 

HINT1 yield the monophosphate which is further converted to the active NTP by kinases.  

 Another phosphate modification was developed by the Wagner et al. that uses a methyl 

thioethyl moiety and tryptamine to mask the phosphate (Figure 1.11).71 This masked phosphate 
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is also unique due to the 2-(methylthio)ethyl moiety being labile under physiological conditions. 

Upon cleavage, the tryptamine group is removed by the HINT1 enzyme to form the 

monophosphate. To confirm that the unmasking was achieved in cells, tandem liquid 

chromatography / mass spectrometry was performed on mantle cell lymphoma cells treated with 

this prodrug. The authors were able to show that the active metabolites of the phosphate grou-p 

and the monophosphate were produced, demonstrating the ability of this class of compound to 

work in mantle cell lymphoma cells. However, this type of compound had not been tested in 

ZIKV relevant cells until recently and will be discussed in Chapter 2.  

 

Figure 1.11 Metabolism of 2-(methylthio)ethyl tryptamine protecting group using chemical 

cleavage and HINT1 

Another masked phosphate strategy is the pivaloxymethyl (POM) protecting groups. The 

first POM group is enzymatically cleaved by esterases in the host cell followed by the second 

POM group cleavage performed by phosphodiesterase (Figure 1.12) This strategy has been used 

to synthesize a phosphorylated 5-ethynyl-2’-deoxyuridine that has been used for fluorescent 

DNA labeling.72 The POM strategy has also been successfully applied in the clinical drug 

adefovir dipivoxil, which is used to treat hepatitis B. 

 

Figure 1.12 Metabolism of POM protecting group using esterase and phosphodiesterase 
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Many other masked phosphate groups exist and each has unique influence on membrane 

permeation and the kinetics and selectivity of unmasking. Some additional examples include S-

acyl-2-thioethyl (SATE), S-[(2-hydroxyethyl)sulfidyl]-2-thioethyl (DTE), cyclosaligenyl 

(cycloSal), cyclic 1-aryl-1,3-propanyl ester (HepDirect), alkoxyalky (HDP, ODE), amino acid 

phosphoramidate, methylaryl haloalkylamidate, bis(aminoacid) phosphoramidate, and di- and 

triphosph(on)ates.73 There have been some drugs developed using these strategies that have 

made it to the clinic including tenofovir disoproxil fumarate that treats HIV, GS-7340 used to 

treat HIV and hepatitis B, and pradefovir, also used to treat hepatitis B. 

One challenge in nucleotide prodrug design is the fact that the infected cells must have 

the machinery needed to unmask the phosphate group and metabolize it to the active drug. This 

limits the ability of prodrugs to target infected cells because they must be designed in such a way 

that the phosphate group can be metabolized by the cell into the active drug. It is worth noting 

that cellular esterases that unmask ProTides are especially abundant in live cells which partly 

explains why sofosbuvir works so well against HCV, a disease that targets the liver. There is a 

lack of published data on whether certain phosphate modifications are better at targeting certain 

cells over others. It could be possible to design phosphate modifications that target other disease-

relevant cell types in different tissues.  

 

1.6 Nucleosides and Nucleoside ProTides Used to Treat the Zika Virus 

 

 ZIKV poses some interesting challenges that need to be overcome to find an effective 

treatment. While there is currently no curative treatment for this disease, there is also a lack of 

understanding in the structure–activity relationships between nucleoside analogues, their 
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corresponding prodrugs, and inhibition properties. Thus, there is a great need to understand the 

relationship of nucleosides analogues and the RdRp of ZIKV. However, in order to test 

nucleoside analogues against the RdRp the compounds must first enter and undergo activation in 

cells. The issue is to find a phosphate modification that can be added to a nucleoside analogue to 

improve cell bioavailability and to install the first phosphate group needed for enzyme 

conversion into the active NTP analogue.  

 As mentioned previously the infected cells need to have the enzymes available to convert 

the phosphate modification into the monophosphate followed by conversion to the active NTP 

analogue otherwise the compound cannot release the drug into the cell. So, the problem with 

phosphate groups becomes a targeting issue. The phosphate modifications that are used must be 

designed in such a way that the phosphate modification targets the infected cells that also have 

the machinery to unmask the phosphate groups. A number of phosphate modifications have been 

tested against several cell cultures however, they have never been tested against the same cell 

culture to determine which one is the best phosphate modification for which cell line. 

 The work of this thesis investigates the relationships between non-obligate chain 

terminating nucleoside analogues and the activity of the RdRp of ZIKV. This thesis also 

investigates the relationship between different phosphate modifications of the same nucleoside 

analogue against ZIKV infected cell lines. The research begins by screening a series of non-

obligate, obligate, and mutagenic chain terminators against ZIKV infected Vero cells. The screen 

was able to determine that the 2’-C-methyl nucleoside analogues were effective inhibitors of the 

RdRp of ZIKV, confirming what Eyer et al. reported in 2016. We initially believed that the 

compounds were having a difficulty being phosphorylated to the active triphosphate so the 

McGuigan ProTide chemistry was applied to the nucleoside analogues to synthesize their 
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corresponding nucleoside analogue ProTide. These compounds were also tested in Vero cells 

and were found to remove all inhibitor effects of the 2’-C-methyl nucleoside analogues. This 

indicated that Vero cells may not have the necessary enzymatic activity needed to unmask the 

phosphate groups or poor uptake, and if so, no active drug will be delivered to the RdRp. The 

Vero cells could also potentially have all the necessary enzymes, but they might be too slow to 

convert the nucleoside analogues to the active triphosphate in sufficient quantities. Another 

possible explanation could be a phosphatase removing the phosphate group faster than the 

second phosphate group can be added. A further limitation is that Vero cells are very common 

models, but they are not a disease-relevant cell line for ZIKV infection.  

 The initial screen showed that non-obligate chain terminators were the favored 

nucleosides analogues for inhibiting the RdRp of ZIKV. The screen also showed that the uracil 

had the highest potency of any nucleobase. Using this information, a series of 2’ alkyl modified 

uridine analogues ProTides were synthesized to further investigate the relationship between 

structure an inhibition. When tested in human neural stem cells it was found that the 2’-C-

ethynyluridine and 2’-C-methyluridine were the most potent compounds with 2’-C-

ethenyluridine and 2’-C-ethyluridine showing no inhibitory effects. This indicated that a small 

linear functional group has the best structure activity relationship and that anything with a 

geometry change removes the inhibitory effect. Using this knowledge 2’-propynyluridine 

ProTide was synthesized but has yet to be tested against the RdRp of ZIKV. 

 In order to investigate whether certain phosphate modifications were better than others 

at entering the cell and being unmasked to the active drug a series of different phosphate 

modifications attached to either 2’-C-methyluridine or 2’-C-methyl-2’-F-uridine were 

synthesized. For comparison this thesis looks at the differences between the McGuigan ProTide, 
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the Wagner phosphate modification, and the POM modification. When tested in human neural 

stem cells the 2’-C-methyluridine McGuigan ProTide was found to be the most effective at 

inhibiting the RdRp of ZIKV while the other phosphate modifications show little to no 

inhibition. Using this information, we wanted to know if there were further modifications that 

can be done the McGuigan ProTide that can further improve potency of the compound. Using the 

reaction scheme in Figure 1.9 a series of different phosphate modifications were applied to 2’-C-

methyluridine to see if these new phosphate modifications would improve potency. These 

compounds have yet to be tested in ZIKV. 

 In summary this thesis shows the discovery of two potent nucleoside analogue ProTide 

inhibitors (2’-C-methyluridine and 2’-C-ethynyluridine aryloxy phosphoramidate ProTides) 

against ZIKV. We demonstrate a structure activity relationship between structural modifications 

at the 2’ ribose position and potency against ZIKV. This SAR approach lead to the synthesis of 

the 2’-C-propynyluridine ProTide which has yet to be tested against ZIKV. This work also 

explores the relationship between phosphate modifications and potency which lead to the 

discovery of the McGuigan ProTides being the most effective. Overall, this thesis will show the 

need to develop nucleoside analogue inhibitors against the RdRp of ZIKV while exploring the 

potential of other phosphate modifications to improve potency and drug delivery of the tested 

compounds. It will also demonstrate that the SAR of nucleosides phosphates. 

 

1.7 Zika Virus, Pathology and Control Copyright 

 

Chapter 1 is a reformatted version of a manuscript that was published by Zika Virus, 

Pathology and Control: Bernatchez, J. A.; Coste, M.; Purse, B.W.; Siqueira-Neto, J.L.; (2020) 
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Chapter 2 Nucleoside Analogue Inhibitors Against ZIKV 

 

2.1 Introduction 

 

Drug repurposing studies have recently identified numerous candidate inhibitors of ZIKV 

replication, including the nucleoside analogue prodrug (ProTide) sofosbuvir, a direct-acting anti-

viral against HCV.1,2 Other nucleoside analogues that have been investigated for anti-ZIKV 

activity (targeting the viral polymerase or nucleoside biosynthesis) include 7-deaza-2′-C-

methyladenosine (7-deaza-2′-CMA), the adenosine analogue NITD008, 2′-C-

methylribonucleosides, 3′-O-methylribonucleosides, ribavirin, and 5-fluorouracil. However, 

many of these compounds were tested in either cell-free systems or using cells that are not 

clinically relevant to the disease. During these early days of research on Zika virus following the 

outbreak of the pandemic, structure–activity relationships for nucleo(s/t)ide analogue inhibitors 

against the ZIKV RdRP were only beginning to be established. Examples of obligate, non-

obligate, and mutagenic chain termination all showed some form of activity against ZIKV. To 

determine if there is a correlation between mechanism of inhibition and activity, a wide variety 

of nucleoside analogues with different mechanisms of activity would need to be tested against 

ZIKV in cell culture. 

In this chapter, I investigate which mechanism of inhibition (obligate, non-obligate, or 

mutagenic) of nucleoside analogues is preferred for the inhibition of the RdRp in ZIKV and I 

seek a first round of structure–activity relationships. We hypothesized that by screening a series 

of nucleoside analogues with varying mechanisms of inhibition we would be able to determine a 

correlation between structure and activity against ZIKV. We believed that this initial screen 
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would give us valuable information into which mechanism of inhibition is favored for activity 

against ZIKV and, with this information, we could synthesize new nucleoside analogues to test 

against ZIKV to exploit this mechanism, ideally working towards new potential drug leads.  

Testing of antiviral activity in cell-based phenotypic assays has been conducted in many 

studies. The readouts of antiviral activity used to assess compound efficacy and toxicity include 

the results of quantitative reverse transcription-PCR of viral RNA3, plaque reduction assays4, cell 

viability assays5, caspase activation assays6, luciferase Zika virus assays which is used to 

determine if a protein can activate or repress the expression of a target gene7, Zika replicon 

assays8, and immunofluorescence-based detection of the virus1. While these assays are robust, 

most methods are either too labor-intensive or prohibitively expensive for primary large-scale 

compound library screening. Furthermore, protection from virus-induced cell morphology 

changes, or cytopathic effects (CPE), is inferred from indirect measurements. Morphological 

confirmation of the antiviral effect in cellular systems has become increasingly used in drug 

development in recent years due to technological innovations in robotics, imaging, and 

automated image analysis, as these screens are target agnostic and can help discover first-in-class 

inhibitors.9 This method allows for direct visualization on the effects a virus has on cells by 

showing the rounding of the infected cells, fusion with adjacent cells to form syncytia, and the 

appearance of nuclear or cytoplasmic inclusion bodies. 

In this work, we developed a cell-based phenotypic assay using automated image 

segmentation and analysis to assess the CPE of a recent ZIKV clinical isolate from Panama, 

H/PAN/2016/ BEI-259634, NR-50210 (GenBank accession number KX198135), in Vero cells. 

This method also allows for visual inspection of microscopy images after hit identification via 

automated image analysis for added quality control during the primary screening process. 



37 

 

Common commercially available cell viability assays report only numerical readouts as a proxy 

for cell viability. We then trained our developed method to detect antiviral activity using a 

library of nucleoside analogues. Vero cells were selected for this initial screen because they are 

deficient in producing type 1 interferon which is used to help regulate the activity of the immune 

system.2 Without type 1 interferons, Vero cells become highly susceptible to ZIKV infection 

making them a good target to test nucleosides analogues. To confirm the mechanism of action of 

the most potent inhibitor identified in these studies, pre-steady state kinetics of single nucleotide 

insertion was performed by our colleagues in the Sohl lab. 

Last, molecular modeling studies were undertaken to further elucidate the structure 

activity relationship between nucleoside analogue inhibitors and the RdRp of ZIKV. Based on 

these studies, I designed and synthesized new 2′-modified nucleoside analogues for testing 

against ZIKV. 

 

2.2 Results and Discussion 

 

2.2.1 Nucleoside Chemistry.  

We selected a panel of obligate, non-obligate, and mutagenic chain terminators for testing 

against ZIKV infected Vero cells (Figure 2.1). Our selection of nucleoside analogues for testing 

encompasses three types of structural features known to inhibit viral polymerases by alternative 

mechanisms. The first category is obligate chain terminators, which lack the 3′ hydroxyl group 

needed for elongation after incorporation into a nascent RNA strand.4,12 We selected compounds 

that lack the 3′ hydroxyl (i.e., replacing it with hydrogen) or that substitute a methoxy or fluoro 

group in its place. While compounds with the 3′ modifications have the potential for high 
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potency against enzymatic RNA synthesis when delivered as a nucleoside triphosphate, the 3′ 

modifications can attenuate nucleoside phosphorylation in cells.13 The second category is 

nonobligate chain terminators, which typically include 2′ modifications that block chain 

elongation for conformational or steric reasons.14,15 In this category, we included the 2′-C-methyl 

compounds previously shown to be active against ZIKV in cell-based assays plus compounds 

with additional modifications. Last, we included compounds with nucleobase modifications 

associated with antiviral activity by lethal mutagenesis.16 While typically potent, these inhibition 

mechanisms are often associated with greater cytotoxicity. Although cytotoxicity is known for 

some of the nucleoside analogues that we tested, particularly those used in cancer treatment, such 

as 5-fluorouridine, we tested these in our assay to confirm if they had any antiviral activity, as 

described in the literature.17 Since some of the structural modifications in these substrate 

analogues are known to be associated with reduced nucleo(s/t)ide kinase compatibility, we 

prepared ProTide prodrugs for a selection of the compounds which will be discussed in chapter 

3. The ProTide nucleoside monophosphate masking strategy is used in the clinically approved 

anti-HCV drug sofosbuvir. For a first round of screening, we preferred compounds that are 

readily available in order to obtain an initial round of SAR that would inform our new compound 

synthesis (Section 2.2.3).  
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Figure 2.1 Structural modifications of nucleoside analogue selected to test against ZIKV 

 

2.2.2 Assessment of CPE 

Cells were cultured in the presence and absence of ZIKV in 1,536-well plates for 72 h at 

a multiplicity of infection (MOI) of 10 (10 focus-forming units per cell) to ensure that sufficient 

numbers of cells were undergoing ZIKV-induced morphology changes during viral infection. 

Bright-field images of the wells were acquired using an ImageXpress Micro high-content imager 
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with a 10x objective lens (Molecular Devices) (Figure 2.2A). The cells were subsequently fixed 

with 4% formaldehyde and stained with 4′,6-diamidino-2-phenylindole (DAPI). The plates were 

reimaged to acquire pictures of the cell nuclei (Figure 2.2B). The images were then analyzed 

using a custom module in MetaXpress software (Molecular Devices) to generate segmentation 

counts of cells undergoing ZIKV-induced morphology changes in the bright-field image, as well 

as segmentation counts of total cell nuclei (Figure 2.2C and D). Percent levels of CPE were 

determined by dividing the number of cells undergoing ZIKV-induced morphology changes by 

the total number of cell nuclei and multiplying by 100. The percent CPE was normalized to the 

CPE for the uninfected controls by subtracting the percent CPE for the uninfected control wells 

from that for infected wells. Using 128 positive-control and 128 negative-control wells, a Z= 

value of 0.50 was obtained; this value is comparable to the Z= values reported for other 

phenotypic assays used to screen for ZIKV inhibitors and indicates that the assay is useful as a 

primary screening tool for large compound libraries.1,2,5 Our method requires only one short 

staining step (DAPI) and two sets of images to be taken to assess antiviral activity, reducing the 

amount of sample manipulation and allowing for same-day data acquisition. 

 

 

 



41 

 

 

Figure 2.2 Automated segmentation analysis of Vero cells undergoing a ZIKV-induced CPE and 

total cell nuclei. Cells undergoing ZIKV-induced morphology changes and total cell nuclei were 

acquired at a 10x magnification and tabulated using an automated image analysis protocol. (A) 

Bright-field image of cells infected with ZIKV H/PAN/2016/BEI-259634 at an MOI of 10 at 72 h 

post infection. (B) Image of DAPI-stained Vero cells. (C) Segmentation of cells undergoing 

ZIKV-induced morphology changes using an automated image analysis module. (D) 

Segmentation of cell nuclei using an automated image analysis module. 

 

2.2.3 Training of antiviral assay using published nucleoside analogues 

 

We assessed the antiviral activity of a small training library of nucleoside analogues. 

Compounds were pre-spotted onto plates using an acoustic transfer system instrument (EDC 

Biosciences) in a 10-point, 2-fold dose-response from 100 μM to 0.197 μM (Table 2.1). Vero 

cells and ZIKV were then added to the plates as described above and incubated with the 

compound for 72 h. Cells and virus were added simultaneously to ensure that hit compounds 

were not strictly biased toward entry and early life cycle inhibitors. Bright-field and DAPI 

channel images were acquired as described above; normalized percent activity was plotted versus 

the concentration of compound and fit to a 50% effective concentration (EC50) function 

(Collaborative Drug Discovery [CDD] Vault) (Figure 2.3). Percent cell viability upon compound 

treatment was determined by dividing the number of cell nuclei in a compound-treated well by 

the average number of cell nuclei in control wells treated with vehicle (0.1% dimethylsulfoxide 
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[DMSO]) and multiplying by 100. The obtained percent cell viability values were then plotted 

against the compound concentration and fit to a 50% cytotoxic concentration (CC50) function 

(CDD Vault). The results obtained from our assay demonstrate that the previously studied 

ribavirin (EC50 = 20.8 μM) and 2′-C-methylribonucleosides are inhibitors of ZIKV replication, 

with 2′-C-methylcytidine being the most potent (EC50 = 0.297 μM). No cell toxicity was 

observed for these compounds up to concentrations of 100 μM. None of the other nucleoside 

analogues tested displayed specific antiviral activity in our assay, and 5-fluorouracil, 5-

fluorocytidine, and 5-fluoro-2′-deoxyuridine displayed high levels of cellular toxicity (CC50 = 

0.197 μM). 

 

Figure 2.3 Sample EC50 curve of inhibitor dose-response data acquired from the phenotypic 

screen. The concentration of inhibitor was plotted against the normalized activity, and an EC50 

curve fit was applied to the dose-response data for the ZIKV inhibitor 2’-C-methylguanosine 

(from CDD Vault and GraphPad Prism, version 6, software). The experiment was repeated in 

duplicate using two different passages of Vero cells. 
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Table 2.1 EC50 and CC50 for a selected library of nucleoside analogues using the developed 

phenotypic assay in Vero cells 

Compound Name EC50 μM CC50 μM 

2′-C-Methylcytidine 0.30 (±0.12) > 100.00 

2′-C-Methyladenosine 0.60 (±0.25) > 100.00 

2′-C-Methylguanosine 2.20 (±0.49) > 100.00 

2′-C-Methyluridine 4.21 (±0.96) > 100.00 

Ribavirin 20.80 (±4.45) > 100.00 

5-Fluoro-2′-deoxyuridine < 0.20 < 0.20 

5-Fluorouridine 1.11 (±0.33) < 0.20 

5-Fluorocytidine 1.92 (±0.82) < 0.20 

Sofosbuvir > 100.00 > 100.00 

2′-O-Methylcytidine > 100.00 > 100.00 

3′-Deoxyadenosine > 100.00 > 100.00 

3′-Deoxyadenosine > 100.00 79.60 (±37.57) 

3′-O-Methylguanosine > 100.00 > 100.00 

3′-O-Methyluridine > 100.00 > 100.00 

9-(β-D-

Arabinofuranosyl)guanine 

> 100.00 > 100.00 

 

We counter screened our remaining hit compounds by staining the plates for ZIKV 

antigen via immunofluorescence (Figure 2.4) to confirm the reduction in virus production upon 

compound treatment. A reduction in the percentage of cells undergoing ZIKV-induced 

morphology changes observed in a bright-field image upon treatment with the potent 2′-C-
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methylcytidine correlated with a reduction in the amount of viral antigen, indicating agreement 

between the results of our image-based methods and those of previously published assays. In 

contrast to previously published reports that ribavirin has no effect on preventing a CPE in Vero 

cells,2 we observed a reduction in the number of cells undergoing ZIKV-induced morphology 

changes during ZIKV infection, as well as a reduction in ZIKV antigen production, via 

immunofluorescence when cells were treated with ribavirin at high concentrations (Figure 2.5). 

This is most likely due to our direct visualization of a CPE through cell imaging techniques and 

the higher test concentration of ribavirin (up to 100 μM) used in this study. 

 

Figure 2.4: 2′-C-Methylcytidine inhibits the cellular replication of ZIKV and blocks the 

cytopathic effect of the virus in Vero cells. 2’-C-Methylcytidine was tested in our phenotypic 

CPE assay and counter screened using immunofluorescence. CPE-affected cell (bright field), 

cell nucleus (blue), and ZIKV antigen (green) image acquisition was performed at a 10x 

magnification for uninfected cells, cells infected with ZIKV H/PAN/2016/BEI-259634 at an MOI 

of 10 for 72 h in the presence of vehicle (DMSO), and cells infected with ZIKV 

H/PAN/2016/BEI-259634 at an MOI of 10 for 72 h in the presence of various concentrations of 

2′-C-methylcytidine. 
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Figure 2.5: Ribavirin reduces the production of ZIKV antigen and blocks the cytopathic effect of 

the virus in Vero cells. Shown are the results for the testing of ribavirin in our phenotypic CPE 

assay and counter screening of the compound using immunofluorescence. CPE-affected cell 

(bright field), cell nucleus (blue), and ZIKV antigen (green) image acquisition was performed at 

a X10 magnification for uninfected cells, cells infected with ZIKV H/PAN/2016/BEI-259634 at 

an MOI of 10 for 72 h in the presence of vehicle (DMSO), and cells infected with ZIKV 

H/PAN/2016/BEI-259634 at an MOI of 10 for 72 h in the presence of 100 μM ribavirin. 

 

2.2.4 Enzymatic Incorporation of the Active Triphosphate Metabolites of 2′-C-Methyluridine and 

Sofosbuvir Over Time Reveals Higher Levels of Incorporation for the Former Compound 

 

Single nucleotide incorporation assays were used to compare the relative preference of 

ZIKV RdRp for UTP versus the UTP analogs 2′-C-methyluridine triphosphate and 2′-fluoro-2′-

C-methyluridine triphosphate (the active form of sofosbuvir) (Figure 2.6). The discovery of 2′-C-

methyluridine ProTide as the most potent inhibitor of ZIKV will be discussed in chapter 3. In 

order to run these experiments, I synthesized the triphosphates of 2′-C-methyluridine and 
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sofosbuvir. The synthesis of the triphosphates was carried out using a variation of the Ludwig 

method (Scheme 2.3).10,11 Both analogues serve as chain terminators of ZIKV RdRp 

polymerization.12,15 UTP was most efficiently incorporated, with 50% incorporation by 5 min 

and full incorporation by ~30 min, followed by misincorporating extension. The 2′-fluoro-2′-C-

methyluridine triphosphate had significantly less efficient incorporation by ZIKV RdRp, as 

previously reported.12,15,18 Incorporation plateaued at 15%, and half maximal incorporation was 

only reached after nearly 90 min. In contrast, 2′-C-methyluridine triphosphate reached half of its 

eventual maximal incorporation of 35% after ~45 min, showing improved incorporation over the 

active form of sofosbuvir. These trends are supported by previous work focusing on biochemical 

characterization of 2′-C-methyluridine triphosphate and 2′-fluoro-2′-C-methyluridine 

triphosphate incorporation.12,19 Importantly, here we verify the preference of 2′-C-methyluridine 

over sofosbuvir in both biochemical and cell-based assays, suggesting a robust inhibitor testing 

pipeline that supports the hypothesis that cellular efficacy occurs as a result of RdRp inhibition 

by nucleoside analogs. 
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Figure 2.6: Kinetic characterization of nucleotide and nucleotide analogue incorporation by 

ZIKV RdRP. (A) ZIKV RdRP and primer/template (P/T) substrate (n) was mixed with excess 

UTP, 2′-F-2′-C-methyluridine triphosphate (2′-F-2′-C-MeUTP), or 2-C-methyluridine 

triphosphate (2′-C-MeUTP), and the reaction was quenched at the indicated timepoints. The 

substrate and the single nucleotide extension product (n + 1) were separated by using a 20% 

polyacrylamide denaturing gel, and bands were quantified to determine percent incorporation 

and plotted against time. (B) A single exponential fit was used to determine an observed rate of 

incorporation, kobs (% incorporation min−1) of 0.151 ± 0.004, 0.0085 ± 0.001, and 0.016 ± 0.001, 

for UTP (dotted black line), 2′-F-2′-C-MeUTP (dashed red line), and 2′-C-MeUTP (solid blue 

line), respectively. SE is reported as deviation from the fit, n = 2. 

 

2.2.5 Molecular modeling of the ZIKV NS5 Active Site and Structure-Guided Inhibitor Design 

 Our initial screen helped to identify the non-obligate chain terminators as having the 

favored mechanism of inhibition, which helps to direct the synthesis of new nucleosides 

analogues that use this mechanism. Molecular modeling studies were undertaken to further study 

the structure activity relationship between nucleoside analogue inhibitors and the RdRp of ZIKV. 

Since there is no ternary crystal structure of the ZIKV RdRp available (i.e. including enzyme, 

dsRNA, and incoming nucleotide), we turned to homology modeling with HCV RdRp. Using the 

HCV RdRp as the homology model allowed us to model in the ZIKV RdRp and overlay the two 
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RdRp to determine how similar the two structures were. With the ZIKV RdRp overlaid as 

accurately as possible, the HCV RdRp was removed and sofosbuvir was modeled into the active 

site of the ZIKV RdRp (Figure 2.7). The model showed that the 2’-C-methyl group was pointing 

directly into open space available at the 2’ beta ribose position which could be utilized to 

improve binding affinity and increase potency.  

 

Figure 2.7 Sofosbuvir bound to the RdRp of ZIKV. The orange methyl group that is pointing 

directly out is the 2’-methyl and is pointing to the available space in the RdRp at the 2’ beta 

ribose position.  

 

A previously prepared model (gc-o320) of ZIKV RdRp in complex with RNA and ATP 

generated from PDB 5TFR21 and PDB 4WTD22, an apo structure of ZIKV RdRp (PDB 5WZ323), 

and an apo structure of HCV RdRp (PDB 3MWV24) were aligned with a crystal structure of 

HCV RdRp complexed with RNA and sofosbuvir diphosphate (PDB 4WTG22) (Figure 2.8). 
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ZIKV RdRP is shown in magenta (apo form) or in red (in complex with ligands), and HCV 

RdRp is shown in dark blue (apo form) or in cyan (in complex). The crystal structure of inhibited 

HCV RdRp (cyan) shows that residue D225 moved upward to accommodate sofosbuvir 

diphosphate, while in the ZIKV model (red)20, the corresponding residue D1141 in ZIKV RdRp 

pointed down in the opposite direction to accommodate the nucleotide (Figure 2.8). While the 

position of the aspartic acid in both the apo forms of the viral RdRps was similar, it is interesting 

that the nucleoside ligands were accommodated in different ways, with ZIKV RdRp displaying a 

larger change in positioning in this residue. While modeling was used to generate the holo-

structure of ZIKV RdRp, this suggests some evidence that the ZIKV binding pocket is poised to 

accommodate a variety of nucleoside analogues. 
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Figure 2.8 Structural super positioning of apo and bound ZIKV RdRp and hepatitis C virus 

(HCV) RdRp. The ZIKV RdRp model gc-o3 in complex with two manganese ions (green), ATP 

(red/CPK coloring), and RNA (orange/CPK coloring) is shown in red, and a crystal structure of 

apo ZIKV RdRp is shown in magenta (PDB 5WZ3). A crystal structure of HCV RdRp complexed 

with sofosbuvir diphosphate (cyan/CPK coloring), RNA (orange/CPK coloring), and a 

manganese ion (purple) is shown in cyan (PDB 4WTG), and an apo structure of HCV RdRp is 

shown in blue (PDB 3MWV). A comparison of the homologous residue D225 (HCV RdRp) and 

D1141 (ZIKV RdRp) is highlighted in stick form. 
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2.2.6 Design of Synthesis of Additional Ribose 2’-C modifications for testing against ZIKV 

 

Our initial screen identified the 2’-C-methyl nucleosides as the most potent inhibitors of 

ZIKV and the non-obligate termination mechanism as preferred. Our screen from chapter 3 was 

able to identify uracil as the favored nucleobase for inhibition. Combining with the docking 

studies and molecular modeling described above, we hypothesized that there is space available at 

the 2’-beta position of the ribose in the active site which could accommodate further structural 

modifications, potentially leading to greater potency and selectivity. These results lead me to 

focus on the synthesis of new nucleoside analogues likely to use non-obligate chain termination 

as the mechanism of action and to probe the binding pocket surrounding 2’-beta position of the 

ribose. Uridine was selected for these derivatives because it showed the strongest potency in 

assays of inhibitors and because uracil is the least chemically reactive nucleobase, thereby 

facilitating synthesis and minimizing the need for protecting groups.  
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Figure 2.9 Strategy for lead generation 

 

My research began by identifying which nucleosides analogues had been synthesized and 

if any of these current synthetic strategies could be altered to create new nucleosides analogues 

(Figure 2.9). Using the information gleaned from our molecular modeling work that there was 

space available at the 2’-beta position of the ribose I decided to focus on modification that would 

target this open space. I believe that by utilizing this empty space I could improve potency by 

increasing binding affinity and lowering toxicity by limiting off-target binding to other enzymes 

that might interact with nucleotides The first thing I noticed was there were no polar functional 
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that have been attached to the 2’-beta ribose position so my work focused on polar modification 

to the 2’-beta position of the ribose. I attempted to synthesize the ketone and aldehyde 

derivatives by using standard oxymercuration and hydroboration conditions starting with the 

benzoyl protected ethynyl ribose starting material. This synthetic route proved to be ineffective, 

so I decided to move onto the carboxylic acid derivative using standard ozonolysis conditions. 

This also proved to be an ineffective synthetic strategy. From here my research pivoted to the 

synthesis of the cyano derivative using a 3’ 5’ silyl protected uridine. The reason this silyl 

protected uridine was selected was because it favored α addition to the 2’ ribose position. This 

was crucial because the next step of the synthetic strategy was attaching the cyano functional 

group to the α position. DAST inverts the configuration with the hydroxyl group leading to the 

proper stereochemical addition of the fluorine and the cyano group. During the synthesis the 

cyano group was successfully added to the compound however, when DAST was added no 

reaction occurred to generate the fluorine. I believe that DAST is too promiscuous of a reagent to 

be used effectively in this synthesis. So, the next attempt of this synthesis started with benzyl 

protecting groups to avoid the reactivity of the silyl groups and DAST. I am in the process of 

investigating other fluorine sources as well to find an effective way to install the fluorine at the 

correct position. However, this research is still ongoing, but I believe that this compound could 

give us valuable insight into SAR against ZIKV by testing small polar linear functional group. 

With my unsuccessful attempts to make polar functional group derivatives I began to 

focus on alkyl modification instead. While this work does not probe the polar nature of the active 

site surrounding the 2′ position, it would enable the available space to be determined. The 

compound 2’-C-ethynyluridine has been successfully synthesized by previously reported 

synthetic route which I decided to use for the synthesis of new compounds.25 Using this synthetic 
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route I was able to synthesize the new nucleoside analogues 2′-C-ethyl-, 2’-C-ethenyl-, and 2’-C-

propynyluridine (Schemes 2.1 and 2.2). The benzoyl protected ethynyl ribose was selected 

because the benzoyl functional groups favor β addition to the 2’ ribose position which generates 

the correct stereochemistry for these compounds. However, when I attempted this synthetic route 

starting with the 2’-oxoribose, I identified a problem. When synthesizing the 2’-C-

ethynyluridine, a Grignard reaction was used to convert the 2’-oxoribose into the benzoyl 

protected 2’-C-ethynylribose. The ethynylmagnesium bromide that was used is not as reactive as 

the ethyl- or ethenylmagnesium bromide, which allowed for the addition of the ethynyl group 

onto the 2’-oxoribose. The ethyl- and ethenylmagnesium bromide when added was too reactive 

towards the benzoyl ester protecting groups, so an alternative method needed to be devised. The 

ethyl group was obtained by standard hydrogenation conditions while the ethenyl group was 

obtained by Lindlar hydrogenation using Pd/BaSO4 in (1:1) quinoline/benzene.26. Both 

compounds then follow the same synthetic route of ribosylation with uracil using N,O-

bis(trimethylsilyl)acetamide (BSA) and SnCl4 in ACN afforded benzoyl-protected 2′-C-

ethenyluridine and 2′-C-ethyluridine. Lastly deprotection was performed using NaOMe in 

MeOH to afford 2′-C-ethyl- and 2′-C-ethenyluridine products. 
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Scheme 2.1 Synthetic route of 2′-C-Ethyluridine and 2′-C-Ethenyluridine 

 

The synthesis of the 2’-C-propynyluridine was carried out similarly to the 2’-C-

ethynyluridine, except propynylmagnesium bromide was used to attach the propynyl group to the 

2’-oxoribose. This method worked well since the propynylmagnesium bromide is less reactive 

then even the ethynylmagnesium bromide reagent, which made addition to the benzoyl groups 

even less likely. Next ribosylation with uracil was done using N,O-bis(trimethylsilyl)acetamide 

(BSA) and SnCl4 in ACN afforded benzoyl-protected 2′-C-propynyluridine. I was unsure that 

this reaction would work due to the added bulkiness of the propynyl group but it did not interfere 

with addition of the nucleobase. Fortunately, the benzoyl functional group on the 2’ α ribose 

facilitates the addition of the nucleobase while the modifications to the 2’ β ribose position were 

small enough not to interfere with nucleobase addition. However, it is possible that even bulkier 

alkyl modifications could interfere with nucleobase addition since it adds to the same side of the 

ribose ring. This would need to be confirmed by attaching even bulkier alkyl groups to the 2’ β 

ribose position and determining if the nucleobase would still add under these conditions. Lastly 

deprotection was performed using NaOMe in MeOH to afford 2′-C-propynyluridine. 
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Scheme 2.2 Synthetic route to 2′-C-propynyluridine 

 

 The synthesis of 2′-deoxy-2′-fluoro-2′-C-methyluridne triphosphate and 2′-C-

methyluridine triphosphate was accomplished using previously reported synthetic route (Scheme 

2.3).10,11 Dried nucleoside and proton sponge were combined with trimethyl phosphate at 0 °C 

followed by addition of phosphorous oxychloride. The phosphorous oxychloride was added in 

two parts to ensure complete conversion to the monophosphate took place. Next tributyl amine 

was added followed by addition of dried tributylammonium pyrophosphate in DMF to generate 

the cyclized triphosphate. Lastly triethylammonium bicarbonate buffer (TEAB) was added to 

quench the reaction and generate the nucleoside triphosphate. Purification was done using 

reverse phase HPLC using a 4-34% gradient of TEAB pH = 7.5, 0.1M and acetonitrile. 
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Scheme 2.3: Synthetic scheme for the synthesis of 2′-C-MeUTP and 2′-Deoxy-2-F-2-C-MeUTP 

 

 These new nucleoside analogues were not tested in Vero cells or human neural stem cells 

directly but were further converted to their corresponding ProTide and each of these nucleoside 

analogue ProTides were tested against human neural stem cells and will be covered in chapter 3. 

The rationale for only testing the new nucleoside analogue ProTides against human neural stem 

cells was because we were concerned with the bioavailability and poor phosphorylation of the 

compounds in the cells to the active NTP. Hopefully, in the near future, these nucleoside 

analogues will be tested against human neural stem cells to compare the activity against their 

corresponding ProTide. This information will hopefully be able to determine if the ProTide 

chemistry is indeed successful in bypassing the rate limiting step and improving bioavailability.  

 

2.3 Conclusion 

 

We have developed a rapid phenotypic screen that can be used as a primary screening 

tool for profiling the activities of large compound libraries against ZIKV. This method can be 

expanded to other cell lines which display morphological changes during ZIKV infection that 



58 

 

can be detected by automated image analysis software. As a proof of concept, we confirmed that 

2′-C-methylribonucleosides and ribavirin can protect Vero cells from a ZIKV-induced cytopathic 

effect. These findings validate our system as a useful tool for the identification of ZIKV 

inhibitors in a target-agnostic fashion. These studies along with our work on molecular modeling 

we were able to identify available space at the 2′-β-ribose position in the RdRp that we believed 

could be utilized to improve potency against ZIKV. Vero cells are widely used for cell-based 

screening of prospective inhibitors in efforts to identify drug leads, but they are not a disease-

relevant cell line for ZIKV infection. Tests of our compounds in a more relevant cell line, human 

neural stem cells, are discussed in chapter 3.  

I have highlighted the synthesis of the new nucleosides analogues 2′-C-ethyl-, 2′-C-

ethenyl-, and 2′-C-proynyluridine which were further converted to their corresponding ProTides 

as discussed in chapter 3. These nucleoside analogues were synthesized to probe the 2′-β-ribose 

position and determine if there is a structure activity relationship between these modifications 

and activity against ZIKV infection. These nucleoside analogues were designed to account for 

information gleaned from our work and the work of others on molecular modeling and from the 

data obtained from our original screen. It is possible that other 2′ ribose modifications such as 

polar functional groups could be even more effective than the alky modifications I have 

synthesized, however further research would be required to synthesize these compounds. 

Overall, I was able to provide evidence to support our hypothesis that there is a favored 

mechanism of inhibition for ZIKV. After discovering that non-obligate chain terminators were 

the favored mechanism of action and combining our results on molecular modeling, we were 

able to identify available space at the 2′-β-ribose position in the active site of the RdRp. This 

information inspired the synthesis of three new nucleoside analogues that were tested as their 
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corresponding ProTides in chapter 3. Single nucleoside incorporation assay using steady state 

kinetic studies were able to provide evidence that activity against ZIKV was proceeding through 

inhibition of the RdRp, as expected for these substrate analogues. 

 

2.4 Experimental 

All reagents and chemicals used were purchased from Acros Organics and Fisher 

Chemical at American Chemical Society grade or higher quality and used as received without 

further purification. All nucleoside analogues were obtained from Carbosynth LLC. I prepared 

all nucleosides analogue for testing in our assay screen in Vero cells by creating 100 μM 

solutions of each compound in DMSO for our testing. 

 

Synthesis of 2′-C-ethenyluridine (Scheme 2.1). 

(2S,3R,4R,5R)-5-((benzoyloxy)methyl)-3-vinyltetrahydrofuran-2,3,4-triyl tribenzoate. To a 

stirring solution of (2S,3R,4R,5R)-5-((benzoyloxy)methyl)-3-ethynyltetrahydrofuran-2,3,4-triyl 

tribenzoate (208.7 mg, 0.362 mmol, 1 equiv.) in benzene (2 mL) and ethanol (2 mL) under H2(g) 

was added 5% palladium on barium sulfate (20.8 mg, 10 wt%) followed by quinolone (22 µL) 

and was stirred at room temperature for 2 h. The mixture was diluted in ethyl acetate, washed 3 

times with water, and dried over anhydrous sodium sulfate. The reaction mixture was purified 

using flash chromatography (0 to 30% ethyl acetate [EtOAc] in hexane gradient) to afford 

purified product. (162.7 mg, 0.281 mmol, 77.7%) 1H NMR (400 MHz, CDCl3): δ= 8.23 – 8.09 

(m, 4H), 8.07 – 8.03 (m, 2H), 7.92 – 7.88 (m, 2H), 7.69 – 7.39 (m, 10H), 7.18 – 7.12 (m, 2H), 

6.46 (dd, 1H, J = 17.6, 11.2 Hz), 6.25 (d, 1H, J = 8.3 Hz), 4.54 (dd, 2H, J = 12.2, 4.8 Hz), 4.81 

(ddd, 2H, J = 8.4, 4.7, 3.9 Hz), 4.73 (dd, 1H, J = 12.2, 3.9 Hz), 4.54 (dd, 1H, J = 12.2, 4.8 Hz) 
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Figure 2.10 Structure of (2S,3R,4R,5R)-5-((benzoyloxy)methyl)-3-vinyltetrahydrofuran-2,3,4-

triyl tribenzoate 

 

 

Figure 2.11 (2S,3R,4R,5R)-5-((benzoyloxy)methyl)-3-vinyltetrahydrofuran-2,3,4-triyl tribenzoate 
1H-NMR 400 MHz, CDCl3, 298K 

 

(2R,3R,4R,5R)-5-((benzoyloxy)methyl)-2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-3-

vinyltetrahydrofuran-3,4-diyl dibenzoate. Uracil (63.0 mg, 0.562 mmol, 2 equiv.) and 

(2S,3R,4R,5R)-5-((benzoyloxy)methyl)-3-vinyltetrahydrofuran-2,3,4-triyl tribenzoate (162.7 mg, 

0.281 mmol, 1 equiv.) were dried under high vacuum in separate round bottom flasks for 2 h. 
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Under N2(g) and stirring was added dry acetonitrile (2 mL) to uracil followed by addition of 

bis(trimethylsilyl) acetamide (550.1 µL, 2.250 mmol, 8 equiv.) Reaction mixture was refluxed at 

80° C. for 1 h then cooled to 0° C. Then compound from step 4 in dry acetonitrile (2 mL) was 

added to reaction mixture followed by tin (IV) chloride (229.9 µL, 1.968 mmol, 7 equiv.) and 

heated to 60° C. for 3 h. Reaction mixture was poured into a separatory funnel containing ice 

cold water, extracted 3 times with ethyl acetate, and combined organic layer was dried over 

anhydrous sodium sulfate. The reaction mixture was purified using flash chromatography (0 to 

100% ethyl acetate [EtOAc] in hexane gradient) to afford purified product. (89.4 mg, 0.153 

mmol, 54.6%) 1H NMR (400 MHz, CDCl3): δ= 9.22 (s, 1H), 8.09 (m, 4H), 7.86 – 7.82 (m, 2H), 

7.63 – 7.56 (m, 2H), 7.63 – 7.56 (m, 6H), 7.29 – 7.21 (m, 2H), 6.65 (s, 1H), 6.12 (dd, 1H, J = 

17.5, 11.1 Hz), 6.04 (d, 1H, J = 5.2 Hz), 5.64 (dd, 1H, J = 8.2, 2.1 Hz), 5.46 – 5.40 (dd, 2H), 

4.94 (dd, 1H, J = 12.3, 3.2 Hz), 4.81 (dd, 1H, J = 12.3, 5.7 Hz), 4.66 (td, 1H, J = 5.5, 3.2 Hz) 

 

Figure 2.12 Structure of (2R,3R,4R,5R)-5-((benzoyloxy)methyl)-2-(2,4-dioxo-3,4-

dihydropyrimidin-1(2H)-yl)-3-vinyltetrahydrofuran-3,4-diyl dibenzoate 
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Figure 2.13 (2R,3R,4R,5R)-5-((benzoyloxy)methyl)-2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-

yl)-3-vinyltetrahydrofuran-3,4-diyl dibenzoate 1H-NMR 400 MHz, CDCl3, 298K 

 

2′-C-ethenyluridine. Dried (2R,3R,4R,5R)-5-((benzoyloxy)methyl)-2-(2,4-dioxo-3,4-

dihydropyrimidin-1(2H)-yl)-3-vinyltetrahydrofuran-3,4-diyl dibenzoate (90.5 g, 0.155 mmol, 1 

equiv.) overnight on high vacuum. Under N2(g) was added methanol (1.5 mL) then the reaction 

mixture was cooled to 0° C followed by dropwise addition of sodium methoxide (86.5 µL, 1.553 

mmol, 10 equiv.). Reaction mixture was raised to room temperature and stirred for 1.5 h. 

Reaction mixture was cooled to 0° C followed by addition of formic acid until pH=4. Reaction 

mixture was dried in vacuo then purified using flash chromatography (0 to 40% methanol 

[MeOH] in dicholoromethane gradient) to afford purified product. (30.2 mg, 0.146 mmol, 

93.8%) 1H NMR (400 MHz, CDCl3): δ= 8.13 (d, 1H, J = 8.1 Hz), 5.95 (s, 1H), 5.74 – 5.65 (m, 
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2H), 5.44 (dd, 1H, J = 17.3, 1.3 Hz), 5.26 (dd, 1H, J = 10.8, 1.3 Hz), 4.22 (d, 1H, J = 9.2 Hz), 

4.03 – 3.97 (m, 2H), 3.84 – 3.79 (m, 1H). 

 

Figure 2.14 Structure of 2′-C-Ethenyluridine 

 

 

Figure 2.15 2′-C-Ethenyluridine 1H-NMR 400 MHz, CD3OD, 298K 

 

Synthesis of 2′-C-ethyluridine (Scheme 2.1): 
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(2S,3R,4R,5R)-5-((benzoyloxy)methyl)-3-ethyltetrahydrofuran-2,3,4-triyl tribenzoate. To a 

stirring solution of (2S,3R,4R,5R)-5-((benzoyloxy)methyl)-3-ethynyltetrahydrofuran-2,3,4-triyl 

tribenzoate (60.9 mg, 0.1056 mmol, 1 equiv.) in ethanol (1 mL) under H2(g) was added 

palladium on carbon (39.7 mg) and was stirred at room temperature overnight. The mixture was 

diluted in ethyl acetate, washed 3 times with water, and dried over anhydrous sodium sulfate. 

The reaction mixture was purified using flash chromatography (0 to 50% ethyl acetate [EtOAc] 

in hexane gradient) to afford purified product. (50.8 mg, 0.08674 mmol, 82.6%) .1H NMR (400 

MHz, CDCL3): δ= 8.25 – 7.07 (m, 20H), 7mc.04 (s, 1H), 6.07 (d, 1H, J = 8.0 Hz), 4.84 – 4.66 

(m, 2H), 4.51 (dd, 1H, J = 12.1, 4.8 Hz), 2.69 (dq, 1H, J = 15.1, 7.6 Hz), 2.50 (dq, 1H, J = 14.8, 

7.4 Hz), 0.95 (t, 3H, J = 7.5 Hz) 

 

 

Figure 2.16 Structure of (2S,3R,4R,5R)-5-((benzoyloxy)methyl)-3-ethyltetrahydrofuran-2,3,4-

triyl tribenzoate 
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Figure 2.17 (2S,3R,4R,5R)-5-((benzoyloxy)methyl)-3-ethyltetrahydrofuran-2,3,4-triyl tribenzoate 
1H-NMR 400 MHz, CDCl3, 298K 

 

(2R,3R,4R,5R)-5-((benzoyloxy)methyl)-2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-3-

ethyltetrahydrofuran-3,4-diyl dibenzoate. Uracil (59.3 mg, 0.5293 mmol, 2 equiv.) and 

(2S,3R,4R,5R)-5-((benzoyloxy)methyl)-3-ethyltetrahydrofuran-2,3,4-triyl tribenzoate (154.2 mg, 

0.2647 mmol, 1 equiv.) were dried under high vacuum in separate round bottom flasks for 2 h. 

Under N2(g) and stirring was added dry acetonitrile (2 mL) to uracil followed by addition of 

bis(trimethylsilyl) acetamide (517.8 µL, 2.1176 mmol, 8 equiv.) Reaction mixture was refluxed 

at 80° C. for 1 h then cooled to 0° C. Then compound from step 4 in dry acetonitrile (2 mL) was 

added to reaction mixture followed by tin (IV) chloride (216.4 µL, 1.8529 mmol, 7 equiv.) and 

heated to 60° C. for 3 h. Reaction mixture was poured into a separatory funnel containing ice 
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cold water, extracted 3 times with ethyl acetate, and combined organic layer was dried over 

anhydrous sodium sulfate. The reaction mixture was purified using flash chromatography (0 to 

100% ethyl acetate [EtOAc] in hexane gradient) to afford purified product. (79.1 mg, 0.1353 

mmol, 59.7%). 1H NMR (500 MHz, CDCl3): δ= 8.13 (m, 2H), 7.99 – 7.95 (m, 2H), 7.95 – 7.91 

(m, 2H), 7.64 – 7.28 (m 10H), 6.32 (d, 1H, J = 5.5 Hz), 5.90 (dd, 1H, J = 6.0, 4.6 Hz), 5.76 (t, 

1H, J = 5.8 Hz), 5.61 (d, 1H, J = 8.1 Hz), 4.83 (dd, 1H, J = 12.1 Hz), 4.73 – 4.65 (m, 2H), 1.25 (t, 

3H, J = 7.2 Hz). 

 

Figure 2.18 Structure of (2R,3R,4R,5R)-5-((benzoyloxy)methyl)-2-(2,4-dioxo-3,4-

dihydropyrimidin-1(2H)-yl)-3-ethyltetrahydrofuran-3,4-diyl dibenzoate 
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Figure 2.19 (2R,3R,4R,5R)-5-((benzoyloxy)methyl)-2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-

yl)-3-ethyltetrahydrofuran-3,4-diyl dibenzoate 1H-NMR 400 MHz, CDCl3, 298K 

 

2′-C-ethyluridine. Dried product (2R,3R,4R,5R)-5-((benzoyloxy)methyl)-2-(2,4-dioxo-3,4-

dihydropyrimidin-1(2H)-yl)-3-ethyltetrahydrofuran-3,4-diyl dibenzoate (44.5 g, 0.07612 mmol, 

1 equiv.) overnight on high vacuum. Under N2(g) was added methanol (2 mL) then the reaction 

mixture was cooled to 0° C followed by dropwise addition of sodium methoxide (42.4 µL, 

0.7612 mmol, 10 equiv.). Reaction mixture was raised to room temperature and stirred for 1.5 h. 

Reaction mixture was cooled to 0° C followed by addition of formic acid until pH=4. Reaction 

mixture was dried in vacuo then purified using flash chromatography (0 to 100% methanol 
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[MeOH] in dicholoromethane gradient) to afford purified product. (17.2 mg, 0.06317 mmol, 

83.1%). 1H NMR (400 MHz, CD3OD): δ= 7.99 (d, 1H, J = 8.1 Hz), 6.02 (s, 1H), 5.69 (d, 1H, J = 

8.1 Hz), 4.00 – 3.92 (m, 2H), 3.88 (ddd, 1H, J = 9.0, 2.9, 1 Hz), 3.77 (dd, 1H, J 12.4, 2.9 Hz), 

1.61 – 1.36 (m. 2H), 0.96 (t, 3H, J = 7.5 Hz) 

 

Figure 2.20 Structure of 2′-C-Ethyluridine 

 

 

Figure 2.21 2′-C-Ethyluridine 1H-NMR 400 MHz, CD3OD, 298K 
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Synthesis of 2′-C-propynyluridine (Scheme 2.2): 

(2S,3R,4R,5R)-5-((benzoyloxy)methyl)-3-hydroxy-3-(prop-1-yn-1-yl)tetrahydrofuran-2,4-

diyl dibenzoate. To a stirring solution of (2S,4R,5R)-5-((benzoyloxy)methyl)-3-

oxotetrahydrofuran-2,4-diyl dibenzoate (1.3121 g, 0.002850 mol, 1 equiv.) in dry THF (20 mL) 

at -78° C., was added 0.5M 1-propynyl magnesium bromide in THF (22.8 mL, 0.01140 mol, 4 

equiv.). The mixture was allowed to stir at -78° C. for 2 h, -40° C. for 1 h. Then, saturated 

ammonium chloride solution was added at 0° C., and the mixture was allowed to warm to room 

temperature slowly, stirring for another 1 h. The mixture was extracted twice with ethyl acetate. 

The combined organic layer was washed with brine, dried over anhydrous sodium sulfate, and 

evaporated in vacuo to yield the crude material. The crude compound was used directly in 

subsequent reaction without further purification. 

 

(2S,3R,4R,5R)-5-((benzoyloxy)methyl)-3-(prop-1-yn-1-yl)tetrahydrofuran-2,3,4-triyl 

tribenzoate. To a stirring solution of (2S,3R,4R,5R)-5-((benzoyloxy)methyl)-3-hydroxy-3-(prop-

1-yn-1-yl)tetrahydrofuran-2,4-diyl dibenzoate (1.2948 g, 0.00259 mol, 1 equiv.) in dry DCM (20 

mL) was added DMAP (0.3160 g, 0.00259 mol, 1 equiv.) followed by trimethylamine (1.7 mL). 

Then benzoyl chloride (0.902 mL, 0.00776 mol, 3 equiv.) was added dropwise to the stirring 

solution. The reaction mixture was allowed to stir at room temperature for 12 h. The mixture was 

diluted with DCM, washed with HCL (2N), saturated sodium bicarbonate, brine, and dried over 

anhydrous sodium sulfate. The reaction mixture was purified using flash chromatography (0 to 

30% ethyl acetate [EtOAc] in hexane gradient) followed by another flash chromatography 

purification (0 to 10% methanol [MeOH] in dichloromethane) to afford semi purified product. 
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Semi purified product was recrystallized using ethyl acetate and hexane to afford pure product. 

(1.3817 g, 0.00240 mol, 2 steps 47.4%). 1H NMR (400 MHz, CDCL3): δ= 8.20 – 7.07 (m, 20H), 

6.98 (s, 1H), 6.27 (d, 1H, J = 7.5 Hz), 4.78 – 4.69 (m, 2H), 4.78 – 4.69 (m, 2H), 4.60 – 4.52 (m, 

1H), 1.81 (s, 3H)  

 

Figure 2.22 Structure of (2S,3R,4R,5R)-5-((benzoyloxy)methyl)-3-(prop-1-yn-1-

yl)tetrahydrofuran-2,3,4-triyl tribenzoate 

 

 

Figure 2.23 (2S,3R,4R,5R)-5-((benzoyloxy)methyl)-3-(prop-1-yn-1-yl)tetrahydrofuran-2,3,4-triyl 

tribenzoate 1H-NMR 400 MHz, CDCl3, 298K 
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(2R,3R,4R,5R)-5-((benzoyloxy)methyl)-2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-3-

(prop-1-yn-1-yl)tetrahydrofuran-3,4-diyl dibenzoate. Uracil (197.2 mg, 0.00176 mol, 1 

equiv.) and (2S,3R,4R,5R)-5-((benzoyloxy)methyl)-3-(prop-1-yn-1-yl)tetrahydrofuran-2,3,4-triyl 

tribenzoate (1.0636 g, 0.00176 mol, 1 equiv.) were dried under high vacuum in separate round 

bottom flasks for 2 h. Under N2(g) and stirring was added dry acetonitrile (3 mL) to uracil 

followed by addition of bis(trimethylsilyl) acetamide (1.7 mL, 0.00734 mol, 4 equiv.) Reaction 

mixture was refluxed at 80° C. for 1 h then cooled to 0° C. Then compound from step 4 in dry 

acetonitrile (2 mL) was added to reaction mixture followed by tin (IV) chloride (719.2 µL, 

0.00616 mol, 3.5 equiv.) and heated to 60° C. for 3 h. Reaction mixture was poured into a 

separatory funnel containing ice cold water, extracted 3 times with ethyl acetate, and combined 

organic layer was dried over anhydrous sodium sulfate. The reaction mixture was purified using 

flash chromatography (0 to 100% ethyl acetate [EtOAc] in hexane gradient) to afford purified 

product. (633.1 mg, 1.065 mmol, 60.5%). 1H NMR (500 MHz, CDCL3): δ= 8.21 (m, 16H), 6.70 

(s, 1H), 5.98 (d, 1H, J = 2.5 Hz), 5.94 (d, 1H, J = 8.2 Hz), 5.03 (dd, 1H, J = 12.0, 7.2 Hz), 4.86 

(dd, 1H, J = 12.0, 3.6 Hz), 4.62 (dt, 1H, J = 6.7, 3.2 Hz), 1.75 (s, 3H). 

 

Figure 2.24 Structure of (2R,3R,4R,5R)-5-((benzoyloxy)methyl)-2-(2,4-dioxo-3,4-

dihydropyrimidin-1(2H)-yl)-3-(prop-1-yn-1-yl)tetrahydrofuran-3,4-diyl dibenzoate 
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Figure 2.25 (2R,3R,4R,5R)-5-((benzoyloxy)methyl)-2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-

yl)-3-(prop-1-yn-1-yl)tetrahydrofuran-3,4-diyl dibenzoate 1H-NMR 400 MHz, CDCl3, 298K 

  

2′-C-propynyluridine. Dried (2R,3R,4R,5R)-5-((benzoyloxy)methyl)-2-(2,4-dioxo-3,4-

dihydropyrimidin-1(2H)-yl)-3-(prop-1-yn-1-yl)tetrahydrofuran-3,4-diyl dibenzoate (633.1 mg, 

1.065 mmol, 1 equiv.) overnight on high vacuum. Under N2(g) was added methanol (10 mL) 

then the reaction mixture was cooled to 0° C followed by dropwise addition of sodium 

methoxide (593.0 µL, 10.648 mmol, 10 equiv.). Reaction mixture was raised to room 

temperature and stirred for 1.5 h. Reaction mixture was cooled to 0° C followed by addition of 

formic acid until pH=4. Reaction mixture was dried in vacuo then purified using flash 

chromatography (0 to 40% methanol [MeOH] in dicholoromethane gradient) to afford purified 
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product. (199.3 mg, 0.706 mmol, 66.3%). 1H NMR (400 MHz, CD3OD): δ= 8.03 (d, 1H, J = 8.1 

Hz), 6.01 (s, 1H), 5.69 (d, 1H, J = 8.1 Hz), 4.11 (d, 1H, J = 8.9 Hz), 3.95 (dd, 1H, J = 12.5, 2.4 

Hz), 3.88 (dt, 1H, J = 9.0, 2.6 Hz), 3.76 (dd, 1H, J = 12.5, 3.0 Hz), 1.76 (s, 3H). 

 

Figure 2.26 Structure of 2′-C-Propynyluridine 

 

 

Figure 2.27 2′-C-Propynyluridine 1H-NMR 400 MHz, CD3OD, 298K 
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Synthesis of 2′-C-methyluridine Triphosphate and 2′-F-2′-C-methyluridine Triphosphate 

(Scheme 2.3): Dried tetrabutylammonium pyrophosphate (198.0 mg, 0.361 mmol, 4eq) in a 

shlenk tube overnight. Dried nucleoside (23.3 mg, 0.0902 mmol, 1 eq) and proton sponge (96.7 

mg, 0.451 mmol, 5 eq) in a separate shlenk tube overnight. Trimethyl phosphate (0.3 M) was 

added to the uridine and proton sponge mixture under N2(g) and at 0 °C. Next 1.5 equivalence of 

phosphorous (V) oxychloride (25.2 µL, 0.270 mmol, 3 eq) was added at 0 °C and allowed to 

react for 1.5 hours. The second 1.5 equivalence of phosphorous (V) oxychloride was added and 

allowed to react for an additional 1.5 hours at 0 °C. Tributyl amine (132.9 µL, 0.559 mmol, 6.2 

eq) was added to the mixture at 0 °C and allowed to react for 5 minutes. Next 

tetrabutylammonium pyrophosphate was added with dry DMF (0.5 M) and allowed to react at 0 

°C for 15 minutes. Reaction mixture was quenched with TEAB (10 mL, 0.1 M, pH = 7.5) and 

lyophilized to obtain crude product. HPLC purification was performed twice to purify 

compound. First purification gradient 0-35% ACN in TEAB (0.1 M, pH = 7.5) over 20 minutes. 

Second purification gradient 0-35% ACN in TEAB (0.01 M, pH = 7.5). Absorption spectroscopy 

concentration 1.47 mM. 

2′-C-methyluridine triphosphate : 1H NMR (400 MHz, CD3OD): δ= 8.09 (d, 1H, J = 8.1 Hz), 

6.14 (s, 1H), 6.13 (m, 1H), 4.59-4.46 (m, 1H), 4.46 – 4.38 (m, 1H), 4.29 – 4.19 (m, 2H), 1.33 (s, 

3H). 31P NMR (162 MHz, CD3OD) δ= -23.49, -11.66, -11.06 

 

Figure 2.28 Structure of 2′-C-Methyluridine Triphosphate 
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Figure 2.29 2′-C-MeUTP 1H-NMR 400 MHz, CD3OD, 298K 
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Figure 2.30 2′-C-MeUTP 31P-NMR 162 MHz, CD3OD, 298K 

 

2′-Fluoro-2′-C-methyluridine triphosphate. 1H NMR (400 MHz, CD3OD): δ= 8.01 (dd, 1H, J 

= 15.3, 8.2 Hz), 6.37 (d, 1H, J = 19.2), 6.12 (dd, 1H, J = 8.1, 2.4 Hz), 4.60 – 4.30 (m, 4H), 2.19 

(d, 3H, J = 5.8) . 31P NMR (162 MHz, CD3OD) δ= -23.46, -11.78, -11.05. Absorption 

spectroscopy concentration 4.68 mM. 
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Figure 2.31 Structure of 2′-Fluoro-2-C-Methyluridine Triphosphate 

 

 

Figure 2.32 2′-Deoxy-2′-Fluoro-2′-C-MethylUTP 1H-NMR 400 MHz, CD3OD, 298K 
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Figure 2.33 2′-Deoxy-2′-Fluoro-2′-C-MethylUTP 31P-NMR 162 MHz, CD3OD, 298K 
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Chapter 3 Nucleoside Analogue ProTides and Masked Phosphate Group Tested Against ZIKV 

 

3.1 Introduction 

 

 Nucleoside analogues are a very important class of compounds in the development of 

antiviral drugs. However, nucleoside analogues that act as polymerase substrate analogue 

inhibitors need to be converted into the active triphosphate in order to act. Two main problems 

arise with the use of active nucleoside analogue triphosphates. The first issue is the nucleoside 

analogue triphosphate not being able to diffuse into the cell due to charge or hydrophobicity.1 

The second problem is that once inside a cell the nucleoside analogue must be converted into the 

active triphosphate by the action of cellular kinases.2 Unfortunately, the installation of the first 

phosphate group onto the nucleosides analogue is often slow due to the more limited substrate 

scope of nucleoside kinases, rendering it the rate-limiting step in the phosphorylation pathway to 

the active triphosphate.1 Both of these issues limit the bioavailability of nucleoside analogues, 

thereby reducing their effectiveness as inhibitors. 

Another main concern with nucleoside analogues is the method by which they are 

delivered. Some drugs such as remdesivir are administered by injection which delivers them 

directly to the blood stream while other drugs such as sofosbuvir can be administered orally, 

which is a favorable method of drug delivery however, bioavailability is limited due to 

absorption through the gut. Injectable drugs are much harder for a patient to self-administer, 

making them less favored as a method for drug administration. Prodrug chemistry, as is used in 

sofosbuvir, can help to improve the oral bioavailability of a drug making it much more desirable 

for drug administration. With diseases such as ZIKV and HCV targeting different cell lines for 
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infection—neural cells and liver cells, respectively—it is necessary that the prodrug design is 

able to improve the cellular uptake of the drugs and make it easier for the drugs to target the 

infected cell lines. This aspect of improving cellular uptake of drugs by using prodrug chemistry 

is key to improving the effectiveness of drugs and delivering them exactly where they need to 

go. 

 In order to overcome the problem of bioavailability, a common prodrug strategy was 

developed for antiviral ribonucleoside analogues and involves the chemical synthesis of 

nucleoside analogue monophosphates with metabolically-removable masking groups (Figure 

3.1).3,4 These masking groups neutralize the negative charge of the phosphate on the nucleoside 

and allow for better membrane penetrance of these compounds. Chemical addition of the first 

phosphate group is crucial for improving intracellular levels of the active triphosphate form of 

ribonucleoside analogues. Adefovir dipivoxil and tenofovir disoproxil are both FDA approved 

drugs that use this prodrug strategy.5,6 However, there are some nucleoside analogues that 

function as effective inhibitors without the use of a prodrug strategy. These compounds include 

but are not limited to didanosine (ddI), stavudine (d4T), and abacavir (ABC) all of which treat 

HIV. Another drug that meets the criteria of a prodrug is zidovudine (AZT) which treats HCV. 

AZT is considered a prodrug because although it lacks a modified phosphate group it is still 

metabolized into the active drug through triphosphorylation. Thus, it is necessary to compare the 

activities of nucleosides analogues and their corresponding prodrug to determine if the prodrug 

strategy is effective for the infected target cells. 
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Figure 3.1 A) prodrug strategy may use metabolically removable masking groups to allow the 

drug to pass cell membrane and enter the cell. B) In red is the phosphate masking group that 

installs the first phosphate and is enzymatically removed. In blue is the active inhibitor. 

Sofosbuvir uses the McGuigan (L-alanine isopropyl phenoxy phosphoramidate) ProTide in red 

and the nucleoside analogue in blue. 

 

 This prodrug strategy has been successfully deployed in the synthesis of bioactive 

ribonucleoside analogues, including the Food and Drug Administration-(FDA) approved 

hepatitis C virus (HCV) drug, sofosbuvir.7,8 Sofosbuvir has recently been shown by multiple 

groups to also be active against ZIKV in vitro and in vivo, demonstrating that ribonucleoside 

analogue ProTides are an attractive avenue for the development of novel, selective antivirals 

against ZIKV.9–12 

 Numerous nucleoside analogues have recently been explored as antiviral agents against 

ZIKV.13–18 However, many of these compounds were tested in either cell-free systems or using 

cells that are not clinically relevant for the disease (such as Vero cells). Prior to this study, 

sofosbuvir is the only FDA approved inhibitor tested against ZIKV thus far in ProTide form. In 

addition, recent work by our group and others has suggested that sofosbuvir and ProTides in 

general have differential activity depending on the cell line used, which may be linked to the 
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cell-specific metabolism of ProTides.12,19 I hypothesized that by using this ProTide chemistry 

and other masked phosphate groups on a series of nucleoside analogues and testing them in a 

relevant cell-based assay against ZIKV we would be able to improve bioavailability of the 

nucleoside analogues and overcome the obstacle of initial phosphorylation. I also hypothesized 

that different phosphate masking groups could have some cell line dependency, enabling the 

optimization of phosphate masking strategy for disease-relevant cell types. 

 The compounds from chapter 2 were selected for the installation of masked phosphate 

groups and testing in cell culture against ZIKV for comparison with the parent nucleosides. 

These compounds also have a diversity of inhibition mechanism and nucleobase selections to 

determine which mechanism of inhibition and nucleobase are favored for ZIKV inhibition. The 

McGuigan masked phosphate group (L-alanine isopropyl phenoxy phosphoramidate) was 

selected because it is identical to the phosphate group on sofosbuvir and we wanted to compare 

activities of our compounds against sofosbuvir using a phosphate group that is known to work 

effectively against ZIKV in cell-based assays. Vero cells and human neural stem cells were 

selected for the cell-based assay. Vero cells were originally selected for the first assay because of 

their susceptibility to ZIKV infection even though they are not a relevant cell line for ZIKV 

infection. Vero cells are also relatively easy to work with and grow for high throughput 

screening. Human neural stem cells were selected because they are a more relevant cell line for 

ZIKV infection however, they are more difficult to grow and use for high throughput screening. 

After the McGuigan ProTides were tested, two different masked phosphate groups were selected 

as replacements for the McGuigan masking group to determine if these new masking groups 

could improve bioavailability and potency of the nucleoside analogues. The phosphate masking 

groups that were selected were the POM protecting group and 2-(methylthio)ethyl tryptamine 
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protecting group developed in the Wagner Lab .20,21 These were selected because they use 

different unmasking methods compared to the McGuigan masking group (Section 3.2). We also 

plan to investigate if these different masked phosphate groups affect cell line specificity, 

however, this work is still in progress. Modifications to the McGuigan phosphate masking group 

were synthesized to determine if these modifications would improve potency of the compounds 

and potentially change cell line specificity. 

 

3.2 Results and Discussion 

 

3.2.1 ProTide Library Design 

 

To investigate the activity of a set of nucleotide analogue ProTides against ZIKV and 

obtain initial structure-activity relationships, we selected a set of nucleotides designed to inhibit 

viral RdRPs by three different mechanisms: obligate chain termination, nonobligate chain 

termination, and lethal mutagenesis (Figure 3.5).22,23 Past work—and the successful results of 

drug development against HCV—shows that nucleosides alone lack adequate potency owing to 

slow phosphorylation in the target cells.20 McGuigan’s nucleotide phenoxy phosphoramidates 

include amino acid esters and are well established; sofosbuvir includes this functional group, and 

we chose it as our starting point. One potential drawback of the McGuigan design is that 

unmasking is initiated by the action of carboxyesterases, which are highly active in the 

hepatocytes targeted by HCV but less active in the neural cell targets of ZIKV (Figure 3.2).24 

The original synthetic route to make the McGuigan ProTides was not used because a superior 

synthetic route was developed that generates higher yield and allows control of stereochemistry. 
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This synthetic route was developed after sofosbuvir was determined to have good activity against 

HCV. This route was used to make all the nucleoside analogue ProTides (Scheme 3.1). This 

synthetic route also ensures that only one enantiomer is synthesized, thus facilitating purification 

and/or the interpretation of assay results. 

 

Scheme 3.1 Synthetic route of nucleoside L-alanine isopropyl ester phenoxy phosphoramidate 

ProTide (McGuigan ProTide) 

 

  

Figure 3.2 Metabolism of McGuigan ProTide to monophosphate proceeds using hydrolysis by 

carboxyesterase followed by an intramolecular cyclization. Finally, hydrolysis with water and 

HINT1 yield the monophosphate which is further converted to the active NTP by kinases.  

 

The selection of nucleoside analogues for testing focused on ribose modifications known 

to induce chain termination in vitro when used as nucleoside triphosphate analogues with the 

viral RdRp. Some of the selected compounds, e.g., the 3’-deoxy and the 3’-O-methyl, are 

obligate chain terminators, but phosphorylation of this class of compounds in cells is often 
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inefficient.13,14 Better success in antiviral drug development has been found when using 

nonobligate terminators, especially 2’ modifications that alter the nucleoside conformation and 

prevent extension after incorporation during RNA synthesis.9,25 We included sofosbuvir in this 

set as a point of reference, along with ProTides of the 2’-C-methyl ribosides, which have known 

potency against the Flaviviridae family.25,26,14 Also included were new L-alanine isopropyl 

phenoxy phosphoramidate ProTides of 2’-C-ethynyl-, 2’-C-ethenyl-, 2’-C-ethyl-, 2’-C-

propynyluridine. The 2’-C-ethynyl ribosyl triphosphates are known sub-µM inhibitors of 

flavivirus RdRps, and I prepared the new 2’-C-ethenyluridine, 2’-C-ethyluridine, and 2’-C-

propynyluridine L-alanine isopropyl phenoxy phosphoramidate ProTides to probe the active site 

of the RdRp and the metabolic consequences of further modification of the 2’-C-β position.25,27 

A 5-fluorouridine ProTide was included in our set of analogues to test inhibition by lethal 

mutagenesis, although toxicity of mutagenic nucleoside analogues is typically prohibitive of 

clinical applications. 

I chose to investigate two different phosphate modifications, the 2-(methylthio)ethyl 

tryptamine ProTide from Wagner and the POM protecting group because of their different 

biochemical pathways of unmasking.20,21 For activation of the 2-(methylthio)ethyl tryptamine 

ProTide the 2-(methylthio)ethyl group is first chemically cleaved followed by tryptamine 

removal by HINT1 (Figure 3.3). HINT1 also catalyzes P-N bond cleavage in the classic 

McGuigan ProTide. We also investigated the POM masking group, which is converted by 

esterases to the monophosphate and then by kinases to the active triphosphate (Figure 3.4).28 Our 

hypothesis was that differences in the unmasking kinetics of the McGuigan ProTide, the 2-

(methylthio)ethyl tryptamine ProTide, and the POM protecting group would reveal differences in 

potency against ZIKV in human neural stem cells and Vero cells. 
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Figure 3.3 Metabolism of 2-(methylthio)ethyl tryptamine phosphate modification takes place by 

first  using chemical cleavage at physiological pH to remove the 2-(methylthio)ethyl group 

followed by removal of the tryptamine group by HINT1 

 

 

Figure 3.4 Metabolism of POM protecting group using esterase and phosphodiesterase. 

Hydrolysis of the POM group yields pivalic acid and formaldehyde, releasing the mono-ester 

phosphate and subsequently, the free phosphonate after a second enzymatic event. 

Formaldehyde is a known mutagen however, when release though in vivo activation of a prodrug 

the amount is a minuscule amount compared to the daily exposure to formaldehyde when 

compared to dietary sources and metabolic processes.29 

 

Our comparative study of different phosphate modifications led to the determination that 

the McGuigan ProTide was the most effective phosphate modification of those tested. The next 

objective was to determine if further modifications to the McGuigan ProTide would improve 

potency of 2’-C-methyluridine. McGuigan was able to demonstrate that by changing the 

functional groups on the phosphate masking group the activities of the compounds would change 

which could lead to potential improvement of potency against the desired target.30 Thus to 

determine if modification on the McGuigan ProTide would improve potency against ZIKV a 
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series of three compounds that contained modifications to the amino acid such as L-alanine, L-

phenylalanine, and L-valine as well as modifications to the ester group such as benzyl and ethyl 

were synthesized while maintaining the 2’-C-methyluridine nucleoside to determine if any of the 

new modifications would improve activity against ZIKV (Scheme 3.2).30 The three 

modifications that were used were selected because of the varying bulkiness that each functional 

group contained. By looking at small functional groups like ethyl and valine and comparing them 

to large groups like benzyl and phenylalanine I hoped to observe a pattern between the size or 

hydrophobicity of the functional groups and activity. This could lead to the synthesis of new 

modifications that would improve potency of the compound against ZIKV. However, it is 

possible that there will not be enough information available to determine how size or 

hydrophobicity of the functional group affect activity which could require the synthesis of 

additional modifications to further elucidate the activities. The modifications were done on the 

amino acid part of the compound as well as on the ester part due to the relative ease of modifying 

these functional groups. Another area of modification that can take place is on the aryl ester 

functional group which could be converted into a naphthalene ring. However, this modification 

was not yet attempted due to the coronavirus pandemic. The creation of additional modifications 

could only improve our understanding of how these modifications can affect activity.  
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Scheme 3.2 Synthesis of 2’-C-Methyluridine L-Alanine Benzyl Ester Phenoxy Phosphoramidate 

ProTide, 2’-C-Methyluridine L-Phenylalanine Ethyl Ester Phenoxy Phosphoramidate ProTide, 

2’-C-Methyluridine L-Valine Ethyl Ester Phenoxy Phosphoramidate ProTide 
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Figure 3.5 Design and structure of nucleotide analogue inhibitors tested against Zika virus 

(ZIKV) in this study. 

 

3.2.2 Activity against ZIKV and Toxicity of Nucleoside Analogue ProTides in Human Neural 

Stem Cells 
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The synthesis of both the POM group and the Wagner group were carried out using 

chemistry informed by the literature (Scheme 3.3, 3.4).20,21 For the Wagner group, the 2-

(methylthio)ethyl triethylammonium P(III) compound is coupled to pivaloyl chloride generating 

a good pivalate leaving group. The 5’ hydroxyl of the nucleoside attacks the phosphate and 

removes the pivalate leaving group. Next tryptamine was added using the Atheron-Todd 

oxidation conditions forming the desired product.31 For the POM protecting group the desired 

nucleoside was first treated with DMAP, then the desired POM phosphonate was added in one 

step using pyridine as a base. The nucleoside L-alanine isopropyl ester phenoxy 

phosphoramidate ProTides were synthesized using established synthetic methods. The 

nucleosides were first treated with t-butylmagnesium chloride then the L-alanine isopropyl ester 

phenoxy pentafluorophenoxy phosphoramidate is added generating the product with the correct 

stereochemistry (Scheme 3.1).31 The three modified McGuigan 2’-C-methyluridine ProTides that 

were synthesized were carried out using chemistry informed by the literature. First the 2’-C-

methyluridine is treated with t-butylmagnesium chloride then the desired phosphoramidate is 

added and coupled to the nucleoside (Scheme 3.2). Since the phosphoramidate used is a 

diastereomeric mixture the product is also a mixture of diastereomers which needs to be purified 

to obtain the correct stereoisomer.  
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Scheme 3.3 Synthetic route to 2’-deoxy-2’-fluoro-2’-C-methyluridine 2-(methylthio) ethyl 

tryptamine phosphate modification and 2’-C-methyluridine 2-(methylthio)ethyl tryptamine 

phosphate modification  

 

 

Scheme 3.4 Synthetic route to 2’-deoxy-2’-fluoro-2-C’-methyluridine POM protecting group and 

2’-C-methyluridine POM protecting group 

 

To profile the activity and toxicity profiles of our library of ProTides, we screened 

compounds in a 20-point, two-fold dose response with a highest concentration of 50 µM against 

ZIKV PRVABC59/Human/2015/Puerto Rico and ZIKVH/PAN/2016/BEI-259634 in neural stem 

cells (MOI of 10) using a luminescent cell-viability assay (CellTiter Glo) and determined EC50 

(effective concentration 50) and CC50 (cytotoxic concentration 50) values from these data 

(Table 3.1).32 We observed that the compounds with the best selectivity indexes (SIs) were the 

2’-C-methyluridine L-alanine isopropyl phenoxy phosphoramidate ProTide (EC50PRVABC59: 

1 µM, EC50H/PAN: 2 µM, CC50: 47 µM, SIs: >47, >23, respectively) and the 2’-C-
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ethynyluridine L-alanine isopropyl phenoxy phosphoramidate ProTide (EC50PRVABC59: 0.3 

µM, EC50H/PAN: 0.8 µM, CC50: >50 µM, SIs: >166, >62, respectively). These outperformed 

sofosbuvir in terms of anti-ZIKV activity (EC50PRVABC59: 35 µM, EC50H/PAN: 46 µM, 

CC50: >50 µM, SIs: >1.4, >1.1, respectively). Activity was observed for the 2’-C-

methyladenosine L-alanine isopropyl phenoxy phosphoramidate ProTide (EC50PRVABC59: 10 

µM, EC50H/PAN: 18 µM, CC50: 42 µM, SIs: >4, >2, respectively) and 2’-C-methylcytidine L-

alanine isopropyl phenoxy phosphoramidate ProTide against PRVABC59 strain 

(EC50PRVABC59: 48 µM, CC50PRVABC59: >50 µM, SI: >1), albeit at lower levels. None of 

the other ProTides tested displayed activity. Interestingly, the 2’-C-ethenyluridine L-alanine 

isopropyl phenoxy phosphoramidate ProTide and the 2’-C-ethyluridine L-alanine isopropyl 

phenoxy phosphoramidate ProTide were completely inactive while the 2’-C-ethenyluridine L-

alanine isopropyl phenoxy phosphoramidate ProTide also showed to be quite toxic to the host 

cells, suggesting that this functional group may be more promiscuous in terms of target binding 

or reactive with cellular components.33 Selectivity index was calculated by dividing the CC50 by 

the EC50 for a given strain value. When tested in Vero cells, the L-alanine isopropyl phenoxy 

phosphoramidate ProTides lost all their activity when compared to the nucleoside analogues 

tested in chapter 2. This indicates that Vero cells may be deficient in the necessary enzymatic 

activity to unmask the phosphate groups and, if so, no active inhibitor will be delivered to the 

RdRp. Another possible explanation could be a cellular phosphatase removes the phosphate 

group faster than the second phosphate group is added. These data indicate that phosphate 

masking group selection must consider the host cells and the enzymes needed to unmask the 

phosphate groups, or low activity will be observed. 
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Replacement of the classic McGuigan ProTide masking group with 2-(methylthio)ethyl 

tryptamine phosphoramidate and the POM protecting group for the 2’-C-methyluridine ProTide 

completely abolished activity. This result was not expected because the classic McGuigan 

ProTides are unmasked with the involvement of both a carboxyesterase and HINT1, whereas the 

2-(methylthio)ethyl tryptamine phosphoramidate requires only HINT1 in addition to 

spontaneous, chemical steps.20 The POM protecting group only requires the use of esterases to be 

chemically unmasked which is different from the McGuigan ProTide. I thought that this unique 

unmasking would have some effect of the nucleosides analogues but instead it abolished all 

activity. Clearly, cell line specificity for ProTide strategies must be considered in the design of 

nucleotide analogue inhibitors of ZIKV. In regard to the Wagner masking group, it is possible 

that spontaneous unmasking of the 2-(methylthio)ethyl group could be hindering uptake into 

cells. If unmasking of the 2-(methythio)ethyl group is occurring outside of the cell, then this 

would affect the ability of the compound to enter the cell by adding a negative charge to the 

compound. Another possibility is that the spontaneous chemical unmasking of the 2-

(methylthio)ethyl group is not happening at all which would make unmasking too slow. With 

regards to the POM protecting group it is possible that either the cells do not have the necessary 

esterases needed for unmasking or that the unmasking done by esterase is a very slow process 

which would limit the bioavailability of the active triphosphate which could explain the loss of 

activity that was observed. The three modified 2’-C-methyluridine ProTides, L-alanine benzyl 

ester phenoxy phosphoramidate, L-phenylalanine ethyl ester phenoxy phosphoramidate, and L-

valine ethyl ester phenoxy phosphoramidate have yet to be tested against ZIKV due to the 

coronavirus pandemic. It will be exciting to determine how these modifications impact potency 

because the modifications could lead to the synthesis of other promising ProTide modifications.  
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Table 3.1 Anti-ZIKV activity and toxicity of nucleoside analogue ProTides in neural stem cells. 

SI1 = selectivity index: CC50/EC50 for a given viral strain. Data values are the represented ± 

standard error (SE), n = 4. 

Nucleoside 

Analogue ProTide 

EC50 

PRVABC59 

ZIKV, μM 

EC50 

H/PAN 

ZIKV, 

μM 

EC50 

Vero 

ZIKV, 

μM 

CC50, 

μM 

SI1 

PRVABC59 

ZIKV 

SI1 

H/PAN 

ZIKV 

2’-C-Methylcytidine 

L-alanine isopropyl 

ester phenoxy 

phosphoramidate 

48 ± 1 > 50 > 100 > 50 > 1 > 1 

3’-Deoxyadenosine 

L-alanine isopropyl 

ester phenoxy 

phosphoramidate 

> 50 > 50 > 100 > 50 > 1 > 1 

5’-Fluorocytidine L-

alanine isopropyl 

ester phenoxy 

phosphoramidate 

> 50 > 50 > 100 10 ± 1 > 0.2 > 0.2 

3’-O-Methyluridine 

L-alanine isopropyl 

ester phenoxy 

phosphoramidate 

> 50 > 50 > 100 > 50 > 1 > 1 

2’-O-Methylcytidine 

L-alanine isopropyl 

ester phenoxy 

phosphoramidate 

> 50 > 50 > 100 > 50 > 1 > 1 

2’-C-Methyluridine 

L-alanine isopropyl 

ester phenoxy 

phosphoramidate 

1 ± 1 2 ± 1 > 100 47 ± 1 > 47 > 23 

2’-C-

Methyladenosine L-

alanine isopropyl 

ester phenoxy 

phosphoramidate 

10 ± 1 18 ± 1 > 100 42 ± 1 > 4 > 2 

3’-Deoxycytidine L-

alanine isopropyl 

ester phenoxy 

phosphoramidate 

> 50 > 50 > 100 > 50 > 1 > 1 

3’-Deoxy-3’-

Fluoroguanosine L-

alanine isopropyl 

ester phenoxy 

phosphoramidate 

> 50 > 50 > 100 > 50 > 1 > 1 
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Table 3.1 Continued 

Nucleoside 

Analogue ProTide 

EC50 

PRVABC59 

ZIKV, μM 

EC50 

H/PAN 

ZIKV, 

μM 

EC50 

Vero 

ZIKV, 

μM 

CC50, 

μM 

SI1 

PRVABC59 

ZIKV 

SI1 

H/PAN 

ZIKV 

7DMA L-alanine 

isopropyl ester 

phenoxy 

phosphoramidate 

Not Tested 4.6 ±1 Not 

Tested 

> 50 Not Tested > 10.8 

2’-C-Methyl-5-

Fluorouridine L-

alanine isopropyl 

phenoxy 

phosphoramidate 

Not Tested > 50 Not 

Tested 

> 50 Not Tested > 1 

2’-C-Ethenyluridine 

L-alanine isopropyl 

ester phenoxy 

phosphoramidate 

> 50 > 50 Not 

Tested 

10 ± 1 > 0.1 > 0.1 

2’-C-Ethyluridine L-

alanine isopropyl 

ester phenoxy 

phosphoramidate 

Not Tested > 50 Not 

Tested 

> 50 > 166 > 62 

2’-C-Ethynyluridine 

L-alanine isopropyl 

ester phenoxy 

phosphoramidate 

0.3 ± 1 0.8 ± 1 Not 

Tested 

> 50 Not Tested > 1 

2’-C-

Propynyluridine L-

alanine isopropyl 

ester phenoxy 

phosphoramidate 

Not Tested Not 

Tested 

Not 

Tested 

Not 

Tested 

Not Tested Not 

Tested 

2’-C-Methyluridine 

2-(methylthio)ethyl 

tryptamine 

phosphoramidate 

> 50 > 50 Not 

Tested 

> 50 > 1 > 1 

2’-Deoxy-2’-Fluoro-

2’-C-Methyluridine 

2-(methylthio)ethyl 

tryptamine 

phosphoramidate 

Not Tested > 50 Not 

Tested 

> 50 Not Tested > 1 

2’-C-Methyluridine 

POM phosphate 

Not Tested 11 ±1 Not 

Tested 

18 ± Not Tested > 1.6 

2’-Deoxy-2’-Fluoro-

2’-C-Methyluridine 

POM phosphate 

Not Tested 86 ±1 Not 

Tested 

> 50  > 13.5 
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Table 3.1 Continued 

Nucleoside 

Analogue ProTide 

EC50 

PRVABC59 

ZIKV, μM 

EC50 

H/PAN 

ZIKV, 

μM 

EC50 

Vero 

ZIKV, 

μM 

CC50, 

μM 

SI1 

PRVABC59 

ZIKV 

SI1 

H/PAN 

ZIKV 

Sofosbuvir 35 ± 1 46 ± 1 Not 

Tested 

> 50 > 1.4 > 1.1 

2’-C-Methyluridine 

L-alanine benzyl 

ester phenoxy 

phosphoramidate 

Not Tested Not 

Tested 

Not 

Tested 

Not 

Tested 

Not Tested Not 

Tested 

2’-C-Methyluridine 

L-phenylalanine 

ethyl ester phenoxy 

phosphoramidate 

Not Tested Not 

Tested 

Not 

Tested 

Not 

Tested 

Not Tested Not 

Tested 

2’-C-Methyluridine 

L-valine ethyl ester 

phenoxy 

phosphoramidate 

Not Tested Not 

Tested 

Not 

Tested 

Not 

Tested 

Not Tested Not 

Tested 

 

3.2.3 Protection from ZIKV-Induced Cytopathic Effect by 2’-C-Methyluridine L-Alanine 

Isopropyl Phenoxy Phosphoramidate ProTide and Sofosbuvir in a ZIKV-Sensitive Glioblastoma 

Stem Cell Line 

 

Certain lines of brain tumors with stem cell-like genetic programs, such as glioblastomas, 

are highly susceptible to ZIKV infection.34–37 These cells display a striking phenotypic change 

upon infection. To highlight the ability of a representative ProTide hit from our library, 2’-C-

methyluridine L-alanine isopropyl phenoxy phosphoramidate, to protect against ZIKV-induced 

cytopathic effect, we treated the glioblastoma stem cell line GSC 387 with either 10 or 30 µM 

2’-C-methyluridine L-alanine isopropyl phenoxy phosphoramidate and compared this to 10 or 30 

µM sofosbuvir or the DMSO vehicle control treatment. Samples were prepared in both ZIKV-

infected (MOI of 10) and uninfected conditions. After 72 h post-infection, bright-field 

microscopy images were obtained for each sample and are shown (Figure 3.6). While both 
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compounds were able to protect against the cytopathic effect at 30 µM (intact cell foci were 

seen), the 2’C-methyluridine L-alanine isopropyl phenoxy phosphoramidate ProTide was better 

able to protect against ZIKV-induced cytopathic effect at the lower concentration of 10 µM than 

sofosbuvir, which is in line with our EC50 data in neural stem cells. These data suggest that 

monosubstituted 2’-C-modified uridylate L-alanine isopropyl phenoxy phosphoramidate 

ProTides may be an attractive chemical series to pursue for more potent and selective ZIKV 

polymerase inhibitors than sofosbuvir. 

 

Figure 3.6 Protection from ZIKV-induced cytopathic effect by 2’-C-methyluridine L-alanine 

isopropyl phenoxy phosphoramidate ProTide and sofosbuvir in a ZIKV-sensitive glioblastoma 

stem cell model. DMSO-treated GSC 387 cells [-ZIKV and +ZIKV, H/PAN multiplicity of 

infection (MOI) 10], 10 or 30 µM sofosbuvir-treated cells or 10 or 30 µM 2’-C-methyluridine L-

alanine isopropyl phenoxy phosphoramidate ProTide (2’-CMU ProTide)-treated cells were 

incubated for 72 h at 37 °C and 5% CO2, and cell foci were subsequently imaged in bright-field 

 

3.2.4 Repression of ZIKV Titers by 2’-C-Methyluridine L-Alanine Isopropyl Phenoxy 

Phosphoramidate ProTide and Sofosbuvir in Neural Stem Cells 

 

To further assess the antiviral activity of the 2’-C-methyluridine L-alanine isopropyl 

phenoxy phosphoramidate ProTide against ZIKV, we performed plaque assays at 48 h post-

infection to titer ZIKV (H/PAN, MOI of 0.1) levels during treatment with either 10 or 30 µM of 
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2’-C-methyluridine L-alanine isopropyl phenoxy phosphoramidate ProTide or 10 or 30 µM of 

sofosbuvir in human fetal neural stem cells (Figure 3.7). At 30 µM compound, both 2’-C-

methyluridine L-alanine isopropyl phenoxy phosphoramidate ProTide and sofosbuvir were able 

to repress viral titers to undetectable levels. However, only 2’-C-methyluridine L-alanine 

isopropyl phenoxy phosphoramidate ProTide was able to reduce ZIKV titers to undetectable 

levels at the 10 µM compound, again highlighting its superior antiviral activity compared to 

sofosbuvir. 

 

Figure 3.7 Reduction in ZIKV titers by 2’-C-methyluridine L-alanine isopropyl phenoxy 

phosphoramidate ProTide and sofosbuvir in neural stem cells as observed by plaque assay. Viral 

infections were conducted in human fetal neural stem cells (H/PAN ZIKV, MOI 0.1) using 

vehicle-untreated (ONLY ZIKV), DMSO vehicle-treated, 10 or 30 µM sofosbuvir (SOF)-treated, 

and 10 or 30 µM 2’-C-methyluridine L-alanine isopropyl phenoxy phosphoramidate ProTide 

(2’-CMU)-treated samples. The dotted line represents the limit of detection of the assay. Virus 

was titered as described in the methods section and plaque forming units (PFU) per ml were 

calculated for each sample, ± standard error (SE), n = 4. 

 

3.3 Conclusion 

In this work, we demonstrated that ProTides other than sofosbuvir have promise as 

potential antiviral drugs to treat ZIKV infections. Interestingly, an apparent bias towards 2’-C-
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modified uridylate ProTides (with the exception of the ethenyl and ethyl derivative) was 

observed, suggesting a possible nucleobase bias to compound activity. The most potent inhibitors 

discovered were the 2’-C-ethynyluridine and the 2’-C-methyluridine L-alanine isopropyl 

phenoxy phosphoramidate ProTides. We also observed that changing the ProTide functionality 

of 2’-C-methyluridine from an L-alanine isopropyl phenoxy phosphoramidate masking group to 

a 2-(methylthio)ethyl phosphoramidate or a POM protecting group resulted in a complete loss of 

activity, suggesting that the local metabolic environment of the host cell is critical for processing 

of the ProTide functionality. Further studies examining the relationship between different 

ProTide functionalities and the cell type dependence of their antiviral activity as well as testing 

the impact of these effects using animal model testing are planned in our research groups. These 

studies include mass spectrometry work to track the unmasking and phosphorylation of the 

ProTides inside of the cells to determine if it is indeed working as designed. Perhaps 

surprisingly, no comprehensive studies comparing the cell type-dependent activity of nucleoside 

phosphate modifications have been published. Currently, the 2’-C-propynyluridine L-alanine 

isopropyl phenoxy phosphoramidate ProTide and the three phosphate modified McGuigan 2’-C-

methyluridine ProTides have yet to be tested against ZIKV but will be in the near future. 

I have demonstrated here for the first time that ProTide technology can be broadly 

applied to anti-ZIKV drug development with nucleobase and ProTide group selectivity observed. 

These data will guide future work to design highly selective, safe, and bioavailable compounds 

for the treatment of ZIKV infections. 
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3.4 Experimental  

 

All reagents, chemicals, and nucleoside analogues precursors were purchased from Acros 

Organics, Carbosynth, Chem-Impex International, AK Scientific, and Fisher Chemical at ACS 

reagent grade or higher purity and used as received. 

 

3.4.1 Cell Culture  

 

Human fetal NSCs were purchased from Clontech (human neural cortex; catalog number 

Y40050). Maintenance of hNSCs was performed in Neurobasal medium without phenol red 

(Thermo Fisher, Waltham, MA, USA) and in the presence of B-27 supplement (1:100; catalog 

number 12587010; Thermo Fisher), N-2 supplement (1:200; catalog number 17502-048; 

Invitrogen, San Diego, CA, USA), 20 ng/mL fibroblast growth factor (catalog number 4114-TC-

01M; R&D Systems, Minneapolis, MN, USA, 20 ng/mL epidermal growth factor (catalog 

number 236-EG-01M; R&D Systems), GlutaMAX (catalog number 35050061; Thermo Fisher), 

and sodium pyruvate. Cells were prepared in 6-well plates precoated with laminin (10 mg/mL; 

catalog number L2020; Sigma-Aldrich, St. Louis, MO, USA) and were grown to near confluence 

(80 to 90%) prior to passage. For passaging, cells were rinsed gently with phosphate-buffered 

saline (PBS) (without calcium and magnesium) and then treated with TryPLE for 5 min at 37 ◦C 

for cell detachment (catalog number 12563029; Thermo Fisher). The GSC 387 cell line was 

prepared and maintained similarly to what has been previously described using the media and 

detachment conditions used for hNSCs described above [29]. Vero cells (ATCC CCL-81) were 

purchased from ATCC and cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, 
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Waltham, MA, USA) with high glucose (4.5 g/L), 10% fetal calf serum (FCS) (Sigma), and 1% 

Penicillin-Streptomycin (PS) (Sigma-Aldrich, St. Louis, MO, USA) at 37 ◦C and 5% CO2. 

 

3.4.2 Viruses  

 

Viral strains used in this study were provided through BEI Resources, NIAID, NIH: Zika 

virus H/PAN/2016/BEI-259634, NR-50210 (GenBank accession number KX198135), Zika virus 

PRVABC59/Human/2015/Puerto Rico, NR-50240 (GenBank accession number KU501215). 

Vero cells were used to expand viral cultures for 2 to 3 serial passages in order to amplify the 

titers. Centrifugation of infected cell supernatants was performed to remove cell debris, and then 

viral stocks were concentrated through use of a sucrose cushion. Neural maintenance medium 

base [50% DMEM–F-12 medium–GlutaMAX, 50% Neurobasal-A medium, 1× N-2 supplement, 

1× B-27 supplement (Life Technologies)] supplemented with 1% DMSO (Sigma) and 5% fetal 

bovine serum (FBS) (Gibco) was used to resuspend concentrated viral stocks, and aliquots were 

stored at −80 ◦C. Plaque assay on Vero cells was used to determine viral titers, which were 

greater than or equal to 2 × 108 PFU/mL. 

 

3.4.3 CellTiter-Glo Activity Assay  

 

NSCs (5000 cells/well) were seeded into 1536-well black, clear bottom plates containing 

20-point,2-fold serial dilutions of ProTides or DMSO vehicle controls and were either mock-

infected, infected with ZIKV H/PAN/2016/BEI-259634 at the multiplicity of infection (MOI) of 

10, or infected with ZIKV PRVABC59/Human/2015/Puerto Rico at MOI of 10. Cell viability 
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was measured using the CellTiter-Glo assay (Promega, Madison, WI, USA) 72 h post-infection. 

An EnVision plate reader (PerkinElmer) was used for readouts of luminescence intensity. All 

data were normalized to DMSO vehicle controls and were expressed as % relative luminescence 

intensity. Normalized activity and toxicity data were plotted against ProTide concentration and 

fit to a sigmoidal dose-response curve with variable slope using Prism 6 (GraphPad Software) to 

generate EC50 and CC50 curves. 

 

3.4.4 Bright-Field Microscopy  

 

GSC 387 cells (5000 cells/well) were seeded into 1536-well black, clear bottom plates 

with wells containing either 10 or 30 µM sofosbuvir, 10 or 30 µM 2’-C-methyluridine L-alanine 

isopropyl phenoxy phosphoramidate ProTide, or DMSO vehicle controls, and were either mock-

infected or infected with ZIKV H/PAN/2016/BEI-259634 at MOI of 10. Cell foci images were 

acquired 72 h post-infection in bright-field using an ImageXpress Micro automated microscope 

(Molecular Devices, San Jose, CA, USA). 

 

3.4.5 Synthesis of nucleoside analogue L-alanine isopropyl phenoxy phosphoramidate ProTides 

(Scheme 3.1):  

To a stirred suspension of nucleoside (0.09 mmol, dried under vacuum at 50°C overnight) 

in dry tetrahydrofuran (THF; 1 ml) was added a 1.7 M solution of isopropyl magnesium chloride 

in THF (96 μl, 0.19 mmol). The mixture was stirred at 0°C for 30 min and then allowed to warm 

to room temperature and stirred for an additional 30 min. The reaction mixture was then cooled 

to 0°C and N-[(S)-(2,3,4,5,6-pentafluorophenoxy)phenoxyphosphinyl]-L-alanine 1-methylethyl 
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ester (46 mg, 0.10 mmol) was added. The reaction mixture was stirred for 18 h as the 

temperature was allowed to warm to room temperature. The solvent was removed by rotary 

evaporation. The reaction mixture was purified first using flash chromatography (0 to 30% 

methanol [MeOH] in dichloromethane gradient) and then using preparative, normal-phase high-

performance liquid chromatography (10 to 40% MeOH in dichloromethane gradient) to afford 

the nucleoside analogue ProTide, as assessed by NMR. 

 

3’-Deoxycytidine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide - 1H NMR (400 

MHz, Methanol-d4) δ= 7.89 (d, 1H, J= 7.6 Hz), 7.36 (t, 2H, J= 7.2 Hz), 7.25 (d, 2H, J= 7.8 Hz), 

7.19 (t, 1H, J= 7.4 Hz), 5.85 (d, 1H, J= 7.6 Hz), 5.73 (s, 1H), 4.95 (m, 1H), 4.61 (m, 1H), 4.46 

(ddd, 1H, J= 2.5, 5.8, 11.6 Hz), 4.28 (m, 2H), 3.89 (m, 1H), 1.96 (m, 2H), 1.32 (dd, 3H, J= 1.1, 

7.1 Hz), 1.20 (d, 6H, J= 6.3 Hz). 31P NMR (162 MHz, CD3OD): 3.79 

 

 

Figure 3.8 Structure of 3’-Deoxycytidine L-Alanine Isopropyl Phenoxy Phosphoramidate 

ProTide 
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Figure 3.9 3’-Deoxycytidine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 1H NMR 

400 MHz, CD3OD, 298k 
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Figure 3.10 3’-Deoxycytidine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 31P-NMR 

162 MHz, CD3OD, 298k 

 

3’-Deoxyadenosine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide - The product 

was obtained in a yield of 5.0 mg (10.6% yield). 1H NMR (400 MHz, Methanol-d4) δ= 8.32 (s, 

1H), 8.18 (s, 1H), 7.27 (t, 2H, J= 7.9 Hz), 7.13 (t, 1H, J= 7.4 Hz), 7.08 (d, 2H, 7.7 Hz), 6.17 (d, 

1H, 3.3 Hz), 5.53 (m, 1H), 4.96 (m, 1H), 4.51 (m, 1H), 3.90 (m, 2H), 3.66 (dd, 1H, J= 3.3, 12.4 

Hz), 3.35 (s, 1H), 2.63 (m, 1H), 2.37 (m, 1H), 1.30 (d, 1H, J= 7.2 Hz), 1.22 (t, 6H, J= 6.3 Hz). 

31P NMR (162 MHz, CD3OD): 2.64 
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Figure 3.11 Structure of 3’-Deoxyadenosine L-Alanine Isopropyl Phenoxy Phosphoramidate 

ProTide 

 

 

Figure 3.12 3’-Deoxyadenosine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 1H-

NMR 400 MHz, CD3OD, 298k 
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Figure 3.13 3’-Deoxyadenosine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 31P-

NMR 162 MHz, CD3OD, 298k 

 

3’-Deoxy-3’-Fluoroguanosine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide - 

The product was obtained in a yield of 4.8 mg (9.8% yield).1H NMR (400 MHz, Methanol-d4) 

δ= 7.84 (s, 1H), 7.38 (t, 2H, J= 7.8 Hz), 7.26 (d, 2H, J= 7.9), 7.22 (t, 1H, J= 7.4 Hz), 5.89 (d, 1H, 

J= 7.7 Hz), 5.12 (m, 1H), 4.95 (m, 1H), 4.50 (m, 1H), 4.37 (q, 2H, J= 5.1 Hz), 3.92 (m, 1H), 3.36 

(s, 1H), 1.33 (d, 3H, J= 7.0 Hz), 1.22 (d, 6H, J= 6.4 Hz). 31P NMR (162 MHz, CD3OD): 3.88 
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Figure 3.14 Structure of 3’-Deoxy-3’-Fluoroguanosine L-Alanine Isopropyl Phenoxy 

Phosphoramidate ProTide 

 

 

Figure 3.15 3’-Deoxy-3’-Fluoroguanosine L-Alanine Isopropyl Phenoxy Phosphoramidate 

ProTide 1H-NMR 400 MHz, CD3OD, 298k 
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Figure 3.16 3’-Deoxy-3’-Fluoroguanosine L-Alanine Isopropyl Phenoxy Phosphoramidate 

ProTide 31P-NMR 162 MHz, CD3OD, 298k 

 

3’-O-Methyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide - The product 

was obtained in a yield of 7.0 mg (14.9% yield).1H NMR (400 MHz, Methanol-d4) δ=7.62 (d, 

1H, J= 8.1 Hz), 7.37 (t, 2H, J= 8.2 Hz), 7.25 (d, 2H, J= 7.6 Hz), 7.20 (t, 1H, J= 6.5 Hz), 5.85 (d, 

1H, J= 5.1 Hz), 4.97 (m, 1H), 4.33 (m, 1H), 4.27 (m, 1H), 4.22 (m, 2H), 3.91 (m, 1H), 3.82 (t, 

1H, J= 5.1 Hz), 3.44 (s, 1H), 1.34 (dd, 3H, J= 1.1, 7.1 Hz), 1.22 (dd, 6H, J= 1.9, 6.3 Hz). 31P 

NMR (162 MHz, CD3OD): 3.74 
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Figure 3.17 Structure of 3’-O-Methyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate 

ProTide 

 

 

Figure 3.18 3’-O-Methyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 1H-

NMR 400 MHz, CD3OD, 298k 
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Figure 3.19 3’-O-Methyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 31P-

NMR 162 MHz, CD3OD, 298k 

 

5-Fluorocytidine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide - The product 

was obtained in a yield of 5.2 mg (10.9% yield). 1H NMR (400 MHz, Methanol-d4) δ= 7.86 (d, 

1H, J= 6.6 Hz), 7.35 (t, 2H, J= 7.6 Hz), 7.25 (d, 2H, J= 8.7 Hz), 7.18 (t, 1H, J= 7.4 Hz), 5.81 (dd, 

1H, J= 1.7, 3.7 Hz), 4.94 (m, 1H), 4.41 (ddd, 1H, J= 2.5, 5.7, 11.5 Hz), 4.31 (m, 1H), 4.16 (m, 

1H), 4.10 (t, 1H, J= 5.6), 4.03 (dd, 1H, J= 3.6, 5.2 Hz), 3.90 (m, 1H), 1.32 (dd, 3H, J= 1.0, 7.1 

Hz), 1.20 (d, 6H, J= 6.3Hz). 31P NMR (162 MHz, CD3OD): 3.87 
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Figure 3.20 Structure of 5-Fluorocytidine L-Alanine Isopropyl Phenoxy Phosphoramidate 

ProTide 

 

 

Figure 3.21 5-Fluorocytidine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 1H-NMR 

400 MHz, CD3OD, 298k 
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Figure 3.22 5-Fluorocytidine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 31P-NMR 

162 MHz, CD3OD, 298k 

 

2’-O-Methylcytidine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide - The product 

was obtained in a yield of 7.7 mg (16.3% yield).1H NMR (400 MHz, Methanol-d4) δ= 8.05 (s, 

1H), 7.36 (t, 2H, J= 7.6 Hz), 7.25 (d, 2H, J= 8.0 Hz), 7.20 (t, 1H, 7.3 Hz), 6.02 (s, 1H), 5.88 (s, 

1H), 4.85 (s, 1H), 4.32 (s, 1H), 4.16 (s, 2H), 3.88 (d, 2H), 3.55 (s, 3H), 1.33 (d, 3H, J= 6.8 Hz), 

1.20 (d, 6H, J= 6.2 Hz). 31P NMR (162 MHz, CD3OD): 3.87 
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Figure 3.23 Structure of 2’-O-Methylcytidine L-Alanine Isopropyl Phenoxy Phosphoramidate 

ProTide 

 

 

Figure 3.24 2’-O-Methylcytidine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 1H-

NMR 400 MHz, CD3OD, 298k 
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Figure 3.25 2’-O-Methylcytidine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 31P-

NMR 162 MHz, CD3OD, 298k 

 

2’-C-Methylcytidine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide - The product 

was obtained in a yield of 8.2 mg (17.4% yield).1H NMR (400 MHz, Methanol-d4) δ= 7.76 (dd, 

1H, J = 5.1, 7.6 Hz), 7.37 (t, 2H, J= 7.3 Hz), 7.26 (t, 2H, J= 7.6 Hz), 7.20 (t, 1H, J= 7.6 Hz), 6.02 

(s, 1H), 5.87 (t, 1H, J= 9.6 Hz), 4.94 (m, 1H), 4.51 (ddd, 1H, J= 2.0, 5.9, 11.8 Hz), 4.35 (m, 1H), 

4.12 (m, 2H), 3.75 (dd, 1H, J= 4.2, 9.3 Hz), 1.31 (dd, 3H, J= 0.9, 7.1 Hz), 1.20 (d, 6H, J= 6.3 

Hz), 1.11 (s, 3H). 31P NMR (162 MHz, CD3OD): 3.74 
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Figure 3.26 Structure of 2’-C-Methylcytidine L-Alanine Isopropyl Phenoxy Phosphoramidate 

ProTide 

 

 

Figure 3.27 2’-C-Methylcytidine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 1H-

NMR 400 MHz, CD3OD, 298k 
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Figure 3.28 2’-C-Methylcytidine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 31P-

NMR 162 MHz, CD3OD, 298k 

 

2’-C-Methyladenosine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide - The 

product was obtained in a yield of 17 mg (35.0% yield). 1H NMR (400 MHz, Methanol-d4) δ= 

8.24 (s, 1H), 8.21 (s, 1H), 7.34 (t, 2H, J= 7.9 Hz), 7.25 (d, 2H, J= 8.8 Hz), 7.17 (d, 1H, J= 7.2 

Hz), 6.10 (s, 1H), 4.84 (m, 1H), 4.50 (m, 2H), 4.25 (m, 2H), 3.91 (m, 1H), 1.30 (dd, 3H, J= 1.0, 

7.0 Hz), 1.15 (dd, 6H, J= 6.3, 12.0 Hz), 0.94 (s, 3H). 31P NMR (162 MHz, CD3OD): 3.86 
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Figure 3.29 Structure of 2’-C-Methyladenosine L-Alanine Isopropyl Phenoxy Phosphoramidate 

ProTide 

 

 

Figure 3.30 2’-C-Methyladenosine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 1H-

NMR 400 MHz, CD3OD, 298k 
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Figure 3.31 2’-C-Methyladenosine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 31P-

NMR 162 MHz, CD3OD, 298k 

 

2’-C-Methyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide - The product 

was obtained in a yield of 12 mg (24.5% yield). 1H NMR (400 MHz, Methanol-d4) δ = 7.68 (d, 

1H, J=8.1 Hz), 7.37 (t, 2H, J=5.6, 15.7 Hz), 7.26 (d, 2H, J=8.7 Hz), 7.20 (t, 1H, J= 7.4, 14.7 Hz), 

5.60 (s, 1H), 5.60 (d, 1H, J=8.1 Hz), 4.95 (m, 1H, 6.3 Hz), 4.50 (ddd, 1H, J=2.0, 8.5, 11.8 Hz), 

4.36 (ddd, 1H, J=3.6, 5.9, 11.8 Hz), 4.09 (m, 1H), 3.91 (m, 1H), 3.79 (d, 1H, 9.3 Hz), 1.34 (d, 

3H, J=7.1 Hz), 1.21 (d, 6H, 6.3 Hz), 1.15 (s, 3H). 31P NMR (162 MHz, CD3OD): 3.78 
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Figure 3.32 Structure of 2’-C-Methyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate 

ProTide 

 

 

Figure 3.33 2’-C-Methyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 1H-

NMR 400 MHz, CD3OD, 298k 
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Figure 3.34 2’-C-Methyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 31P-

NMR 162 MHz, CD3OD, 298k 

 

2’-C-Ethynyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide - The product 

was obtained in a yield of 25.5 mg (54.3 % yield). 1H NMR (400 MHz, CD3OD): δ= 7.65 (d, 1H, 

J = 8.1 Hz), 7.40 – 7.34 (m, 2H), 7.27 (dq, 2H, J = 7.7, 1.2 Hz), 7.20 (ddd, 1H, J = 8.2, 7.1, 1.1 

Hz), 6.04 (s, 1H), 5.61 (d, 1H, J = 8.1 Hz), 4.97 (m, 1H), 4.49 (ddd, 1H, J = 11.8, 6.0, 2.1 Hz), 

4.36 (ddd, 1H, J = 11.8, 6.1, 3.7 Hz), 4.16 (d, 1H, J = 9.1 Hz), 4.08 (ddt, 1H, J = 9.0, 3.9, 2.1 

Hz), 3.92 (dq, 1H, J = 9.9, 7.1 Hz), 3.08 (s, 1H), 1.35 (dd, 3H, J = 7.2, 1.0 Hz), 1.22 (dd, 6H, J = 

6.3, 1.8 Hz). 31P NMR (162 MHz, CD3OD) δ= 3.78. 
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Figure 3.35 Structure of 2’-C-Ethynyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate 

ProTide 

 

 

Figure 3.36 2’-C-Ethynyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 1H-

NMR 400 MHz, CD3OD, 298k 
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Figure 3.37 2’-C-Ethynyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 31P-

NMR 162 MHz, CD3OD, 298k 

 

7DMA L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide - The product was obtained 

in a yield of 3.4 mg (8.3% yield). 1H NMR (400 MHz, CD3OD): δ= 8.09 (s, 1H), 7.42 – 7.16 (m, 

6H), 6.59 (d, 1H, J = 3.7 Hz), 6.27 (s, 1H), 4.49 – 4.90 (m, 1H), 4.52 (ddd, 1H, J = 11.6, 5.7, 2.0 

Hz), 4.45 – 4.38 (m, 1H), 4.21 – 4.13 (m, 1H), 4.06 (d, 1H, J = 9.2 Hz), 3.97 – 3.87 (m, 1H), 

1.32 (dd, 3H, J = 7.1, 1.0 Hz), 1.16 (dd, 6H, J = 11.2, 6.3 Hz), 0.82 (s, 3H). 31P NMR (162 MHz, 

CD3OD) δ= 3.72.  
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Figure 3.38 Structure of 7DMA L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 

 

 

Figure 3.39 7DMA L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 1H-NMR 400 MHz, 

CD3OD, 298k 
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Figure 3.40 7DMA L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 31P-NMR 162 MHz, 

CD3OD, 298k 

 

2’-C-Me-2-Fluorouridine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide - The 

product was obtained in a yield of 5.6 mg (19.9% yield). 1H NMR (500 MHz, CD3OD): δ= 7.87 

(d, 1H, J = 6.6 Hz), 7.38 – 7.16 (m, 5H), 5.94 (d, 1H, J = 1.6 Hz), 4.99 – 4.92 (m, 1H), 4.51 (ddd, 

1H, J = 11.8, 5.5, 2.1 Hz), 4.38 (ddd, 1H, J = 11.8, 5.8, 3.6 Hz), 4.11 – 4.06 (m, 1H), 3.91 (dt, 

1H, J = 10.2, 7.1 Hz), 3.82 (d, 1H, J = 9.3 Hz), 1.34 (dd, 3H, J = 7.2, 1.0 Hz), 1.21 (dd, 6H, J = 

6.3, 0.7 Hz), 1.18 (s, 3H). 31P NMR (202 MHz, CD3OD) δ= 3.91. 
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Figure 3.41 Structure of 2’-C-Me-2-Fluorouridine L-Alanine Isopropyl Phenoxy 

Phosphoramidate ProTide 

 

 

Figure 3.42 2'-C-Me-5-Fluorouridine L-Alanine Isopropyl Phenoxy Phosphoramidate 1H-NMR 

500 MHz, CD3OD, 298k 
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Figure 3.43 2’-C-Me-2-Fluorouridine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 
31P-NMR 202 MHz, CD3OD, 298k 

 

2’-C-Ethenyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide - The product 

was obtained in a yield of 42.5 mg (44.8% yield). 1H NMR (400 MHz, CDCl3): δ= .7.67 (d, 1H, 

J = 8.1 Hz), 7.41 – 7.17 (m, 5H), 5.94 (s, 1H), 5.68 (dd, 1H, J = 17.3, 10.8 Hz), 5.60 (d, 1Hz, J = 

8.1 Hz), 5.49 – 5.42 (m, 1H), 5.27 (dd, 1H, J = 10.7 – 1.3 Hz), 5.05 – 4.92 (m, 1H), 4.57 - 4.49 

(m, 1H), 4.45 – 4.37 (m, 1H), 4.28 (s, 2H), 3.98 – 3.88 (m, 1H), 1.35 (dd, 3H, J = 7.1, 1.0 Hz), 

1.21 (d, = 6H, J = 6.3 Hz). 31P NMR (162 MHz, CD3OD) δ= 3.78. 
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Figure 3.44 Structure of 2’-C-Ethenyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate 

ProTide  

 

 

Figure 3.45 2’-C-Ethenyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide  1H-

NMR 400 MHz, CD3OD, 298k 
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Figure 3.46 2’-C-Ethenyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 31P-

NMR 162 MHz, CD3OD, 298k 

 

2’-C-Ethyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide. The product 

was obtained in a yield of 12.7 mg (37.1% yield). 1H NMR (400 MHz, CD3OD): δ= 7.59 (d, 1H, 

J = 8.1 Hz), 7.41 – 7.16 (m, 5H), 6.00 (s, 1H), 5.62 (d, 1H, J = 8.1 Hz), 5.01 – 4.90 (m, 1H), 4.77 

(ddd, 1H, J = 11.7, 6.1, 2.0 Hz), 4.35 (ddd, 1H, J = 11.7, 6.1, 4.0 Hz), 4.05 (ddt, 1H, J = 9.1, 4.0, 

2.0 Hz), 3.95 – 3.86 (m, 2H), 1.58 – 1.40 (m, 2H), 1.34 (dd, 3H, J = 7.1, 1.0 Hz), 1.21 (dd, 6H, J 

= 6.3, 1.2 Hz), 0.95 (t, 3H, J = 7.5 Hz). 31P NMR (162 MHz, CD3OD) δ= 3.75. 
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Figure 3.47 Structure of 2’-C-Ethyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate 

ProTide 

 

 

Figure 3.48 2’-C-Ethyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 1H-NMR 

400 MHz, CD3OD, 298k 
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Figure 3.49 2’-C-Ethyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 31P-

NMR 162 MHz, CD3OD, 298k 

 

2’-C-Ethyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide - The product 

was obtained in a yield of 1.3 mg (3.0% yield). 1H NMR (400 MHz, CD3OD): δ= 7.64 (d, 1H, J 

= 8.1 Hz), 7.44 – 7.06 (m, 5H), 6.02 (s, 1H), 5.62 (d, 1H, J = 8.1 Hz), 5.04 – 4.91 (m, 1H), 4.51 – 

4.44 (m, 1H), 4.35 (ddd, 1H, J = 11.6, 6.2, 2.9 Hz), 4.06 (d, 2H, J = 3.0), 3.95 – 3.86 (m, 1H), 

1.76 (s, 3H), 1.35 (d, 3H, J = 7.1 Hz), 1.22 (dd, 6H, J = 6.2, 2.0 Hz). 31P NMR (162 MHz, 

CD3OD) δ= 3.75. 
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Figure 3.50 Structure of 2’-C-Ethyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate 

ProTide 

 

 

Figure 3.51 2’-C-Ethyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 1H-NMR 

400 MHz, CD3OD, 298k 
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Figure 3.52 2’-C-Ethyluridine L-Alanine Isopropyl Phenoxy Phosphoramidate ProTide 31P-

NMR 162 MHz, CD3OD, 298k 

 

Synthesis of 2’-C-methyluridine (methylthio)ethyl tryptamine ProTide and 2’-deoxy-2’-fluoro-

2’-C-methyluridine (methylthio)ethyl tryptamine ProTide. (Scheme 3.2): 

 

2’-C-methyluridine 2-(methylthio)ethyl Tryptamine phosphate - 2’-C-methyluridine (45.3 

mg, 0.1790 mmol, 1 equiv.) and triethylammonium 2-(methylthio)ethyl phosphonate (92.1 mg, 

0.3579 mmol, 1.5 equiv.) were added to an oven dried schlenk tube and dried overnight on the 

high vacuum. To the flask under N2(g) was added dry pyridine (2 mL) followed by dropwise 

addition of trimethylacetyl chloride (60.6 µL, 0.4923 mmol, 2.75 equiv.) and the reaction was 
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stirred for 3 h at room temperature. The reaction was quenched by saturated sodium bicarbonate 

and extracted 3 times with dicholormethane. The organic layer was dried over anhydrous sodium 

sulfate and concentrated in vacuo at room temperature and dried for 2 h on high vacuum. The 

dried residue was dissolved in pyridine (2 mL) under N2(g). To the reaction mixture was 

simultaneously added trimethylamine (49.9 µL, 0.3579 mmol, 2 equiv.), tryptamine (114.7 mg, 

0.7158 mmol, 4 equiv., dissolved in dry pyridine 2 mL), and carbon tetrachloride (26.0 µL, 

0.2685 mmol, 1.5 equiv.) and stirred for 25 min at room temperature. The reaction mixture was 

diluted with methanol and purified using flash chromatography (0 to 30% methanol [MeOH] in 

dichloromethane gradient) to afford purified product. (8.0 mg, 0.01443 mmol, 7.3%). 1H NMR 

(400 MHz, CD3OD): δ= 7.72 (dd, 1H, J = 21.4, 8.2 Hz), 7.55 – 7.50 (m, 1H), 7.33 – 7.29 (m, 

1H), 7.06 (t, 2H, J = 7.3 Hz), 6.97 (tdd, 1H, J = 7.5, 4.6, 2.4 Hz), 5.95 (d, 1H, J = 5.2 Hz), 5.64 

(dd, 1H, J = 8.1, 3.8 Hz), 4.37 – 4.29 (m, 1H), 4.17 (ddd, 1H, J = 11.7, 5.0, 3.1 Hz), 4.04 (dt, 1H, 

J = 10.4, 6.8 Hz), 4.00 – 3.90 (m, 1H), 3.77 (dd, 1H, J = 12.4, 9.3 Hz), 3.21 (td, 2H, J = 10.9, 5.6 

Hz), 2.96 (dt, 2H, J = 7.3, 4.4 Hz), 2.66 (td, 2H, J = 6.7, 2.3 Hz), 2.07 (d, 3H, J = 1.4 Hz), 1.13 

(s, 3H). 31P NMR (162 MHz, CD3OD) δ= 10.52 and 10.41.  

 

Figure 3.53 Structure of 2’-C-Methyluridine Methylthioethyl Tryptamine ProTide 
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Figure 3.54 2’-C-Methyluridine (Methylthio)ethyl Tryptamine ProTide 1H-NMR 400 MHz, 

CD3OD, 298k 
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Figure 3.55 2’-C-Methyluridine (Methylthio)ethyl Tryptamine ProTide 31P-NMR 162 MHz, 

CD3OD, 298k 

 

2’-deoxy-2’-fluoro-2’-C-methyluridine (methylthio)ethyl tryptamine ProTide - The product 

was obtained in a yield of 14 mg (19.9% yield). 1H NMR (400 MHz, CD3OD): δ= 7.63 (dd, 1H, 

J = 17.9, 8.2 Hz), 7.53 (ddt, 1H, J = 7.8, 6.7, 1.0 Hz), 7.32 (dq, 1H, J = 8.1, 1.1 Hz), 7.11 - 7.02 

(m, 2H), 6.98 (dddd, 1H, J = 8.0, 7.0, 3.8, 1.1 HZ), 6.11 (d, 1H, J = 19.1 Hz), 5.65 (dd, 1H, J = 

8.1, 4.5 Hz), 4.35 (dddd, 1H, J = 11.7, 7.6, 5.1, 2.0 Hz), 4.23 – 4.15(m, 1H), 4.01 (dq, 1H, J = 

10.5, 6.7), 3.99 – 3.84 (m, 1H), 3.29 – 3.17 (m, 2H), 2.96 (td, 2H, J = 7.3, 4.2 Hz), 2.70 – 2.63 

(m, 2H), 2.08 (d, 3H, J = 1.5 Hz), 1.33 (d, 3H, J = 22.4 Hz). 31P NMR (162 MHz, CD3OD) δ= 

10.49 and 10.38 
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Figure 3.56 Structure of 2’-Deoxy-2’-Fluoro-2’-C-Methyluridine Methylthioethyl Tryptamine 

ProTide 

 

 

Figure 3.57 2’-Deoxy-2’-Fluoro-2’-C-Methyluridine (Methylthio)ethyl Tryptamine ProTide 1H-

NMR 400 MHz, CD3OD, 298k 
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Figure 3.58 2’-Deoxy-2’-Fluoro-2’-C-Methyluridine (Methylthio)ethyl Tryptamine ProTide 31P-

NMR 162 MHz, CD3OD, 298k 

  

Synthesis of 2’-C-methyluridine POM ProTide and 2’-deoxy-2’-fluoro-2’-C-methyluridine POM 

ProTide. (Scheme 3.3): 

 

2’-C-methyluridine POM Protecting Group - 2’-C-methyluridine (124.5 mg, 0.4823, 1 eq) 

was dried in a shlenk tube overnight. Under N2(g) conditions was added pyridine (1 mL) then the 

mixture was cooled to -40 °C. DMAP (29.5 mg, 0.2412 mmol, 0.5 eq) was added followed by 20 

minutes of stirring. Next chlorobis(POM) phosphate (205.9 mg, 0.7233 mmol, 1.5 eq) was added 

dropwise in THF (1 mL) over 20 minutes at -40 °C. Stirring continued at -40 °C for 4 hours and 
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then warmed to room temperature and allowed to react for 1 day. Reaction was quenched by 

EtOAc, washed three times with water, and dried over anhydrous sodium sulfate. The reaction 

mixture was purified on flash chromatography ( 0 – 20 % Methanol [MeOH] gradient in 

Dichloromethane) to afford purified product (9.3 mg, 3.4%). 1H NMR (400 MHz, CD3OD): δ= 

7.64 (d, 1H, J = 8.1 Hz), 5.96 (s, 1H), 5.74 (d, 1H, J = 8.1 Hz), 5.70 (dd, 4H, J = 13.6, 2.0 Hz), 

4.51 (ddd, 1H, J = 11.7. 6.0, 2.1 Hz), 4.38 (ddd, 1H, J = 11.7, 5.9, 4.0 Hz), 4.12 – 4.05 (m, 1H), 

3.78 (d, 1H, J = 9.3 Hz), 1.24 (d, 18H, J = 1.8 Hz), 1.16 (s, 3H). 31P NMR (162 MHz, CD3OD) 

δ= -4.54. 

 

 

Figure 3.59 Structure of 2’-C-Methyluridine POM ProTide 
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Figure 3.60 2’-C-Methyluridine POM Protecting Group 1H-NMR 400 MHz, CD3OD, 298k 
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Figure 3.61 2’-C-Methyluridine POM Protecting Group 31P-NMR 162 MHz, CD3OD, 298k 

 

2'-deoxy-2'-fluoro-C-methyluridine POM Protecting Group - The product was obtained in a 

yield of 9.0 mg (4.3 % yield). 1H NMR (400 MHz, CD3OD): δ= 7.59(d, 1H, J = 8.1 Hz), 6.12 (d, 

1H, J = 19.0 Hz), 5.76 (dd, 1H, J = 8.1, 2.7 Hz), 5.73 – 5.65 (m, 4H), 4.61 – 4.45 (m, 1H), 4.39 

(ddd, 1H, J = 11.8, 6.2, 4.0 Hz), 4.18 – 4.08 (m, 1H), 3.93 (d, 1H, J = 22.7 Hz), 1.37 (d, 3H, J = 

22.4 Hz), 1.24 (d, 18H, J = 1.6 Hz). 31P NMR (162 MHz, CD3OD) δ= -4.66. 
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Figure 3.62 Structure of 2'-Deoxy-2'-Fluoro-C-Methyluridine POM ProTide 

 

 

Figure 3.63 2'-Deoxy-2'-Fluoro-C-Methyluridine POM Protecting Group 1H-NMR 400 MHz, 

CD3OD, 298k 
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Figure 3.64 2'-Deoxy-2'-Fluoro-C-Methyluridine POM Protecting Group 31P-NMR 162 MHz, 

CD3OD, 298k 

 

Synthesis of 2’-C-Methyluridine L-Valine Ethyl Ester Phenoxy Phosphoramidate ProTide, 2’-C-

Methyluridine L-Phenylalanine Ethyl Ester Phenoxy Phosphoramidate ProTide, 2’-C-

Methyluridine L-Alanine Benzyl Ester Phenoxy Phosphoramidate ProTide. (Scheme 3.4): To a 

stirring solution of 2’-C-methyluridine (24.2 mg, 0.0937 mmol, 1 equiv.) in dry tetrahydrofuran 

(2 mL) at 0° C. was added tert-butyl magnesium chloride 1.7M in THF (115.6 µL, 0.0197 mmol, 

2.1 equiv.). Reaction mixture was raised to room temperature and allowed to react for 30 min. 

Reaction mixture was cooled to 0° C. then either Ethyl(chloro(phenoxy)phosphoryl)-L-Valinate 

(36.0 mg, 0.113 mmol, 1.2 equiv.), ethyl (chloro(phenoxy)phosphoryl)-L-phenylalaninate (39.6 

mg, 0.108 mmol, 1.2 equiv.), benzyl (chloro(phenoxy)phosphoryl)-L-alaninate (40.3 mg, 0.114 
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mmol, 1.2 equiv.) was added respectively,  and gradually warmed to room temperature 

overnight. The reaction mixture was purified using flash chromatography (0 to 20% methanol 

[MeOH] in dichloromethane gradient) to afford purified product.  

 

2’-C-Methyluridine L-Valine Ethyl Ester Phenoxy Phosphoramidate ProTide - The product 

was obtained in a yield of 46.6 mg (91.9 % yield). 1H NMR (400 MHz, CD3OD): δ= 8.16 (d, 

1H, J = 8.1 Hz), 7.29 – 6.95 (m, 5H), 5.96 (s, 1H), 5.69 (d, 1H, J = 8.1 Hz), 4.04 (q, 2H, J = 7.1 

Hz), 4.00 – 3.91 (m, 2H), 3.85 (d, 1H, J = 9.2 Hz), 3.79 (dd, 1H, J = 12.5, 2.5 Hz), 3.64 (dd, 1H, 

J = 9.5, 5.8 Hz), 1.19 (t, 3H, J = 7.1 Hz), 1.16 (s, 3H), 0.89 (t, 6H, J = 6.5 Hz). 31P NMR (162 

MHz, CD3OD) δ= 0.08 

 

 

Figure 3.65 Structure of 2’-C-Methyluridine L-Valine Ethyl Ester Phenoxy Phosphoramidate 

ProTide 
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Figure 3.66 2’-C-Methyluridine L-Valine Ethyl Ester Phenoxy Phosphoramidate ProTide 1H-

NMR 400 MHz, CD3OD, 298k 



150 

 

 

Figure 3.67 2’-C-Methyluridine L-Valine Ethyl Ester Phenoxy Phosphoramidate ProTide 31P-

NMR 162 MHz, CD3OD, 298k 

 

2’-C-Methyluridine L-Phenylalanine Ethyl Ester Phenoxy Phosphoramidate ProTide - The 

product was obtained in a yield of 48.7 mg (9.19 % yield). 1H NMR (400 MHz, CD3OD): δ= 

8.16 (d, 1H, J = 8.3 Hz), 7.29 – 6.98 (m, 10H), 5.96 (s, 1H), 5.68 (d, 1H, J = 8.1 Hz), 4.12 (dt, 

1H, J = 8.2, 5.4 Hz), 4.01 – 3.89 (m, 4H), 3.85 (d, 1H, J = 9.2 Hz), 3.79 (dd, 1H, J = 12.4, 2.5 

Hz), 2.99 (dd, 1H, J = 13.3, 5.4 Hz), 2.84 (dd, 1H, J = 13.3, 7.8 Hz), 1.16 (s, 3H), 1.05 (t, 3H, J = 

7.1 Hz). 31P NMR (162 MHz, CD3OD) δ= -1.03. 
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Figure 3.68 Structure of 2’-C-Methyluridine L-Phenylalanine Ethyl Ester Phenoxy 

Phosphoramidate ProTide 

 

 

Figure 3.69 2’-C-Methyluridine L-Phenylalanine Ethyl Ester Phenoxy Phosphoramidate 

ProTide 1H-NMR 400 MHz, CD3OD, 298k 
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Figure 3.70 2’-C-Methyluridine L-Phenylalanine Ethyl Ester Phenoxy Phosphoramidate 

ProTide 31P-NMR 162 MHz, CD3OD, 298k 

  

2’-C-Methyluridine L-Alanine Benzyl Ester Phenoxy Phosphoramidate ProTide - The 

product was obtained in a yield of 39.0 mg (71.4 % yield). 1H NMR (400 MHz, CD3OD): δ= 

8.18 (d, 1H, J = 8.1 Hz), 7.27 – 6.95 (m, 10H), 5.98 (s, 1H), 5.70 (d, 2H, J = 8.1), 5.08 (s, 2H), 

3.97 (ddt, 4H, J = 17.7, 9.3 Hz), 3.87 (d, 1H, J = 9.1 Hz), 3.81 (dd, 2H, J = 12.4, 2.6 Hz), 1.28 (d, 

3H, J = 7.0 Hz), 1.17 (d, 3H, J = 3.2 Hz). 31P NMR (162 MHz, CD3OD) δ= -0.86. 
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Figure 3.71 Structure of 2’-C-Methyluridine L-Alanine Benzyl Ester Phenoxy Phosphoramidate 

ProTide 

 

 

Figure 3.72 2’-C-Methyluridine L-Alanine Benzyl Ester Phenoxy Phosphoramidate ProTide 1H-

NMR 400 MHz, CD3OD, 298k 



154 

 

 

Figure 3.73 2’-C-Methyluridine L-Alanine Benzyl Ester Phenoxy Phosphoramidate ProTide 31P-

NMR 162 MHz, CD3OD, 298k 
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Chapter 4 Nucleoside Analogue ProTides Tested Against SARS-CoV-2 in HeLa Cells 

 

4.1 Emergence of Novel Coronavirus 

 

 On November 19, 2019, the first reported case of the novel severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) was discovered in a 55-year-old individual in Wuhan, 

Hubei Province, China. Since the discovery of SARS-CoV-2 it has spread to every part of the 

world, becoming a WHO-certified pandemic. At the time of writing 12/12/2020, case count 

worldwide has reached over 71.5 million cases with over 1.6 million deaths with no indication of 

slowing. It remains unclear how the virus was transmitted to humans, but it is believed to be a 

zoonotic pathogen. The virus spreads from person to person via droplet transmission and 

therefore can be easily spread in crowded areas. This virus has become a tremendous problem 

due to the prevalence of asymptomatic carriers who unknowingly pass the disease to others. 

When infected with the novel coronavirus a person can experience little or no symptoms, while 

others can experience shortness of breath and trouble breathing, a dry cough, fever, chills, loss of 

taste and smell, and many other symptoms. Unfortunately, the fever and trouble breathing can 

lead to hospitalization and even death. Preventative measures such as face masks, social 

distancing, quarantines, and frequent hand washing all reduce transmission.  

There is no known treatment, cure, or vaccine for SARS-CoV-2, making the need for the 

discovery for a vaccine or a drug essential. Attempts have been made to treat SARS and MERS, 

which are in the same family of viruses, by the use of approved antivirals such as ribavirin and 

lopinavir–ritonavir and immunomodulators such as corticosteroids and interferons, but these 

treatments were shown to be ineffective in randomized controlled trials.1 The antimalaria drug 
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hydroxychloroquine has been tested against a wide variety of Coronaviruses (CoV) including 

SARS, MERS, 229E, and OC43 and has been shown to have broad spectrum antiviral activity.2 

Although hydroxychloroquine has shown to have broad spectrum antiviral activity in CoV, 

initial testing of the drug in humans infected with SARS-CoV-2 show that it has limited or no 

therapeutic value and can in fact be dangerous to the patient.3 

 SARS-CoV-2 is a member of the coronavirus family that also includes Middle East 

Respiratory Syndrome (MERS), Severe Acute Respiratory Syndrome (SARS), 229E, NL63, 

OC43, and HKU1. The coronaviruses are named for the crown-like spikes on their surfaces. The 

genome size for SARS-CoV-2 is approximately 30kb and its genome structure follows that of 

other known coronaviruses.4 The first two-thirds of the genome from the 5′-end comprises 

ORF1ab encoding ORF1abpolyproteins , while the final third consists of genes encoding for 

structural proteins including surface (S), envelope (E), membrane (M), and nucleocapsid (N) 

proteins. Additionally, the SARS-CoV-2 contains 6 accessory proteins, encoded by ORF3a, 

ORF6, ORF7a, ORF7b, and ORF8 genes (Figure 4.1A).5,6 Unfortunately, there is no published 

crystal structure of the nsp12 RdRp of SARS-CoV-2 which makes drug design more challenging 

because the features of the active site must be inferred. However, cryo-electron microscopy was 

performed on the nsp12 RNA-dependent RNA polymerase bound to an nsp7 and nsp8 

heterodimers with a second subunit of nsp8 occupying a distinct binding site.7 Unfortunately, 

this cryo-EM structure still does not give a clear understanding as to how the structure of CoV 

polymerase carries out de novo RNA initiation. The envelope spike protein is responsible for 

virus host tropism and entry into host cells which makes it a promising target for inhibitors.8  
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Figure 4.1 SARS-CoV-2 genome and RNA-dependent RNA polymerase structure. (a) 

Representation of the SARS-CoV-2 RNA genome. As SARS-CoV-2 is a positive-sense RNA virus, 

the genome serves as a direct template for protein translation. Replication of the viral genome 

requires a functional viral replication complex, including an RNA-dependent RNA polymerase 

(RdRp). (b) Domain organization of the SARS-CoV-2 RdRp (encoded by nsp12) domains bound 

to cofactors nsp7 and dimers of nsp8, that serve as essential cofactors that increase polymerase 

activity. The rendering was based on the cryo-EM structure at a resolution of 2.9-Å, published 

by Gao et al, 2020 (PDB: 6M71).9 The nsp12 RdRp domain is shown in green, nsp7 in purple, 

nsp8 in cyan, nidovirus RdRp-associated nucleotidyltransferase (NiRAN) domain in yellow, 

interface in blue, and a newly identified β-hairpin domain is shown in red. Highlighted is RdRp 

residue S861, which is predicted to sterically interact with the 1′ CN substituent of remdesivir 

inducing delayed chain termination.9 

 

 Like all coronaviruses, SARS-CoV-2 encodes a nonstructural protein 12 (nsp12) RdRp 

that is essential for the synthesis of new RNA. The RdRp adopts a classical right hand fold with 

finger, thumb, and palm subdomains (Figure 4.1B).7 However, unlike most viruses, CoV also 

possess a nonstructural protein 14 (nsp14) exonuclease (ExoN) that is able to excise terminal 

mismatches from the RNA duplex.10 The CoV ExoN interacts with the very processive trimeric 
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RNA polymerase complex consisting of the viral RdRp (nsp12) and associated cofactors (nsp7 

and nsp8) to perform proofreading activity.11,12 This makes designing nucleoside analogue 

inhibitors for the RdRp very challenging because once incorporated the exonuclease might 

recognize the nucleosides analogue and remove it from the RNA duplex thus eliminating the 

effect of the drug. However, the nucleoside analogue prodrug remdesivir (GS-5734) has been 

shown to be effective in human airway epithelial cells against MERS and SARS.13 The FDA 

recently approved remdesivir as the first therapeutic for covid-19. A model of SARS-CoV-2 

RdRp with remdesivir bound in the active site has been developed, which shows that remdesivir 

is able to fit into the active site of the RdRp. Interestingly, GS-443902, the triphosphate of 

remdesivir, addresses both enzyme active sites in a manner consistent with significant 

incorporation, delayed chain termination, and altered excision due to the ribose 1′-CN group, 

which may account for the increased antiviral effect compared with other available analogues.14 

Once incorporated at position x, the inhibitor caused RNA synthesis arrest at position x + 3 

(Figure 4.2).15 Hence, the likely mechanism of action is delayed RNA chain termination. The 

additional three nucleotides may protect the inhibitor from excision by the viral 3′ to 5′ 

exonuclease activity. Together, these results help to explain the high potency of remdesivir 

against RNA viruses in cell-based assays.  
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Figure 4.2 Mechanism of inhibition of CoV RdRp by GS-443902.1, the priming strand is shown 

with green circles, colorless circles represent residues of the template, and the blue oval 

represents the active CoV RdRp complex. This is a schematic representation of a random 

elongation complex. The footprint of RdRp on its primer/template is unknown.2, competition of 

RDV-TP with its natural counterpart ATP opposite template uridine (U). The incorporated 

nucleotide analogue is illustrated by the red circle.3, RNA synthesis is terminated after the 

addition of three more nucleotides, which is referred to as delayed chain termination.4, delayed 

chain termination can be overcome by high ratios of NTP/RDV-TP.16 

 

Remdesivir is synthesized using the same benzyl protected oxoribose that was mentioned 

previously (Figure 1.4B). After installation of the cyano group using (TMS)CN the compound is 

deprotected and attached to the phosphoramidate using standard methodology for McGuigan 

ProTides. The structure of remdesivir is similar to compounds that have been tested against 

ZIKV (Figure 4.3A). Gilead Sciences has advanced remdesivir to human trials to treat the novel 

SARS-CoV-2 infection. Initial data suggests that remdesivir lowered the duration of infection of 

COVID-19, but in patients with severe COVID-19 not requiring mechanical ventilation there 

was no significant difference between a 5 day course and a 10 day course of remdesivir.17 
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Remdesivir has also shown to reduce the duration of the virus in adults.18 Currently, no study has 

been reported on the SAR between nucleoside analogues, their corresponding prodrugs, and 

activity against SARS-CoV-2. Personal communications with other labs investigating SARS-

CoV-2 inhibition indicate that most nucleoside analogues are ineffective, likely due to the ExoN. 

 

 

 

 

 



166 

 

 

Figure 4.3 Remdesivir and its intracellular conversion. (a) Chemical structures of GS-441524 

that compose the nucleoside analogue core (blue) of remdesivir (GS-5734). (b) Intracellular 

processing of the prodrug remdesivir (GS-5734), the aryloxy phosphoramidate (purple) prodrug 

of GS-441524 monophosphate. Upon diffusion of remdesivir into the cell, it is metabolized into 

the nucleoside monophosphate form via a sequence of steps that are presumably initiated by 

esterase-mediated hydrolysis of the amino acid ester that liberates a carboxylate that cyclizes on 

to the phosphorus displacing the phenoxide. The unstable cyclic anhydride is hydrolyzed by 

water to the alanine metabolite GS-704277 whose P−N bond is hydrolyzed by phosphoramidase-

type enzymes to liberate the nucleoside monophosphate or nucleotide analog. The artificial 

nucleoside monophosphate is routed to further phosphorylation events (hijacking the 

endogenous phosphorylation pathway) yielding the active nucleoside triphosphate analogue 

form that is utilized by the viral RNA-dependent RNA polymerase (RdRp). Utilization of the GS-

441524 nucleoside triphosphate analogue by RdRp inhibits viral replication through inducing 

delayed chain termination.9 

 

 Remdesivir demonstrates that nucleoside analogue ProTides have activity against SARS-

CoV-2. As the substrate scope of the ExoN is not known, it is very important to evaluate a pool 
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of other nucleoside analogue ProTides against SARS-CoV-2. We decided to screen a series of 

nucleoside analogue ProTides against SARS-CoV-2 infected cells to determine if any other 

mechanism of inhibition might be effective against the virus. Also, with remdesivir showing 

activity against SARS-CoV-2 we wanted to determine if we could improve compound potency 

by modifying the McGuigan ProTide with other functional group to improve cell membrane 

permeability. Various McGuigan ProTide modifications were attempted but challenges arose 

during the synthesis of these compounds. This chapter summarizes the results obtained from 

testing nucleoside analogue ProTides against SARS-CoV-2 infected cells, discusses the 

challenges of synthesizing modifications to the McGuigan ProTide of remdesivir and give an 

analysis on how the project should move forward. 

 

4.2 Results and Discussion of Cell-Based Assay 

 

 K777, an orally active cysteine protease inhibitor was used as a control for the assay. 

K777 is a known inhibitor of SARS-CoV-2, acting as a broad spectrum antiviral by targeting 

cathepsin-mediated cell entry. When McKerrow et al. tested K777 against SARS-CoV-2 infected 

HeLa/ACE2 cells, it had an EC50 = 4 nm and a CC50 > 10 μM.19 Using K777 as a known 

inhibitor of SARS-CoV-2 allowed us to confirm the validity of our assay and confirm if our 

compounds had any activity. When we compare the EC50 value from our assay of K777 and the 

literature value we find that they are equal confirming that our assay is indeed valid.19 Next, a 

series of nucleoside analogue ProTides were selected and tested against SARS-CoV-2 infected 

HeLa cells. These nucleoside analogue ProTides had varying mechanisms of inhibition including 

obligate, non-obligate, and mutagenic. These compounds also included the new compounds 
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synthesized in chapters 2 and 3. When tested against SARS-CoV-2 infected HeLa cells we 

discovered no activity of any compound against SARS-CoV-2 (Figure 4.4). This could indicate 

that the exonuclease is identifying our nucleoside analogue ProTides as mistakes in the RNA and 

excising them. It could mean that delayed chain termination is the only effective mechanism of 

inhibiting SARS-CoV-2 because it is able to evade the exonuclease by allowing chain extension 

to keep occurring for a few nucleosides after addition. It could mean that the nucleoside analogue 

ProTides are not entering the cells due to cell line specificity or another likely reason could be a 

slow rate of unmasking kinetics. In the future we hope to identify other delayed chain 

terminators to test against SARS-CoV-2 to determine if the delayed chain termination is indeed 

the favored mechanism of inhibition and if they would be able to avoid exonuclease activity. 
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Figure 4.4 Nucleoside analogue ProTides tested against SARS-CoV-2 infected HeLa cells 

 With remdesivir showing activity against SARS-CoV-2, I believed that I would be able to 

tune potency of the compound by modifying the McGuigan ProTide in the same fashion as was 

done in Chapter 3 to improve it cell membrane permeability or the unmasking kinetics. When 

attempting to modify the McGuigan ProTides and attach them to the nucleoside of remdesivir I 
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ran into some problems. In Chapter 3 I demonstrated the ability of these modified McGuigan 

ProTides to be attached to 2’-C-methyluridine, however when the same reaction conditions were 

attempted on the remdesivir nucleoside, no reaction occurred. To confirm that this reaction was 

working I attempted the same reaction using 5-fluorouridine and the modified phosphoramidates 

and was able to obtain the desired product indicating that the reactivity of GS-441524 was 

affecting the synthesis. According to the literature there are various ways to attach the modified 

phosphate groups onto a nucleoside and remdesivir in particular, however each reaction depends 

on the modification done to the McGuigan ProTide (Figure 4.5). Many publications report a 

variety of reaction conditions used to attached the same ProTide groups to a set of modified 

nucleosides, but no general structure–reactivity relationships have been published that would 

inform the chemist on the most likely ProTide synthesis conditions for a given nucleoside 

structure.20,21 I have attempted the standard McGuigan ProTide synthesis using L-alanine and 

isopropyl ester phosphoramidate which has been very successful as shown in chapter 3, however 

when using GS-441524 there was no reaction. Changing the leaving group on the 

phosphoramidate to a chlorine and the amino acid and ester groups to a L-phenylalanine and an 

ethyl ester did not improve reactivity of either the standard McGuigan ProTide synthesis or the 

trimethylphosphate synthesis. Unfortunately, there is currently no clear correlation between the 

structure of the phosphoramidate, the nucleoside, and the reaction condition selected which 

makes finding the right conditions for each individual phosphoramidate a challenge but one that 

could be solved by empirical screening.  
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Figure 4.5 Various synthetic routes that can be attempted with GS-441524. A) Using R1 = ethyl, 

R2 = L-phenylalanine, R3 = phenyl both conditions 1 and 3 were not successful using the Cl 

leaving group. Condition 3 has been shown to work in literature using different R1 and R2 

groups. Condition 1 has been shown to work using the same R1 and R2 groups and 2’-C-

methyluridine instead of GS-441524. B) Conditions 1, 2, and 4 have not been tested using the 

para-nitrophenol leaving group but has been shown in literature to work depending on the R1 

and R2 groups used. C) Using R1 = L-alanine, R2 = isopropyl, R3 = phenyl condition 1 was not 

successful even though it has been shown to work quite effectively when using a different 

nucleoside. 

 

Future work will focus on identifying the best reaction conditions for preparing a library 

of phosphate modifications of GS-441524, the parent nucleoside of remdesivir. One compound 

that would be very interesting to synthesize would be a L-proline derivative of the ProTide. 

According to the literature the L-proline group has one of the highest rates of unmasking for a 

ProTide group which makes it a very interesting target to pursue.22 Next it would be important to 

determine how amino acid group and ester group affect cellular uptake and unmasking. To 

determine this, we would synthesize a series of L-alanine ProTides with varying ester groups to 

determine the effect of the ester group. We would then switch the order and vary the amino acid 
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group while maintaining a constant structure for the ester group. These compounds will be very 

important, when synthesized, to determine how potency of remdesivir-like compounds can be 

tuned for greater efficacy in COVID-19-relevant cell types. 

4.3 Conclusion 

 The nucleoside analogue ProTides selected for our screen against SARS-CoV-2 

displayed no activity against the virus. This could mean that the nucleosides analogue ProTides 

are not getting into the cells, the exonuclease is identifying the nucleoside analogues as errors 

and excising them from the growing RNA strand, or the rate of unmasking is to slow to produce 

the active compound. Unfortunately, with these issues we cannot determine if obligate, non-

obligate, or mutagenic chain terminators are good inhibitors to treat SARS-CoV-2 however, 

remdesivir has shown that delayed chain termination might be effective. Part of this ongoing 

project is to research other delayed chain terminators and test them against SARS-CoV-2 to see 

if they have activity and can evade the exonuclease.  

 Regarding remdesivir it may be possible to improve the potency of this compound by 

modifying its current ProTide. McGuigan was able to demonstrate that changing functional 

group on the ProTide can affect the potency the parent compound has against a virus. While my 

attempts to synthesize these modifications were not successful, I do believe that these 

compounds can be synthesized and would be very informative in determining if ProTide 

modifications could improve potency of the remdesivir nucleoside. The lack of published 

knowledge on how to select the appropriate synthesis conditions for a given combination of 

phosphate modifications and nucleosides shows the need for further research to be done in this 

area to determine the proper synthetic conditions for each combination of phosphate 

modification and nucleoside.  To synthesize the various ProTides of the remdesivir nucleoside a 
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series of synthetic screens would need to be done to determine the condition for each phosphate 

modification used and remdesivir. It would require a considerable amount of remdesivir 

nucleoside, but it would be possible to find the right conditions and synthesize these compounds 

and test them against SARS-CoV-2. Unfortunately, we are somewhat restricted with using 

remdesivir since it is the only nucleoside active against SARS-CoV-2 however, if other 

nucleosides are determined to have activity against SARS-CoV-2 then the same ProTide group 

could be installed since remdesivir has proven its success. Overall, this is an exciting area of 

research because it is relevant to the current pandemic and could improve the activity of GS-

441524 which is already being used to treat SARS-CoV-2. 
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Chapter 5 Conclusion 

 The goal of this research was to discover structure–activity relationships between 

nucleoside analogues, their corresponding ProTides and activity against the RdRp of ZIKV. I 

screened a series of nucleoside analogues and their corresponding ProTide against ZIKV in 

human neural stem cells and Vero cells. This led to the discovery that the 2’-C-methyl 

nucleosides and 2’-C-ethynyluridine had activity against ZIKV. With molecular modeling work 

we discovered that there was space available at the 2’ ribose position when bound to the RdRp. 

Using single incorporation assays we discovered that the active triphosphate of 2’-C-

methyluridine in incorporated into a growing RNA strand by the NS5 RdRp of ZIKV at a rate 5 

times higher than the HCV drug sofosbuvir, which matches the increased potency 2’-C-

methyluridine has over sofosbuvir in cell-based assays. This gave evidence that 2’-C-

methyluridine ProTide and 2’-C-ethynyluridine ProTide were inhibiting ZIKV through the 

RdRp. 

 During our screen I discovered that the uracil nucleobase was favored over the other 

nucleobases for inhibition against ZIKV. Using this data and our molecular modeling work I 

theorized that modifications could be made to the 2’ ribose position of the uridine which would 

utilize the space available in the RdRp and improve binding for the compound, thus improving 

potency. This led me to synthesize 2’-C-ethyl-, 2’-C-ethenyl-, and 2’-C-propynyluridine 

ProTides. When tested against ZIKV the 2’-C-ethyluridine ProTide and the 2’-C-ethenyluridine 

ProTide lost all activity that the 2’-C-methyluridine ProTide and 2’-C-ethynyluridine ProTide 

showed while 2’-C-ethenyluridine ProTide showed increased cytotoxicity in cell-based assays. 

Using this knowledge, I realized that the activity against ZIKV was being shown by small linear 
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groups which is why I will be excited when 2’-C-propynyluridine ProTide is tested against 

ZIKV. 

 To determine if the phosphate modifications were able to improve potency of 2’-C-

methyluridine and demonstrate a cell line dependency, the 2-(methylthio)ethyl phosphoramidate 

and the POM protecting group of 2’-C-methyluridine were synthesized and tested against ZIKV 

in human neural stem cells. The 2-(methylthio)ethyl phosphoramidate and POM protecting group 

lost all activity when compared to the McGuigan ProTide. Since the McGuigan ProTide of 2’-C-

methyluridine had the best activity against ZIKV, I wanted to determine if modifications to the 

McGuigan ProTide would improve potency against ZIKV. Due to the coronavirus I was only 

able to synthesize three modifications to the McGuigan ProTides, which have yet to be tested 

against ZIKV. This is a great place for future work on the project to take place. More 

modifications to the McGuigan ProTides could be synthesized and tested against ZIKV to 

determine if there is a SAR between the hydrophobicity of the modifications and activity against 

ZIKV. 

 In addition to modifications to the McGuigan ProTides, other phosphate modifications 

that have not been tested could be applied to 2’-C-methyluridine to determine if potency could 

be improved. Additional phosphate modifications could also be tested against different cell-lines 

to determine if there is a cell-line specificity of these compounds. It would be nice to be able to 

design phosphate modifications that are able to target disease relevant cell lines. 

 With small linear functional groups being the most active against ZIKV it would be 

interesting to synthesize and test a 2’-cyano,fluoro derivative of 2’-C-methyluridine. It could be 

possible that the cyano group would be able fit into the active site of the RdRp and inhibit ZIKV. 
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It could also be possible that the polarity of the cyano group would be able to make additional 

hydrogen bonding in the RdRp and thus improve binding affinity and potency. 

 Other experiments that could be run in the future are mass spectrometry experiments 

where we dose the cells with our active compound and then lyse them and use mass spectrometry 

to determine which metabolites of the ProTides or phosphate modifications are present. This 

would allow us to determine which parts of the metabolism of the ProTides are working 

effectively and if the ProTides are indeed getting into the cell. Also, by varying the cell line we 

would be able to determine if there is some cell-line dependency of the compounds and their 

phosphate modifications. This would help to establish the importance of ProTides to target 

specific infected cell lines and improve drug delivery of the compounds. By identifying which 

metabolites are active in the cells we can determine how effectively our nucleoside analogue 

ProTide are at delivering the active NTP to the intended target. 

 The goal of our research on the coronavirus was to test different mechanisms of action of 

nucleoside analogue ProTides against SARS-CoV-2. A series of nucleoside analogue ProTides 

were tested against SARS-CoV-2 infected Hela cell however, no activity was discovered. This 

could be due to the compounds not entering the cell, a slow rate of unmasking of the 

phosphoramidates, or the exonuclease is functioning to identify our nucleosides analogues as 

mistakes in the RNA and editing them out. Remdesivir has shown to have activity against SARS-

CoV-2 by using delayed chain termination as the mechanism of inhibition. One of our future 

goals is to determine if there are other delayed chain terminators that we could identify and test 

against SARS-CoV-2 to determine if delayed chain termination is the favored mechanism of 

inhibition. We are also working on improving the activity of remdesivir by modifying the amino 

acid ester groups on the McGuigan phosphoramidate and testing these modifications against 
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SARS-CoV-2 infected cells. Another goal is to test the parent nucleosides against SARS-CoV-2 

to determine if the ProTides are interfering with cellular uptake. Overall, this is an exciting area 

of research because it is relevant to the current pandemic and could provide improved 

therapeutics to treat this virus. With no other drug to treat SARS-CoV-2 except remdesivir the 

need for more therapeutics is critical leading to further research on therapeutics to treat SARS-

CoV-2 and other coronaviruses.  




